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Resum en catala

1 Introduccid

1.1 De la Via Lactia als nuclis densos

La Via Lactia, la nostra Galaxia, esta formada per tres components visibles: un disc
aplanat d’un radi aproximat de 25 kpc i una alcada de uns 250 pc, una bulb central dens
d’uns 3 kpc de radi, i un halo molt estes constituit per grups globulars i estrelles velles.
El nostre Sol i el sistema solar estan situats a una distancia de 8.5 kpc del centre galactic,
dins de l'estructura de bracos espirals del disc galactic. La major part de la massa de la
Galaxia es troba concentrada a les prop de ~10'! estrelles que la conformen, pero, amb una
densitat mitjana de una estrella per pc?, representa una petita part del seu volum total.
El medi interestel-lar és la materia que omple ’espai entre les estrelles i constitueix només
I’'1% de la massa de la Galaxia. Aquesta materia difusa esta formada principalment per
dos components: una fase solida o pols interestel-lar, i una fase gasosa o gas interestel-lar.

Els grans de pols interestel-lar sén extremadament petits, amb mides des de 0.01 a
1 pm, i de forma irregular. Estan formats per nuclis de silici, carboni i/o ferro amb un
mantell de gel format basicament per aigua i monoxid de carboni. La pols interestel-lar
és capac d’interactuar amb la llum incident produint tres efectes diferenciats: extincio,
envermelliment i polaritzacié. L’extincid es déna quan els grans de pols absorbeixen la llum
de longituds d’ona similars a la seva mida que després reemeten al rang de l'infraroig i radio.
Aquest efecte depen de la densitat i mida del material a travessar, pel que les regions més
denses de la Galaxia generen taques fosques que contrasten amb el fons brillant d’estrelles.
L’envermelliment es produeix perque les longituds d’ona més blaves sén dispersades amb
més facilitat, pel que la llum que rebem en conté menys. Finalment, la polaritzacio es
genera quan els grans de pols asferics en rotacié s’alineen amb el camp magnetic. Quan
I'eix del gra de pols amb major moment angular és perpendicular al camp magnetic i
a ’eix de rotacid, el moment de forces es fa zero i el sistema s’estabilitza. Aixo implica
que els grans de pols s’alineen perpendicularment al camp. A longituds d’ona optiques els
vectors de polaritzacié sén paral-lels al camp magnetic ja que en la direccié perpendicular
la llum és absorbida pels grans. Al rang (sub)mil-limetric, la radiacié prové de la reemissié
dels grans de pols i esta, per tant, polaritzada en la direccié perpendicular al camp.

XV
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El gas interestel-lar té ~160 vegades més massa que la pols i ~10'? vegades més
particules, pel que n’és el component principal. Esta format principalment per hidrogen,
que es pot trobar en diferents fases: atomic (Hy, aproximadament la meitat de la massa),
molecular (Hg, aproximadament ’altra meitat) i ionitzat (Hyr). A banda de 'hidrogen,
més d’'un centenar de molecules s’han detectat al medi interestel-lar. Les més comunes
sén monoxid de carboni (CO), amoniac (NH3), aigua (H20) i hidroxil (OH). L’hidrogen
atomic esta localitzat al disc galactic en grumolls freds i densos anomenats nivols Hy,
o bé en forma calenta i difusa, no confinada, ocupant un 50% del volum total de la
Galaxia. L’hidrogen molecular és el més abundant pero es troba a molt baixes tempera-
tures (~20 K), el que fa que no sigui observable directament. Per tant, la seva preséncia
s’infereix a partir d’observacions de CO usant abundancies relatives calibrades. Multitud de
sondejos amb CO localitzen el gas molecular molt proper al disc galactic, majoritariament
en forma de nuvols confinats. Aquests unitats, anomenades nivols moleculars, tenen un
gran protagonisme donat que sén el lloc on es déna el procés de formacié d’estrelles.

Els niivols moleculars sén regions fredes (10-30 K) i denses (103-10° cm™3) de mida
variable (0.1-100 pc). Malgrat contenir el 50% de la massa de la Galaxia en representen un
volum negligible. Es poden classificar en diversos tipus en funcié de l'extinci6 visual (és a
dir, de la densitat) que presenten: difusos, nivols moleculars gegants, nivols foscos i nuclis
densos. Els nuvols difusos presenten extincions molt baixes i sén una petita fraccié del gas
molecular on no es déna formacié estel-lar. En canvi, als ntivols gegants moleculars és on
aquest procés es déna majoritariament. Aquests tultims contenen prop del 80% del gas
molecular, es troben als bragos espirals, poden mesurar fins a 100 pc i contenir masses de
fins a 107 M (Elmegreen, 1985} |1993). Una estructura tan massiva és capag de mantenir-se
lligada per accié de la seva propia forga gravitatoria pero, per altra banda, necessita ésser
contrarestada per forces de sustentacié per evitar que el nivol col-lapsi sobre si mateix. La
pressi6 termica del gas és insuficient pel que altres mecanismes, tals com forces magnetiques
o la turbulencia del nivol, estan actius evitant el col-lapse. Una vegada comencat el procés
de formaci6 estel-lar s’estima que el niivol sobreviu ~3x107 anys abans d’ésser destruit per
I’efecte dels vents de les estrelles O i B formades al seu interior. Observats amb detall, els
navols moleculars gegants presenten estructura interna en forma de filaments i grumolls
(Williams et al., |2000)). L’organitzaci6 és jerarquica amb estructures menors a l'interior
d’estructures de major escala. Els grumolls poden ser massius, d’uns parsecs i milers de
masses solars, que poden originar una granja d’estrelles; o petits nuclis densos, amb una
mida tipica de ~0.1 pc i massa de ~1 My, amb capacitat per formar estrelles aillades o un
petit sistema multiple (Myers, |1985; | André, Ward-Thompson, & Barsony, [2000). Aquests
ultims cossos, els nuclis densos, sén 'objecte d’estudi d’aquesta tesi.

1.2 Formacio estel-lar de baixa massa

La formacié estel-lar es divideix tradicionalment en dues branques diferenciades. Per una
banda hi ha les estrelles anomenades de baixa massa (M < 8My) que presenten llumi-
nositats dominades per I’acrecié de material, i es poden formar ja sigui de forma aillada
com en granges. L’altre grup el constitueixen les estrelles d’alta massa (M > 8Mg) que es
formen mitjancant mecanismes diferents, és a dir, a nuclis massius que contenen a la veg-
ada sub-nuclis que produiran un grup d’estrelles. La tesi s’enfoca en I'estudi de la formacié
estel-lar de baixa massa.
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A petites escales (fraccions de parsec) sembla que la tnica pressié que actua de forma
eficient contra 'accié de la gravetat és la pressié térmica. Per tant, les condicions ide-
als per a la formacié estel-lar son una combinacié de baixa temperatura i alta densitat.
Ambdues condicions s’acompleixen als nuclis densos i dos models basics s’han proposat
per explicar-ne la possible evolucié. Ambdds models prediuen que una petita part de la
massa amb densitat suficient pot iniciar el procés, i que aquest és isoterm durant un temps
considerable. Inicialment es va proposar un model de col-lapse rapid (Hayashi, [1966; Lar-
son, 1969) basat en un nucli marginalment inestable on les capes externes col-lapsen i el
procés avanca cap a les capes internes. Es caracteritza per un creixement desmesurat de
la densitat central i prediu perfils de velocitat, densitat i temperatura en forma de lleis de
poténcies. Posteriorment, es va proposar el model quasi-estatic explicat amb més detall a
la segiient seccié. Assumeix que el nucli esta inicialment estabilitzat pel camp magnetic i
es contreu gradualment mitjangant el procés de difusié ambipolar (Shul [1977; |Shu et al.,
1987). El perfil de densitat esdevé el d’una esfera singular isoterma (p o< r~2) que, una
vegada assolit, detona el procés de col-lapse que avanca des de les capes internes cap a
les externes. El radi al qual les capes comencen a col-lapsar es propaga cap a ’exterior en
forma d’ona sonora, amb el material d’aquesta regi6é accelerat fins arribar a la velocitat
de caiguda lliure produint un perfil de densitat de la forma p r3/2,

El model més acceptat és el del col-lapse quasi-estatic de Shu (1977)). Segons aquest
model, I'evolucié tipica passa per quatre fases diferenciades representades a la Figura [2.1
En primer lloc, (a) el nivol molecular es fragmenta i forma nuclis densos en lleugera rotacio.
Al segiient pas, (b) un nucli dens en procés de condensacié quasi-estatica comenca el procés
de col-lapse de dins cap a fora i forma una protoestrella al centre amb un embolcall de gas
i pols. Posteriorment, (c) els vents estel-lars frenen el material en caiguda en la direccié de
I’eix de rotacid, que és ejectat en forma de flux molecular col-limat pels pols. Finalment,
(d) el flux molecular obre I’angle a mida que evoluciona. En aquesta fase, la massa de gas
i pols ha estat absorbida per la protoestrella o dispersada cap al medi interestel-lar, pel
que 'objecte és ja visible clarament a l'ultraviolat, optic i infraroig.

Existeix una classificacié dels objectes estel-lars joves de baixa massa en funcié
de les caracteristiques observacionals que presenten. La forma de la distribucié espectral
d’energia és molt distintiva de cada fase i es divideixen en quatre categories (Figura .
Les fonts Classe—0 sén les més joves, on la protoestrella presenta encara ’embolcall de gas
i pols. S6n molt debils a l'infraroig i intenses al submil-limetric. Es pensa que les estrelles
adquireixen quasi tota la seva massa en aquesta fase en la que solen estar associades a
fluxos moleculars. Les fonts Classe-I tenen una edat de 10° anys, sén més lluminoses que
les anterior pero encara no sén visibles a 1’optic. Presenten un embolcall en caiguda lliure
(~ 10* AU), una cavitat al voltant d’elles (~ 200 AU) i un disc aplanat (< 200 AU).
Els objectes Classe-1II ja sén visibles a ’0optic i infraroig. Tenen una edat de 10° anys i
encara presenten un disc circumestel-lar opticament gruixut d’una massa de ~0.01 M. Les
estrelles T Tauri sén un exemple d’aquesta categoria. Finalment, les fonts Classe—II1 s6n els
objectes estel-lars més evolucionats amb una edat de 107 anys. Emeten practicament com
un cos negre amb un factor d’atenuacié a causa del disc de pols vestigial. Sén conegudes
com a T Tauri nues.
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1.3 Nuclis densos

Els anomenats nuclis densos, categoria que recull els nivols moleculars més petits i densos,
es troben a l'interior dels nivols moleculars gegants i dels nivols moleculars foscos. Un
exemple prototipic d’aquests objectes té una densitat de 10* cm ™2, temperatura de ~10 K,
mida de ~0.1 pc i turbuléncia subsonica. Molts d’ells estan associats a fonts infraroges,
fluxos moleculars i estrelles T Tauri. Aquests fets consisteixen la prova més directa de que
aquestes estructures formen estrelles. Existeixen, a més, altres regions compactes i denses
que no es troben dins de nivols moleculars, els anomenats globuls de Bok. A banda de
trobar-se aillats, comparteixen la majoria de les propietats dels nuclis densos i també es
troben associats amb fonts infraroges i fluxos moleculars. Les fonts infraroges associades
a ambdés tipus d’objectes sén de baixa lluminositat, el que suggereix que sén llocs de
formacié estel-lar de baixa massa.

Diversos estudis dirigits a mapar nuclis densos n’han revelat una estructura senzilla. El
seu perfil de densitat consisteix en una regi6 interna de densitat aproximadament constant,
i una regié externa que es pot parametritzar com p oc r~2 (Figures i . Aquesta mor-
fologia es pot entendre de forma senzilla en termes del balang de la forca gravitatoria, que
tendeix a fer contreure el nucli sobre si mateix, i la pressio térmica, que tendeix a dispersar-
lo. Dins de la regié més interna la poca massa continguda genera una forca gravitatoria
debil. Com a conseqiiéncia, hi domina la pressié térmica que tendeix a homogeneitzar el
medi generant una densitat uniforme. A radis majors, la massa continguda és major, i la
forga gravitatoria esdevé important. Quan aquesta es troba en equilibri hidrostatic amb
la pressié termica genera un perfil del tipus p o< r~2 com l'observat.

Estabilitat

Aquestes regions es poden modelitzar en estat d’equilibri hidrostatic. L’aproximacié
més senzilla és la de Bonnor—Ebert. Per definicié, és una esfera isoterma suportada
uUnicament per la pressié térmica contra al col-lapse gravitatori. Assumint que el gas a
Iinterior es comporta en forma de gas ideal, la pressié d’aquest és proporcional a la densitat
(Eq. a través de la velocitat del so (Cy). Incloent 'expressié pel potencial gravitatori
(Eq. , es poden derivar totes les propietats d’aquest objecte. Una particularitat impor-
tant és que es comporta de forma auto-similar, és a dir, totes les esferes de Bonnor—Ebert
tenen la mateixa estructura i I'inic que en canvia és un factor d’escala. Aixo simplifica
I’analisi, donat que ens permet reescriure les expressions en forma adimensional en ter-
mes dels parametres, també adimensionals, £ (radi, Eq. i u (potencial gravitatori,
Eq. . L’anic que manca és fixar les condicions de contorn, pel que imposem una den-
sitat coneguda el centre, p., i un medi exterior difis que exerceix una pressié que confina
I’esfera, Pout. Donada la proporcionalitat entre pressio i densitat, i que la densitat depen
del radi, aquesta tltima condici6é també ens fixa el radi maxim de lesfera, Royut (Eq.[3.9).
En termes adimensionals, Roy; esdevé el parametre {nax (Eq. , de gran importancia
ja que ens caracteritza de forma tnica la solucié de les esferes de Bonnor—Ebert. Un es-
tudi en profunditat de les seves propietats en funcié del parametre £,.x revela que hi ha
un valor critic, &4t = 6.5, per sobre del qual I'esfera és inestable al col-lapse gravitatori.
Aquest resultat ens limita la densitat maxima que es pot assolir unicament amb el suport
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de la pressié termica a un valor de ~14.1 vegades la densitat del medi exterior difis. Com
a conseqiiencia, la massa maxima queda també limitada al valor conegut com a massa
de Bonnor-Ebert (Eq. . Per tant, un objecte amb valors superiors als critics és ines-
table i experimentara col-lapse gravitatori. Una aproximacio diferent, que no assumeix cap
simetria, és el criteri de Jeans. En aquest cas s’estudia un fluid uniforme sobre el que
s’aplica una pertorbacié que, essent de mida suficientment petita, es comporta com una
ona sonora. En canvi, si la pertorbacié és de grans dimensions, s’indueix el col-lapse gravi-
tatori. Aix0 permet definir el cas limit com la distancia de Jeans (Eq. . Comparat
amb 'estudi de Bonnor—Ebert, aquesta distancia equival a £ = 7.

Una altra forma de suport pot venir per part del camp magneétic. Aquest ha estat mesurat
en diversitat d’objectes on mostra una contribucié dinamica important. Al cas dels nu-
clis densos, es pot considerar que es troben en estat de flur congelat, és a dir, que camp
magnetic i gas estan lligats i en podem negligir els efectes ohmics. Aquesta aproximacio
s’anomena de magnetohidrodinamica idealitzada. Com al cas de Bonnor—Ebert, podem
definir una pressié magnetica (Eq. i, a partir d’ella, la fraccié de pressié magnetica
respecte a pressio termica, o (Eq. . Malgrat aquesta semblanca, el camp magnetic es
comporta de forma molt diferent a la pressié termica a causa de dos factors: només actua
sobre elements amb carrega eléctrica no nul-la (que anomenarem ions en contraposicié
als neutrals) i la seva accié no és isotropica. La pressié magnetica s’exerceix pels ions,
congelats al camp magnetic, al xocar contra els neutrals, que es mouen térmicament (de
forma aleatoria). El camp magnetic té la direccié marcada per les linies de camp, pel que
la pressié magnetica només s’exerceixi al desplagar-se a través d’aquestes, on els ions hi
estan fixats, mentre que no té cap efecte si els neutrals s’hi desplacen paralel-lament. Com
a conseqiiéncia, la pressié és major en la direccié perpendicular a les linies de camp, el que
hi genera major suport contra la gravetat i produeix objectes aplanats al pla equatorial
(Fig. . La pressiéo magnetica augmenta la capacitat de concentrar massa sense iniciar
el procés de col-lapse (Eq. . Aquesta massa, Mg, en condicions de flux congelat és
proporcional tinicament al flux magneétic inicial de 1'objecte, & (Eq. . Aquesta pro-
porcionalitat fa que sigui convenient definir el parametre A (Eq. que mesura la relacio
massa-a-flux (M/®.) en funcié del valor critic. Aixo implica que els nivols amb A > 1 s6n
nuvols super-critics que no poden ser suportats inicament per ’accié del camp magnetic,
mentre que els nivols amb A < 1 sén sub-critics i no els hi és necessaria la pressié termica
per a l'estabilitat. Aixo també fa que qualsevol objecte amb massa inferior a Mg no pugui
col-lapsar gravitatoriament a menys que perdi flux magnetic en condicions no-idealitzades.
La importancia del camp magnetic en I'estabilitat de I'objecte augmenta a mida que « i
®. augmenten. Una ultima forma de suport mitjancant el camp magnetic sén les ones
magnetohidrodinamiques. De forma semblant a una ona sonora, que és la propagacié
d’una pertorbacié mecanica a través d’un medi continu, el camp magnetic també és capag
de propagar pertorbacions. Aixo succeeix quan es deformen les linies de camp, que s’oposen
a aquesta modificacié a causa de la tensié magnética. Aquesta pertorbacié viatja a través
de la linia de camp, de forma semblant a una corda vibrant, a la velocitat d’Alfvén, V4
(Eq. , i interacciona amb el medi proper generant una pressié addicional. Mesures
experimentals demostren que els nivols grans estan virialitzatsﬂ i, a més, sembla existir
equiparticié entre 'energia gravitacional i magnetica. Aixo implica que la velocitat viria-
litzada és semblant a la velocitat d’Alfvén pel que les ones magnetohidrodinamiques poden
tenir una contribucié dinamica important.

'Equiparticié entre energia cinética i gravitacional.
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Col-lapse

Com s’ha dit previament, els nuclis densos es troben associats a indicadors de formacié
estel-lar, pel que en algun moment de la seva evolucié poden reunir les condicions necessaries
per iniciar el col-lapse gravitatori. Comencem 1’analisi amb una esfera de Bonnor—Ebert en
estat critic, per la que incrementem la massa un petit percentatge. Aquest excés de massa
no pot ser suportat per la pressié termica pel que comenca el col-lapse. Una quantitat molt
important és la taxa d’acrecié de massa, M, que mesura la variacié temporal de material
en col-lapse gravitatori caient a ’objecte central en formacié. A mida que el procés avanca,
aquest indicador tendeix a un valor asimptotic (Eq. que és proporcional a la taxa de
variacié del radi a partir del qual el material comenca a col-lapsar, R (Eq. . Aquesta
important relacié implica que, com que M > 0, R > 0 amb el que aquest radi sempre
augmenta i el col-lapse s’expandeix viatjant cap a fora en forma d’ona a la velocitat del so
(Fig. . Aquest procés es coneix com col-lapse de dins cap a fora. Dins del radi de
col-lapse la densitat es modifica i segueix un perfil més pla del tipus p oc r—3/2 (Eq. 3.57))
mentre que fora d’aquest radi, on el medi segueix en equilibri hidrostatic, manté el perfil
pocr2.
La inclusié del camp magnetic canvia lleugerament aquest procés. El primer factor a
tenir en compte és la difusié ambipolar. Aquest procés és fruit del desdoblament en
el comportament dels ions i neutrals en presencia de camp magnetic en condicions de
flux congelat. A efectes practics, tenim dos fluids mesclats amb comportaments diferents.
Els ions, fixats al camp magnetic, es poden moure paral-lelament a les linies de camp
pero no perpendicularment. Per altra banda, els neutrals veuen com la pressié magnetica
els dificulta travessar linies de camp pero, depenent de la fraccié de ionitzacié del medi,
no els ho impedeix. Aixo fa que els neutrals tinguin una velocitat relativa respecte als
ions (Eq. , i que puguin desplacar-se lentament cap al centre del nuvol per efecte
de la forca gravitatoria. L’escala temporal tipica d’aquest procés és de 'ordre del milié
d’anys, el que el fa significatiu donat que és comparable a la dels nuclis densos. Aquest
mecanisme, a més, permet que el centre del niivol vagi incrementant paulatinament la seva
densitat i massa de forma quasi-estatica, és a dir, a través de successius estats d’equilibri,
produint també un augment gradual del quocient M/®. (Fig . Aquest mecanisme
és molt probablement el més important durant la fase d’evolucié quasi-estatica i, a més,
pot ser capag¢ de generar un nucli suficientment massiu com per vencer la pressio termica
i magnetica, i acabar iniciant el col-lapse gravitatori. Una vegada que el col-lapse s’inicia,
aquest també evoluciona de dins cap a fora, pero amb caracteristiques propies a causa de
la ruptura de simetria que suposa la inclusié del camp magnetic. I’ona de col-lapse viatja
a velocitat Cy en la direccié del camp magnetic, perd com una ona magnetohidrodinamica
a velocitat Cs + V4 en la direccié perpendicular (Fig. . Malgrat aixo, el col-lapse de
material és més rapid en la direccié paral-lela al camp magnetic ja que la pressié magnetica
és menor, el que provoca una desviacié del material cap al pla equatorial formant una
estructura gravitacionalment inestable anomenada “pseudo-disc” (Fig. . A mida que
la massa central augmenta, la importancia relativa del camp magnetic disminueix i els
ions sén arrossegats pels neutrals. Aixo provoca que les linies de camp, lligades als ions
pel congelament del flux, siguin arrossegades cap al centre i adoptin la morfologia coneguda
com a de “rellotge d’arena”. La sobre-densitat acumulada respecte al cas no-magnetitzat
fa que la taxa d’acrecié sigui més alta (Eq. i, per tant, ’evolucié més rapida.
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Quimica

Multitud de treballs han estudiat el més d’un centenar d’espécies quimiques detectades al
medi interestel-lar. Una de les principals conclusions és que la quimica de la fase gasosa
esta dominada per les reaccions i6-molecula. Estudis de ’absorcié efectuada pels grans de
pols sobre ’emissié brillant infraroja de les estrelles de rerefons, han permes estudiar la
composicié dels mantells de gel i determinar que contenen majoritariament aigua (H2O) i
monoxid i dioxid de carboni (CO i CO2). Aixo fa que el monoxid de carboni no sigui un
bon tracador de la densitat donat que es congela als mantells i desapareix de la fase gasosa.
Paral-lelament, mitjangant ’emissié de transicions moleculars rotacionals (les tiniques ac-
tivades a la temperatura dels nuclis densos), s’han observat diferencies en la mida i forma
de la distribuci6 de les diferents molecules (Fig. , a més de en 'amplada i velocitat
central dels espectres.

Les diferencies anteriors poden ser interpretades gracies a la descripcio acurada de ’estruc-
tura fisica i del perfil de temperatura de nombrosos nuclis densos. Aquesta descripcid
millorada es deu, per una banda, a la millora dels mapes (sub)mil-limetric que permeten
tragar directament la columna de Hs, i a I'Gs de codis de transport radiatiu que permeten
usar perfils de densitat, temperatura i abundancia molecular per predir I’espectre emeés.
Un dels primers resultats d’aquests analisis va permetre interpretar que el monoxid de
carboni es congela a la superficie dels grans de pols a mida que la densitat augmenta de
~10* cm™3. Posteriorment s’ha mostrat que aquest comportament el comparteixen més
molecules. Les espeécies quimiques portadores de carboni (p.ex. CO i CS) desapareixen de
la fase gasosa quan la densitat incrementa. Poden arribar a diferencies d’abundancia de
1-2 ordres de magnitud respecte a les zones difuses pel que tracen el medi menys dens
i extern dels nuclis. Contrariament, les molecules portadores de nitrogen (p.ex. NoH™ i
NHs3) romanen al gas a densitats més altes, mantenint ’abundancia constant o reduint-la
succintament, tracant per tant el medi més dens i interior. Aquestes troballes expliquen la
diferent morfologia dels mapes de les molecules. També expliquen les diferent propietats
dels espectres, donat que el medi interior té menys variacions de velocitat i, per tant, les
linies sén més estretes. Diversos treballs teorics segueixen ’evolucié dinamica i quimica de
nuclis densos i, mitjancant micro-fisica basica, son capagos d’explicar i, en alguns casos,
predir aquests comportaments. Un resultat fisic important d’aquests estudis és establir que
el col-lapse no pot evolucionar excessivament rapid o les amplades de linia serien majors
que les observades. També que el col-lapse no pot durar més de 0.5-1 milié d’anys perque,
en cas contrari, la desaparicié de monoxid de carboni seria superior a I’observada. Aquests
resultats impliquen que condicions inicials supercritiques semblen més adients.

La desaparicié del monoxid de carboni té altres efectes molt importants per a la quimica
del nucli dens. Aquesta especie és la principal destructora dels ions del medi, que sén
a la vegada els precursors d’altres molecules com NoHT™ i HCO™, pel que I'abundancia
d’aquestes ultimes s’incrementa a mida que el CO desapareix. Un altre efecte important
és sobre la deuteracié del medi ja que el CO destrueix els ions H; i HoD™. Aquests ions
son els responsables de la cadena de deuteracié de ions que pot arribar a formar fins a
DI, encarregats de transferir el deuteri a molécules més complexes a través de les seves
respectives cadenes de reaccions.
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2 Objectius i pla de treball

Es una evidencia observacional que els nuclis densos sén llocs de naixement d’estrelles de
baixa massa. Si bé en podem trobar dels anomenats sense-estrella i pre-estel-lars, ambdds
sense objectes estel-lars joves, n’hi ha del tipus Classe-0/I associats amb fonts infraroges,
fluxos moleculars i d’altres indicadors del procés de formacio estel-lar. Malgrat la seva
importancia, se’n coneixen pocs detalls dels primers estadis evolutius d’aquests objectes.
Aquestes regions aparentment inactives sén capaces de sobreviure diverses vegades ’escala
temporal de caiguda lliure i, potencialment, col-lapsar per formar estrelles. Com ho fan? El
desafiament observacional que representa estudiar objectes tan difusos i estesos dificulta
revelar-ne la resposta. Resulta molt més senzill, des d’un punt de vista observacional,
estudiar fonts més brillants com les més evolucionades Classe-0. Es possible revertir-ne
la historia en base a models teorics i trobar-ne les condicions inicials que sén, idealment,
les dels nuclis densos on s’han format. La qualitat de les dades actuals permet fer aquest
tipus d’estudis de forma fiable. Des d’un punt de vista teoric, molts estudis han considerat
I’efecte del camp magnetic en els seus models durant decades. No obstant aixo, la mancancga
d’instrumentacié i teécniques observacionals impedien contrastar-ne les prediccions. Per
fortuna, diversos telescopis han desenvolupat durant els darrers anys sistemes polarimetrics
que permeten estudiar per primera vegada i de forma fiable el camp magnetic.

Per tot aix0, la complexa interaccié als nuclis densos entre gravitacid, pressié termica,
turbulencia, rotacié i camp magnetic no esta ben caracteritzada observacionalment i,
com a conseqiiéncia, tampoc ben entesa teoricament. L’objectiu és, aleshores, aprofundir
en la comprensié de com es formen, sobreviuen i evolucionen els nuclis densos de baixa
massa. Aquest objectiu 'enfrontem seguint dues vessants. En primer lloc, volem caracte-
ritzar observacionalment les propietats fisiques, quimiques i magnétiques dels nuclis den-
sos magnetitzats als seus estadis més primigenis, a fi d’entendre les vertaderes condicions
inicials del procés de formacio estel-lar. En segon lloc, comparem les observacions inter-
ferométriques d’una font Classe—0 amb models teorics de col-lapse de nivols magnetitzats,
per a derivar-ne les condicions inicials més adients per formar-la i els processos fisics que
n’han dominat l’evolucid.

El pla de treball es diferencia segons les dues vessants empreses:

e Propietats dels nuclis densos primigenis. Per estudiar les propietats d’aquests
objectes extremadament joves la millor regié és la nebulosa de la Pipa. Es un ntvol
molecular amb una eficiencia de formacié d’estrelles molt baixa que conté més d’un
centenar de nuclis densos en un estadi molt poc evolucionat. Sén nuclis densos de
baixa massa inactius, no lligats gravitatoriament i aparentment confinats per la
pressié externa (Muench et al., 2007; Lada et al. 2008; [Rathborne et al., 2008). A
més, les propietats magnetiques varien significativament d’un extrem a l'altre del
nivol (Alves et al., [2008; Franco et all [2010), amb el que es pot estudiar quin
efecte té sobre els objectes d’estudi. De tots els nuclis de la nebulosa de la Pipa,
en seleccionem diversos candidats i n’estudiem la quimica i I'emissié de la pols.
Per la part de 'estudi quimic hem seguit dues estrategies: hem fet un estudi a alta
resolucié d’una serie de molecules, categoritzades segons els models com a joves i
tardanes, a fi de poder datar quimicament els nuclis. Tembé hem fet un sondeig
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amb un gran ample de banda per a detectar totes les especies quimiques presents
als nuclis densos. Les publicacions resultants es presenten als capitols[§]i[6} Referent
a estudi de l’emissio de la pols, hem fet mapes d’alta resolucié de l'emissié de
la pols a 1.2 mm i n’hem derivat les propietats fisiques. Els resultats és presenten
també al capitol[5} Addicionalment, hem ajustat un model d’esfera de Bonnor—Ebert
als mapes i hem derivat els parametres que millor els ajusten. L’article resultant
(pendent d’enviament) es presenta al capitol |7l Finalment, hem inclos l'estudi de
I’emissié de la pols del nucli dens massiu situat a Barnard 59, a I’extrem nord-est
de la nebulosa de la Pipa. Aquest nucli ha format una petita granja d’estrelles pero
encara manté una gran reserva de massa inactiva al seu interior amb propietats
molt semblants a la resta de nuclis menys massius. Analitzem els mecanismes que el
poden mantenir fora d’un estat de col-lapse i en presentem els resultats al capitol
Les observacions s’han dut a terme usant el radiotelescopi IRAM-30m, que presenta
una gran superficie col-lectora i els receptor més sensibles muntats en una antena
d’aquest tipus.

e Comparacié d’observacions d’un objecte Classe—0 amb models de col-lapse
de nuvols magnetitzats. Per comengar aquest tipus d’estudis, la millor eleccid és
un exemple prototipic de camp magnetic amb morfologia de rellotge d’arena com
la predita pels models. NGC 1333 IRAS 4A és una font Classe-0 de baixa massa
amb un embolcall en col-lapse de ~1 Mg i clara morfologia de rellotge d’arena.
L’estrategia va ser generar mapes sintetics de I’emissié generada pels diferents models
variant els valors dels seus parametres i de l'orientacié de la font. Aquests mapes
sén comparats amb les dades experimentals després d’haver-los-hi aplicat el filtratge
de l'interferometre, és a dir, simular els efectes instrumentals. D’aquesta comparacié
en derivem els parametres dels models que millor ajusten les dades. La publicacié
resultant es presenta al capitol [9] Les observacions s’han fet usant l'interferometre
SMA, que aporta la resolucié necessaria per aquestes fonts de mida angular molt
menor i presenta les millors capacitats polarimetriques d’entre els de la seva classe.

3 Publicacions

3.1 Propietats dels nuclis densos primigenis: els nuclis pre-estel-lars a la
nebulosa de la Pipa

Per a I’estudi dels nuclis densos primigenis s’ha seleccionat la nebulosa de la Pipa. Aquest
sistema és un niivol molecular massiu (~10* Mg), proper (145 pc) i amb aparenca fila-
mentosa (Fig. que presenta una eficiéncia de formacié estel-lar molt baixa (~0.06%).
El niivol és penetrat per un camp magnetic uniforme, perpendicular al seu eix principal,
que només mostra alteracions significatives a la tnica regié amb formacié estel-lar activa,
Barnard 59. Els resultats de polaritzacié optica revelen que les propietats magnéetiques del
nivol canvien d’un extrem a ’altre: el camp és ordenat i aparentment intens a ’extrem
sud-est, i desordenat i aparentment debil a ’extrem nord-oest. La nebulosa alberga més
d’un centenar de nuclis densos majoritariament inactius. Estudis anteriors han mostrat
que s6n quimicament molt joves, amb emissié brillant en CO perd minsa en NHj. La
majoria d’ells no estan lligats gravitatoriament i, aparentment, es troben confinats per la
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pressié externa. Totes aquestes propietats fan que els nuclis densos de la nebulosa de la
Pipa siguin els candidats ideals per a estudiar els estadis inicials de formacié i evolucié
d’aquest tipus objectes i, a més, la interaccié del camp magneétic en el procés.

Propietats fisiques

Dels nou nuclis mapats n’hem derivat els parametres mitjans que concorden amb els va-
lors estandard d’aquests objectes: diametre de 0.08 pc, densitat de ~10° cm™3
de ~1.7 My. Hem trobat que els mapes d’emissié de la pols a 1.2 mm presenten bona
concordanca amb els treballs anterior basats en la tecnica de I'extincié a 'infraroig, encara
que aquests ultims tracen millor les regions difuses. Hem derivat un factor d’escala entre
'extinci6 visual (Ay) i la densitat de columna de Hy de (1.27 £0.12) x 1072! mag cm?,
molt proper al valor estandard. No obstant aixo, hem trobat que els mapes d’emissié
subestimen de forma sistematica la densitat de columna en un factor mitja de ~6.7 mag
respecte als mapes d’extincié. Aquesta manca de material detectat pot provenir de la part
difusa del nivol que és cancel-lada per la nostra tecnica de mapat. Les morfologies sén
variades, des de nuclis circulars a nuclis filamentosos, abracant un ventall de densitats
d’un ordre de magnitud. La major part d’ells no presenta simetria esférica, el que apunta
a que no només la pressid teérmica té un paper important dinamicament. Hem trobat
diverses tendéncies relacionades amb la densitat creixent dels nuclis: la mida sembla reduir-
se, la massa sembla incrementar i la riquesa quimica sembla augmentar. Tots aquests
fets apunten a objectes o bé en equilibri hidrostatic o bé en un estat que li és molt
proper. El que és més, no hem trobat indicis de correlacié entre la direccié del camp
magnetic i ’eix principal dels nuclis densos, encara que els efectes de projeccié poden ser
importants. Tots aquests resultats han motivat un intent de modelitzacié dels nuclis com
a esferes de Bonnor—Ebert usant simultaniament els mapes d’emissié i extincid. Tots els
nuclis presenten un perfil de densitat compatible amb el model. Vuit d’ells no estan lligats
gravitacionalment, i presenten contrastos de densitat baixos amb densitats centrals de unes
quantes vegades 10* cm ™. El nucli 109 és Iexcepcié, essent 1'inic gravitatoriament lligat
i inestable al col-lapse. La combinacié dels dos mapes permet determinar temperatures de
la pols dins del rang de 9-12.6 K excepte pel nucli 48 (18 K). Per a tots els nuclis n’hem
derivat una component difusa que els envolta amb valors d’extincié visual significatius
dins del rang 4-9 mag, essent majors a la regié sud-est (~ 9) que a la resta de la nebulosa,
compatible amb els resultats experimentals anteriors.

1 massa

Propietats quimiques

Els nostres resultats confirmen que els nuclis densos estudiats a la nebulosa de la Pipa es-
tan en un estadi d’evolucié quimica molt primerenc. Hem descobert una quimica molt rica,
inesperada en base als treballs anterior, gracies al sondeig quimic no-esbiaixat de ~15 GHz
a longitud d’ona de 3 mm sobre catorze nuclis densos. Hem proposat una classificacié ob-
servacional en termes de la composicié quimica i de les propietats dels espectres. Existeix
una clara diferenciacié quimica entre els nuclis densos en base a emissio a la banda de 3 mm
normalitzada pel valor maxim d’extincié visual. Hem definit tres grups de nuclis molecu-
lars. Els nuclis “difusos” (Ay <15 mag) presenten una quimica pobre formada basicament
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per molecules ubiqiies (p.ex. CO, CS i CoH) similar a la quimica de la nebulosa que els
alberga. Els nuclis “deuterats”, més densos (Ay >22 mag), mostren una emissié norma-
litzada més feble en les molecules ubiqiies pero presenten emissié en especies portadores
de nitrogen (NoH™T) i deuteri (C3Hz), a més de en algunes cadenes carbonades (HC3N),
mostra d’una quimica previa a l'inici del procés de formacio estel-lar. Finalment, els nu-
clis “oxo-sulfurats” tenen densitats intermedies (Ay~15-20 mag) i aparentment estan en
un estat de transicié entre la quimica del ntvol i la dels nuclis densos evolucionats. S’hi
detecta una quimica amb caracteristiques propies, marcada per ser abundant en especies
com CH30H i molecules oxo-sulfurades (p.ex. SO i SOg2) que desapareixen a densitats més
altes. En base a aquestes categories, un dels nuclis difusos (nucli 47) presenta una quimica
propia dels nuclis oxo-sulfurats, el que indueix a especular que sigui un nucli fallit que va
assolir densitats altes pero ara s’esta difonent dins del nuvol matern. L’analisi de les am-
plades de linia reporta dos comportament caracteristics: (a) un valor constant de prop de
2.5 vegades l'eixamplament termic (p.ez. CO i CH3OH) que probablement traga les capes
externes dels nuclis, i (b) un valor constant d’aproximadament 2 vegades ’eixamplament
termic (p.ex. CoH i NoH™T) per a nuclis amb Ay >20 mag i valor molt més grans per als més
difusos (p.ez. el fallit nucli 47). Les amplades de linia no-térmica sén subsoniques, el que
confirma que la major part de la pressio interna té origen termic. L’estat evolutiu quimic
no esta correlacionat amb la localitzacié dels nuclis a la nebulosa i, per tant, tampoc ho
esta amb el camp magnetic a gran escala. Per altra banda, els nuclis més rics quimicament
son els més densos, pel que sembla existir una correlacié amb les propietats fisiques dels
nuclis (densitat i mida).

Barnard 59

El complex Barnard 59 és la tnica regié de la nebulosa de la Pipa amb activitat de
formacié estel-lar. En un periode de 2-3 milions d’anys ha format una petita granja de
estrelles de baixa massa. Malgrat aixo, I’analisi dels mapes previs d’extincid, i dels nostres
mapes d’emissié, mostren que la regié central és un grumoll molecular massiu i inactiu de
~18.9 M. No mostra indicis de fragmentaci6é a escales d’un miler de AUs, siné que té
un perfil suau compatible amb una unica estructura isoterma amb major densitat cap al
centre. Aquest perfil de densitat és semblant al de la resta de nuclis de la nebulosa encara
que a molt major escala. Un ajust de Bonnor-Ebert indica que és inestable al col-lapse,
a més d’estar sub-virialitzat (I’energia gravitatoria és major que la cinética). Moviments
interns subsonics, i el fet de que hagi sobreviscut uns milions d’anys, semblen apuntar a
que fonts de suport addicionals estan actuant. La retroalimentacié per part de les estrelles
sembla poc probable donat el seu baix nombre, pel que el camp magnetic n’és ’agent més
plausible. Una estimacié del camp necessari per a sostenir el nucli déna valors raonables de
0.1-0.2 mG. Recapitulant, ’explicacié més plausible per aquesta regié sembla ser un nucli
massiu suportat per fonts no-termiques, possiblement el camp magnétic, mentre ha format
una petita granja d’estrelles. Simulacions numeriques mostren que aquest nucli esta prop
del limit de supervivencia d’aquestes estructures pel que sembla que acabara col-lapsant.
La manca de fragmentacié apunta a que formara una estrella o, com a molt, una binaria.
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3.2 Comparacié d’observacions d’un objecte Classe-0 amb models de
col-lapse de niivols magnetitzats: NGC 1333 TRAS 4A

Hem comparat observacions a alta resolucié angular de ’emissié submil-limetrica pola-
ritzada de la pols (que traca la direcci6 del camp magnetic al pla del cel) d’una protoestrella
de baixa massa, amb les prediccions teoriques de tres models de col-lapse de nivols mag-
netitzats isoterms per tal de constrényer-ne els valors dels parametres. NGC 1333 IRAS 4A
és la font ideal per a testejar aquests models. Es una Classe-0 jove amb un embolcall de
gas i pols en fase de col-lapse, on es detecta un camp magnetic amb clara morfologia
de rellotge d’arena. Hem calculat ’emissié de la pols que sorgiria dels models, i hem ge-
nerat mapes sintetics per els parametres de Stokes I, @ i U variant els parametres dels
models i 'orientacié al cel. Després, hem convolucionat aquests mapes amb la resposta
instrumental de l'interferometre de les observacions de IRAS 4A, els hem comparat amb
les dades experimentals, i hem assegurat la qualitat de I'ajust per medi d’un analisi de 2.
El millor acord amb les dades s’obté per models de niivols amb un index de massa-a-flux
> 2, un camp inicial d’aproximadament 0.5 mG, i una edat de 10* anys des de 'inici
del col-lapse. Els models que assumeixen congelacié del flux proporcionen millors resul-
tats i la dissipacié magnetica, si es dona, esta per sota de la resolucié de les observacions
(~350 AU). Aquest resultat suggereix que la hipotesi de congelament del flux és manté
valida durant la major part del procés de col-lapse. La inclusié d’un perfil de temperatura
observacional condueix a millors resultats pel que, encara que la variacié de temperatura
altera lleument 1’evolucié dinamica del nivol, s’ha de tenir en compte al simular I’emissié
de la pols que n’és molt sensible. Un estudi exploratori dels angles d’orientacié mostra que
els mapes dels diferents parametres de Stokes en sén molt sensibles, i que podrien ser usats
per determinar l'orientacié de les fonts, sempre assumint una determinada topologia per
al cap magnétic. Hem mostrat que l'interferometre ALMA tindra la capacitat per distingir
entre els diferents models estudiat en aquest treball i, per tant, posseeix un gran potencial
per a ser usat com a eina per destriar-los. Els resultats generals mostren que l’escenari
teoric estandard és compatible, al menys, amb IRAS 4A. Segons aquest, nivols inicialment
penetrats per camps magnetics de gran escala esdevenen inestables i col-lapsen. El camp
magnetic es arrossegat pel material en caiguda i és atrapat dins de ’estrella naixent i del
disc circumestel-lar. Al niavol en col-lapse, la dinamica esta dominada per la gravitacié i,
inclds per nuvols inicialment supercritics, per les forces magnéetiques.

4 Conclusions generals

Els estudis previs duts a terme pel nostre grup sobre el camp magnetic a la nebulosa de
la Pipa (Alves et al.l |2008} Franco et al., 2010) havien mostrar un camp molt uniforme
perpendicular al seu eix principal, i que la turbulencia al ntuvol era sub-Alfvénica. Aixo
suggereix que el nivol s’ha format per la caiguda de material en la direccié de les linies
de camp de forma quasi-estatica. Malgrat aixo, algunes regions de la nebulosa de la Pipa
mostren turbuléncia. Aquest és el cas de la regié central on aquesta turbuléncia podria
haver provocat la fallida del core 47 (Frau et al., 2012a). Es creu que l’extrem nord-
est, la regié de Barnard 59, és la regiéo més vella amb una edat estimada de 2—-3 milions
d’anys. Ja s’hi esta formant una granja d’estrelles, el que provoca que el camp magnetic
es distorsioni i la turbuléncia sigui super-Alfvénica. En canvi, a la regié sud-oest, el camp
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magnetic es manté ordenat i la quimica del nucli més evolucionat és compatible amb una
edat propera al mili6 d’anys (Frau et al.l [2010} |2012b). Aquestes estimes d’edat sén un
ordre de magnitud inferiors a ’edat d’altres ntivols amb formacio estel-lar, com els situats
a Taure i Orid. De fet, diversos estudis mostren que la formacié estel-lar s’hi va iniciar fa
uns 10 milions d’anys, i que posteriorment es va accelerar produint la major part d’estrelles
en els darrers milions d’anys. Aleshores, és possible que la nebulosa de la Pipa estigui en
un estadi evolutiu massa primerenc com per comencar a formar estrelles de forma eficient.
Es possible que les condicions immaculades d’aquest nivol fossin les condicions inicials a
Taure i Orié, molt distorsionades ara a causa de 'activitat de formacié estel-lar.

En aquesta tesi hem afrontat ’estudi de les etapes més primerenques de la formacid
estel-lar. Hem mapat nuclis densos amb densitat per sota de 10° cm™3 (Frau et al., 2010,
2012b), molt per sota dels valors reportats a la literatura. Aquests nuclis presenten una
estructura compatible amb esferes de Bonnor—Ebert (Frau et al.. [2012¢)), el que suggereix
que es poden trobar en situacié d’equilibri hidrostatic amb el seu entorn. A més, hem des-
cobert una quimica molt rica i variada (Frau et al. 2012a)), inesperada tenint en compte
els treballs previs en fonts d’aquest tipus. Inclis en objectes tan joves i difusos, és possi-
ble distingir caracteristiques quimiques propies que permeten definir grups i establir una
possible seqiiencia quimica evolutiva. Alguns dels objectes mostren propietats quimiques
tipiques d’edats de 1 milié d’anys, pero la manca d’indicis de col-lapse gravitatori suggereix
que hi ha actives fonts de suport no termiques. La falta de simetria esferica també implica
que alguna forca anisotropica esta actuant. La turbuléncia sub-Alfvénica apunta a que el
camp magnetic pot ser aquest agent, el que causaria la forma aplanada de molts nuclis. La
manca de correlacio entre la direccié del camp magnetic i ’eix principal dels nuclis densos
pot ser un efecte de projeccié que necessita ser investigat.

Finalment, I'estudi de NGC 1333 IRAS 4A ha confirmat que les seves propietats poden
ser explicades satisfactoriament amb el model estandard de formacié estel-lar (Frau et al.,
2011). Els models de magnetohidrodinamica idealitzada condueixen a millors resultats,
i I"ds de un perfil de temperatura millora 'acord amb les dades. Les condicions inicials
dels models, amb mides de ~0.1 pc i densitats creixents cap al centre, concorden amb
els resultats als nuclis densos de la nebulosa de la Pipa. La intensitat del camp magnetic
inicial usat pels models, ~0.5 mG a densitats de ~10° cm™3, poden ser escalats als valors
obtinguts per al gas diftis de la nebulosa de la Pipa, fins a ~65 mG a densitats del nivol
de ~3x10% cm ™3, amb una llei del tipus B o p'/? tipica de niivols magnetitzats. Des d’un
punt de vista més tecnic, el metode que hem emprat pot establir un punt de referencia
en la manera en que les futures dades d’ALMA seran analitzades. La alta qualitat de les
dades fara possible aquest tipus d’analisis i fa preveure una gran millora en I’enteniment
del procés de formacié estel-lar.
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The raw materials and the factories
of stars

The Milky Way, our Galaxy, has 3 visible components: a flattened disk of about 25 kpc
of radius and 250 pc of scale height, a central dense bulge with a radius of 3 kpc, and
an extended stellar halo consisting of globular clusters and old stars. Our Sun and the
Solar System are located at a distance of 8.5 kpc from the galactic center, within the well-
delineated spiral arm structure of the galactic disk. Most of the total mass of the Galaxy
sits on the ~ 10! stars, but, with an average density of 1 star per pc3, they represent a
very small percentage of the total volume. The InterStellar Medium is the matter
that fills the space between the stars and constitutes only 1% of the mass of the Galaxy.
It is formed fundamentally by a solid phase, the interstellar dust, and a gas component,
the interstellar gas.

1.1 Components of the interstellar medium

1.1.1 Interstellar dust

Dust grains are extremely small, with sizes from 0.01 to 1 pm, of irregular shapes, and
formed by silicate, carbon and/or iron nuclei with ice mantles. Interstellar dust interacts
with passing light causing extinction, reddening, and polarization. Dust grains absorb
radiation with wavelengths shorter than their sizes and produce extinction. This radiation
is then re-emitted at longer wavelengths, mainly infrared and radio wavelengths. The
amount of attenuation depends on the thickness and density of the dust cloud. If it is thick
enough, the light can be totally blocked or scattered off by the dust particles, preventing
the light from reaching us and producing dark regions. A typical value of the extinction
in the Galaxy is about 1 magnitude per kpc of distance. However, there are places where
the extinction is higher. Ultraviolet and blue wavelengths are more easily scattered off
due to the sizes of dust grains. Therefore, the light that we see through the has less
of the blue light, and this produces the interstellar reddening. Finally, the polarization of
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light is produced when aspherical dust grains align with magnetic fields. It is generally
accepted that dust grains rotate with their long axis perpendicular to magnetic field lines.
When the axis of larger angular momentum lies parallel to the magnetic field and to the
grain angular speed, the torque vanishes and the system achieves a stable state (Davis
& Greenstein) [1951). The observed polarization vectors depend on the wavelength. In
the optical range the randomly polarized passing light is less absorbed by dust grains
in the direction perpendicular to the elongation thus polarization vectors are parallel to
the magnetic field. At sub-mm/mm wavelengths dust grains reemit the absorbed photons,
and the emission is partially linearly polarized in the elongation direction, and therefore,
polarization vectors are perpendicular to the magnetic field.

The molecular component of the interstellar gas is associated with the dust grains, and
both are located inside the molecular clouds (Section [1.2)). Indeed, visual extinction (A
studies have found a correlation between the amount of Hs gas and dust:

[N(HQ)} ~ 10% [AV} . (1.1)

cm ™2 mag

It is important to note that the chemical models show that the most abundant interstellar
molecule (Hy) can only be formed in presence of dust grains, which operate as catalysts,
absorbing the excess energy of the molecule formed by the union of two hydrogen atoms.

1.1.2 Interstellar gas

The gas is the main component of the [SM] As compared to dust, the relative abundances
are ~160 in mass, and ~10'? in number of particles. The most common element is hydro-
gen, and can be found in three main different phases: molecular hydrogen (Hg, roughly
half of the mass), atomic hydrogen (Hi, roughly the other half of the mass), and ionized
hydrogen (Hyp). Table summarizes the main physical parameters of the different phases
of interstellar gas (from [Estalella & Anglada) 1996).

Cold molecular regions (Hz): Molecular hydrogen is the most abundant component. In
addition there are more than one hundred different molecules detected but with much lower
abundances (typically several order of magnitudes lower). Among the detected ones, the
most abundant or observationally common are carbon monoxide (CO), ammonia (NHjs),
water (H20), or hydroxil (OH). At the typical temperatures of these regions, about 20 K,

Table 1.1: Phases of the gas content in the interstellar medium

Fractional Temperature Density
Phase Volume (K) (em™3) Components
Molecular clouds <1% 10-30 10°-10°  molecules (Ha, CO, NHs, ...)
Cold atomic gas 2-3% 50-150 10-100 atomic hydrogen (neutral)
Warm neutral gas 10-50% 8 x 103 0.01-10 atomic hydrogen (partially ionized)
Hir regions ~10% 103-10* 102-10*  ionized hydrogen

Coronal gas 30-70% 5 x 10° 107*-10"%  highly ionized hydrogen and metals
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only rotational transitions can be excited. Homopolar molecules like Hy do not have dipolar
rotational transitions since the dipole moment for this kind of molecules is zero. Thus,
other molecules, like for example CO must be used as tracers of the molecular gas in
the Galaxy. Numerous surveys studying the CO line emission have established that the
molecular gas is spread throughout the Galaxy, and mostly contained in discrete clouds
closely confined near the galactic plane with a height scale of 60 pc. The molecular density
profile shows a falloff for galactocentric radii greater than 10 kpc, and a maximum peak at
a radius of 6 kpc (the molecular ring) presumably related to the galactic spiral structure.
A sharp rise in molecular density is also observed within 1 kpc of the galactic center,
where large numbers of massive stars are being born. These discrete units, the molecular
clouds (Section , play a major role in the star formation process, being the birthplaces
of stars.

Cold atomic regions (Hj): Radio studies at 21 cm of the hyperfine line of hydrogen,
complemented by numerous observations of optical and ultraviolet absorption lines seen
against background stars, provide a detailed picture of the distribution of the H; gas in the
Galaxy. Hj is located within the galactic disk, with a scale height of about 100 pc (nearly
twice the scale height of the molecular gas). Throughout the Galaxy, most of the atomic
gas is in discrete clumps known as Hj clouds. Although cloud properties vary broadly,
representative temperatures are 50-150 K, with sizes of 1-100 pc, masses of 50-500 M),
and densities ranging from 10 to 100 cm™3. Atomic clouds correspond to 2-3% of the total
volume and 50% of the total mass.

Warm atomic regions (intercloud gas): It is a second component of atomic gas not
confined to individual clouds, with a height scale twice that of the cold component, and
occupying 50% of the total volume. The number density is about 0.5 cm™ and its tem-
perature, although difficult to calculate because of the medium transparency, is estimated
to be ~8 x 10® K. A significant fraction (10-20%) of this atomic intercloud gas is ionized
by stellar photons.

Ionized regions (Hjr): The ionization of the hydrogen atom can be produced by pho-
toionization or by collisions with other particles. Photoionized Hy regions are observed
associated with young massive stars, with typical sizes of ~1 pc, densities of 102-10% cm ™3,
and temperatures ranging from 5x 103 to 1 x 10 K. The coronal gas is formed by hydrogen
collisionally ionized by the passage of a supernova shock wave. This gas has densities of
~3x 1072 cm ™3 and temperatures of 5 x 10° K. It is also possible to find ionized hydrogen
surrounding planetary nebulae and in ionized stellar winds. Although its density and mass
are negligible, the coronal gas represents about 50% of the total volume. Regarding its
distribution in the Galaxy, the coronal gas is located also in the galactic plane with peaks
of maximum density at radii near 5 kpc (similar to the molecular component), while the
photoionized hydrogen is found near young massive stars, and thus near the spiral arms
of the Galaxy.

1.2 Molecular clouds: the sites of star formation

Molecular clouds are cold (10-30 K) and dense (103-10° cm™2) regions, with sizes and
masses that change from cloud to cloud. They represent 50% of the total ISM mass, but
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have a negligible volume in the Galaxy. The main physical properties of different types
of galactic molecular clouds are summarized ordered by from less to more opaque
clouds, in Table (from Stahler & Pallal [2005)).

Diffuse molecular clouds, with typically low visual extinctions, are relatively isolated enti-
ties, with similar amounts of atomic and molecular gas, and representing a minor fraction
of the molecular gas. Thermal pressure and gravity control the evolution of these clouds,
allowing them to persist for long periods of time. Diffuse molecular clouds are never found
to form stars.

Giant Molecular Cloud s, with sizes up to 100 pc, are located within larger struc-
tures or spiral arms segments that have sizes up to a kpc, masses up to 107 M, (Elmegreen),
1985, (1993)). The contain more than 80% of the molecular hydrogen of the Galaxy.
The [GMC]| are the preferred site for stars to form. Most of the [GMCk have masses between
10° to 108 My (but they may have up to 5 x 107 Mg near the galactic center; Duley
& Williams|, |1984). With these masses the main cohesive force is the cloud own gravity,
with the internal thermal pressure playing only a minor role in the overall balance. In-
deed, if thermal pressure was the only force opposing gravity, all molecular clouds should
collapse rapidly and efficiently into stars. However, most molecular clouds show a low star-
formation efficiency. Thus, additional mechanisms, such as magnetic fields or turbulence
support, must be present and act against the gravity, preventing a rapid collapse. Once
the star formation has begun, a typical giant cloud survives for ~ 3 x 107 years before
being destroyed by the intense winds and UV photons from newly formed O and B stars.
By considering that the cloud converts about 3% of its mass into stars during this time,
the galactic star-formation rate is ~2 My yr~! for a total galactic mass of Hy of about
2 x 10° M,

Looking inside [GMCE, filamentary or clumpy substructures appear over a wide range of
scales (Blitz, 1993; Williams et al., [2000)). These substructures range from massive clumps
with sizes of several pc and masses of thousands of solar masses, which may form entire
clusters of stars, to small dense cloud cores with sizes of ~ 0.1 pc and masses ~1 Mg,
which may form individual stars or small multiple systems (Myers, [1985; |André, Ward-
Thompson, & Barsony), 2000).

Although the structure of molecular clouds is mainly hierarchical, consisting of small
subunits within larger ones, clumps similar to those belonging to giant molecular clouds

Table 1.2: Physical parameters of molecular clouds

AV Ntot L T M
Cloud Type (mag) (ecm™®) (pc) (K) (Mg) Examples
Diffuse 1 500 3 50 50 ¢ Ophiuchi
Giant Molecular Clouds 2 100 50 15 10° Orion
Dark Clouds
Complexes 5 500 10 10 10*  Taurus-Auriga
Individual 10 103 2 10 30 B1

Dense Cores / Bok Globules 10 10* 0.1 10 10 TMC-1 / B335
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can be found in isolation, not directly associated with giant complexes. They correspond
to the individual dark clouds in Table The largest clumps, with masses of 103-10* M,
are the dark cloud complexes. They are the site of a significant fraction of galactic star
formation, although they do not form massive O and B stars. Massive stars are only formed
in giant molecular clouds. The smallest and densest cloud entities, called dense cores, are
described in detail in Chapter

1.3 Observational tools at radio wavelengths

In order to know what happens during the first stages of star formation, it is necessary to
study the dense cores, which are the basic units in the formation of stars (see Chapter|2). To
explore the conditions within molecular clouds, the observation of molecular spectral lines
are a powerful tool. Luckily, the conditions of dense cores, and molecular clouds in general,
allow the formation and existence of a high variety of molecules. The dust associated with
molecular clouds that allows to form Hs, also acts as a shield against ultraviolet radiation
that could reach the newly-formed molecules and photodissociate them. Furthermore, high
densities are necessary to cool the gas through collisionally excited atomic and molecular
emission processes, and keep the molecular gas at the low temperatures needed for the
survival of molecules.

1.3.1 Spectral line emission

By studying molecular spectral lines, it is possible to determine properties of the cloud as
kinematics, temperature, and density (see|Stahler & Pallay, 2005 for details). The two-level
model is a good approximation to understand the excitation conditions of the molecular
lines (for a comprehensive description see Stahler & Palla, 2005)). This model considers
transitions between two energy levels with density populations n, and n; for the upper
and lower states, respectively. These density populations are usually described by the
excitation temperature, T, through the Boltzmann’s equation

e Gu ALy, >
M _ v on( — , 1.2
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where g, and g; are the degeneracies of the two energy levels, and AFE,; is the energy dif-
ference between both states. Transitions between both levels can be excited radiatively or
collisionally. If the density of the medium is high enough, collisions control the transitions
between states, and the excitation temperature will be equal to the kinematic tempera-
ture characteristic of the collisions, T,, = T}. However, if density is low, radiation controls
the population of the states, and the excitation temperature is equal to the background
temperature, Te, = Tpy. In this situation no line emission is detected, and only a black-
body continuum spectrum, with temperature Ty, is observed. Thus, to detect molecular
spectral lines, collisions have to control the transitions between energy states. In this case,
the transition is collisionally thermalized, and the system is in Local Thermodynamic
Equilibrium . The critical density, ncit, estimates the minimum ambient density at
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Table 1.3: Some useful interstellar molecules and physical parameters of some transitions

Tob ncritc

Molecule  Abundance® Transition A (K) (em™3)  Comments
H, 1 1—0 2.1 um 6600 7.8 x 10" shock tracer
CO 8x107° J=1-0 26mm 55 3.0x10° low density probe

J=2—1 1.3mm 11.0 2.0x 10* low density probe
OH 3x1077 *M3/0;J =3/2 18cm  0.08 1.4x10° magnetic field probe
NH; 2x 1078 (J,K)=(1,1) 1.3 cm 1.1 1.9x 10* temperature probe
H>CO 2x1078 210—111 21mm 6.9 1.3x10° high density probe
CS 1x1078 J=2—1 31mm 4.6 4.2x10° high density probe
HCO™ 8 x 1077 J=1-0 34mm 43 1.5x10° tracer of ionization
H>O 616— 523 1.3 cm 1.1 1.4 x 10> maser

“ number density of main isotope relative to hydrogen
b equivalent temperature of the transition energy; To =AE,/kp
¢ evaluated at T=10 K, except for Hy (T=2000 K)

which collisions dominate the molecular transitions over radiation. If n > n.;t, the tran-
sition is thermalized and we observe the spectral line; if n < ngyit, the transition is not
observed. The ngt is defined as

A
Nerit = 7ul’ (13)

ul

where A,; is the Einstein coefficient for spontaneous emission, and ~,; the collisional de-
excitation coefficient. Every transition of every molecule has a different critical density
(see Table , and therefore, it can be used to trace different regions within a molecular
cloud. Transitions with higher critical densities are the best tracers of densest regions.

For high column densities of the molecular species the transitions can be optically thick. In
this case, the optically thick lines trace only the emission coming from the surface layers of
molecular clouds. In a situation of optically thick emission, rarer isotopologues (e.g. *CO
or C'0 for the CO) should be used to trace the inner regions of the molecular clouds,
because they are usually optically thinner.

1.3.2 Continuum emission from interstellar dust

Young stellar objects, formed inside molecular clouds, are surrounded by large amounts
of gas and dust. The dust grains absorb the radiation emitted by the protostar, causing
high extinction at optical wavelengths in star-forming regions. The absorbed radiation
is then reemitted at longer wavelengths, mainly at InfraRed and millimeter (mm)
wavelengths, due to the low temperature of dust. While the dust emission in the mm range
can be observed with radio telescopes, the IR emission between ~20 and 100 pgm can only
be observed from space satellites, because of the opacity of the terrestrial atmosphere at
these wavelengths.

Dust emission can be approximated by a modified blackbody law characterized by the
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temperature of dust, T;. Such a spectrum corresponds to a blackbody law, B, (T}), with
an optical depth 7, that depends on frequency. The observed flux density at a frequency
v for an isothermal source of solid angle €2g is

S, = By(Ty) (1 — e~ ™) Qs. (1.4)

The optical depth is proportional to the column mass density along the line of sight,
T, = flos p Ky dl, with k, being the absorption coefficient per unit of total mass (gas and
dust) density. In the millimeter and submillimeter regime, r, is generally well described
by

B
Ky v
= - 1.
[ch g_l} o [1000 GHZi| ’ (1.5)

with 3, the dust emissivity index, which has values close to 2 in the [SM] and between
1 and 2 in most of star-forming regions, depending on the composition, and geometry of
dust grains, and on variations of the homogeneity and size of the region (Walker et al,
1990; [Mezger et al., [1991). In general, the value of kg is not well constrained (Beckwith
et al., [1990). Specifically, for dense pre/proto-stellar cores and for different gas densities,
Ossenkopf & Henning| (1994) computed and tabulated the dust opacities at wavelengths
between 1 pm and 1.3 mm.

Sometimes, in order to fit all the spectrum together, from IR to mm wavelengths, it is
useful to consider different components contributing to the total emission: the young stellar
object, a circumstellar disk with a compact and hot component, and a more extended and
cold dust envelope. By fitting the spectral energy distribution one can estimate a range of
masses, dust temperatures, and dust emissivity indices for each component (Section .
The mass of gas and dust can be estimated from the observed flux density. From Eq.
and assuming optically thin emission one can obtain

A M
Sy ~ B, (Tq) Qs 17, = B, (Tq) 2 Ky / pdl = B,(Ty) ku o (1.6)
los

where M is the mass of gas and dust estimated from the observed flux density S, at
frequency v, A is the area of the source, and d is the distance to the source. Thus, from
Eq. [L.6] it is possible to obtain

S, d?

M=———.
BV(Td) KRy

(1.7)

For a more detailed description see Appendix A in Frau et al. (2010).






Low-mass star Formation

Star formation in our Galaxy takes place out inside molecular clouds, which are massive
and cold enough to undergo gravitationally collapse. The star formation process is tradi-
tionally divided into two different modes: one related to the formation of low-mass stars,
and the other one of high-mass stars. Low-mass stars, with masses <8 Mg, have luminosi-
ties dominated by accretion and can form in isolation or in clusters of stars. On the other
hand, massive stars, with masses >8 M), seem to form only in massive cores, containing
closely-packed “subcores”, that produce a group of stars. In this Chapter we will expose
the more relevant details about low-mass star formation (more details can be found in the
reviews of |Larson 2003, and [McKee & Ostriker|[2007, and references therein).

2.1 Protostellar evolution: from molecular clouds to proto-
stars

Molecular clouds are the sites of star birth, but to form a star, clouds must begin to
collapse. At galactic scales, this collapse is counteracted by tidal galactic forces. At in-
termediate scales, magnetic fields and turbulence seem to be sufficiently strong to stop
collapse. But at smaller scales, the scale of prestellar cores, only thermal and magnetic
pressure appears to act efficiently and permanently against self-gravity. Thus, the ideal
conditions in clouds to form stars are low thermal pressures (i.e., low kinetic temperatures
T}), and high densities, that is, the conditions found in molecular dense cores.

Two models illustrate the different possibilities on how the collapse of a spherical cloud
core might be initiated: a fast collapse model, in which gravity exceeds thermal pressure
(Hayashi, |1966; |Larson, 1969); and a slow magnetically supported collapse (Shu, |1977;|Shu
et al., 1987). In both models, the temperature is predicted to remain in the range between
6 K and 12 K as long as the collapsing core remains optically thin to thermal emission
from dust (for Hy densities up to 101 em=3; Larson, [1985; Masunaga & Inutsuka, 2000).

Fast collapse models consider that the collapse begins with an unstable or marginally
stable clump of gas in which gravity overcomes thermal pressure, and causes runaway

11



12 Chapter 2: LOW-MASS STAR FORMATION

collapse to occur (Hayashi, |1966|). The free fall collapse begins in the external layers and
propagates to the inner regions. A universal result of calculations of isothermal collapse is
that the collapse is always highly non-uniform and characterized by the runaway growth of
a central density peak (Larson, 1969)). This occurs because the collapse of the outer layers
is always slowed by an outward pressure gradient that develops when the inner pressure
rises but the boundary pressure does not. It produces a collapse in a shell-structure mode,
from inner to outer shells, with a contraction timescale for each shell similar to the free-fall
time for the inner sphere average density

3T
= . 2.1
by =4/ 352G (2.1)

As a result, the denser inner regions collapse faster than the less dense outer regions. The
velocity, density, and temperature distributions in an infalling cloud follow power-laws
(Larson, (1972b)

v X r_1/2,
p o r32, (2.2)
T o r /2,

Quasi-static collapse is described in more detail in Chapter [3| Essentially, the model as-
sumes that prestellar cores are initially magnetically supported and condense gradually
by ambipolar diffusion, whereby the gas contracts slowly across the field lines (Shul, (1977}
Shu et al., [1987). Shul (1977)) predicted that such a quasi-static contraction process causes
the core to become a Singular Isothermal Sphere with no magnetic support and with
a density distribution

02

=G (23)

p

with Cs being the isothermal sound speed in the medium,

|OP | kT

Once this configuration is achieved, the collapse is initiated at the center, and the radius
at which the gas begins to fall propagates outward at the sound speed, producing an
expansion wave with radius Ry = Cst. This solution is termed an “inside—out” collapse.
For radii greater than the expansion wave radius, 7 > Rew, the density is that of a SIS
(Eq. , for radii smaller than the expansion wave, r < Rey, the gas accelerates until it
reaches the free-fall speed, with p oc 7=3/2,

Both models predict that only a very small fraction of the mass of the collapsing core
initially attains high enough densities to form a star, while most of the mass remains in an
extended infalling envelope which is accreted onto the new formed protostar until it gets
its final total mass. Some additional effects can be taken into account in these models.
Small departures from spherical symmetry in the collapse have been studied by [Larson
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Figure 2.1: The four stages of low-mass star formation extracted from |Shu et al.| (1987) (a) Cores
form within molecular clouds as magnetic and turbulent support is lost through ambipolar diffusion.
(b) A protostar with a surrounding nebular disk forms at the center of a cloud core collapsing inside-
out. (¢) A stellar wind breaks out along the rotational axis of the system, creating a bipolar flow.
(d) The infall terminates, revealing a newly formed star with a circumstellar disk

(1972a)), Hanawa & Matsumoto| (2000); and Lai (2000), with the conclusion that these
departures do not modify significantly the qualitative results of a spherical collapse. The
angular momentum of a collapsing cloud core in rotation (some orders of magnitude higher
than the typical angular momentum of stars;|Goodman et al.|1993)) has to be redistributed
or lost when forming a single star. Viscous transport processes in a protostellar accretion
disk (Larson, 2002)), or fragmentation in binary or multiple systems (Larson) 1972a) can
account for much of the initial angular momentum. Numerical models of non-spherical
clouds, with rotational motions predict the formation of circumstellar disks, precursors of
planetary systems.

In the star formation process, from a prestellar cloud core to a protostar, four stages can
be distinguished as proposed by [Shu et al. (1987) (see Fig. . The first stage of star
formation, phase (a), is the contraction and fragmentation of the molecular cloud forming
slowly rotating cloud cores. In stage (b) a condensing cloud core begins to collapse “inside—
out” and a protostar deeply embedded within an envelope of dust and gas forms at the
center of the core. The distribution of mass, initially spherical, becomes flattened due to
the centrifugal force. In stage (c), a strong stellar wind along the rotational axis stops the
infalling of material through the poles, and breaks out as a collimated outflow of gas and
dust. New observational evidences seem to indicate that outflow motions begin earlier, at
the same time as the collapse. The opening angle of the outflow begins to widen until the
infall is stopped, in stage (d). During this last phase, the total mass of gas and dust has
been accreted or pushed away. All the system becomes observable at ultraviolet, optical
and near-infrared wavelengths.
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Figure 2.2: Classification of low-luminosity Young Stellar Objects. Spectral energy distribution,
and schematic representation of the evolutionary stage of the Class 0, I, IT, and IIT objects. Courtesy
of Luca Carbonaro.

2.2 Classification of low-luminosity Young Stellar Objects

During the first stages of the star formation processes, a Young Stellar Object is
deeply embedded in the molecular cloud and emits most of its luminosity in the infrared
wavelengths. The Spectral Energy Distribution at these wavelengths (between 1 and
100 pm) depends on the nature and distribution of the material surrounding the[YSO| The
[YSOJs [SEDg are conventionally divided into four classes, which are believed to represent
an evolutionary progression. Myers et al.| (1987)) divided sources into two categories; Lada,
(1987) introduced the definition of the Classes I-III Adams, Lada, & Shu (1987)
discussed a similar classification; and |André, Ward-Thompson, & Barsony| (1993) added
the, very embedded protostellar, Class 0 stage. Figure shows a scheme of the different
evolutionary stages of a[YSO| and its spectral distribution at infrared wavelengths. The
spectral index, between 2.2 and 20 pum, used to classify the is defined as

dlogvF,  dlog \F)
dlogv  dlog A

QIR = — (2.5)

Class 0 objects: The youngest stellar objects are in this evolutionary stage, which was
proposed by |André, Ward-Thompson, & Barsony| (1993)) and is similar to the Extreme
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Class I objects of [Lada (1991)). These young protostars are extremely faint in the near-
(indeed, usually undetectable at wavelengths shorter than 10 pum), and have a large
submillimeter luminosity, Lgupmm/Lior > 5 x 1073 D The spectral energy distribution is
typical of a black body at a low temperature, < 30 K, coming from a cold dust envelope,
Menvelope 2 m«. Protostars are believed to achieve a significant fraction, if not most, of
their mass in this embedded phase. Most of the known Class 0 objects are associated with
intense and collimated molecular outflows and Herbig—Haro objects, and a major fraction
shows centimeter emission coming from a thermal radio jet.

Class I objects: They have a positive spectral index of 0 < arg < 3, which suggests the
presence of large amounts of dust. These objects, with typical ages of ~ 10° years and
deeply embedded in the molecular cloud, are not observable at visible wavelengths. Three
main structures can be found in a Class I source: a large-scale dust envelope (~ 10* AU)
in free fall, a cavity surrounding the [YSO] with a size of ~200 AU, and a flattened disk
at scales < 200 AU. Class I objects are more luminous than Class II and III sources, with
the main contribution to their luminosity coming from the accretion of material.

Class II objects: A spectral index of —2 < aqr < 0 indicates that the @ is still
surrounded by dust. These objects can be observed at optical and infrared wavelengths.
The optical contribution corresponds to that of a black body consistent with a pre-main
sequence cold star, with an age of ~10° years, while the excess at infrared wavelengths is
due to an optically thick circumstellar disk of dust with a mass of ~0.01 M. Classical
T Tauri stars or stars with FU Orionis episodes are typical of this evolutionary class.

Class III objects: They are the most evolved [YSOp, characterized by a spectral index
—3 < arr < —2. The spectral energy distribution corresponds to a black body law with
a temperature of a typical reddened photosphere of a young star, attenuated by a factor
exp(—7,) due to the dust opacity. Class III objects are observable at visible wavelengths,
with low luminosities at mid- and far-infrared wavelengths. These objects are known as
naked T Tauri stars, and have typical ages of <107 years.

It is important to note that the previous classification is only valid for low-mass young
stellar objects. For more massive stars, the fast evolution to the main sequence makes
more difficult to establish a similar classification.

L submm is the luminosity at wavelengths > 350 um, and Ly, is the total luminosity.






Dense cores

The smallest and densest cloud entities, dense cores, are found in the inner and denser
regions of giant and dark molecular clouds (Chapter . The low—mass dense cores (few
solar masses) have densities that exceed 10* cm ™3, temperatures of ~ 10 K, sizes of ~0.1 pc
and subsonic turbulence. Low-luminosity infrared sources (L < 10 Lg ), molecular outflows,
and T Tauri stars are associated with many dense cores, being the most direct evidence that
these structures form stars. There are also compact and dense regions not embedded within
larger complexes, so called Bok globules, with embedded infrared sources and energetic
molecular outflows associated with them. Apart from their isolation, they are similar to
the dense cores found in the dark molecular cloud complexes. It is important to note that
infrared sources detected toward Bok globules are of relatively low luminosity, and the
same happens for those detected toward the major part of nearby dense cores, suggesting
that this kind of compact clouds are sites of low-mass star formation. High-luminosity
infrared sources, associated with massive young stars, are also observed within massive
dense molecular cores. The main difference is that most of the massive dense cores are
located at larger distances (2 1 kpc), which makes it more difficult to study them with
high resolution. Observations of the Orion dense cores (Orion is the nearest massive star-
forming complex, located at only 500 pc) show that they are warmer, two or three times
more turbulent, three times more massive, and twice the diameter of their counterparts in,
for example, the Taurus-Auriga molecular cloud (one of the nearest low-mass star forming
regions, a dark molecular complex located at 140 pc).

3.1 Physical structure in equilibrium

3.1.1 Isothermal sphere in hydrostatic equilibrium
Definition

The most idealized case to start studying the initial stages of the star formation pro-
cess is that of an isothermal sphere supported against gravitational collapse by its own

17
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thermal pressure. The equation for hydrostatic equilibrium, gravitational potential, and
gravitational force read

P GM,

B (3.1)
1d [ ,dé
2, 1 d [ odd) _
V=5 <r dT) 4rGp, (3.2)
and
iy GM,
@ = (3.3)

respectively , where r is the radius, P the pressure, M, the mass interior to radius r, p
the mass volume density, ¢ the gravitational potential, and G the gravitational constant.
The mass of the sphere will follow

dM,
dr

= 4712 p. (3.4)

We need to make use of the equation of state for an ideal gas,

kT
P=nkT = ——p=C?p, (3.5)
wmp

where n is the volume number density of molecules, k¥ the Boltzmann constant, T the
temperature, my the mass of the Hydrogen atom, p the weight of the median molecule
(umpg = p/n), and Cj is the isothermal sound speed (Eq. . To help in further analysis,
one can define the non-dimensional variables

u=¢/C; (3.6)

and

VAT Gp, .

£= . " (3.7)

where p. is the central mass volume density, ¢ the non-dimensional radius, and u the
non-dimensional gravitational potential.

By combining equations and and applying a variable substitution using equa-
tions and one obtains the Lane-Emden equation

2‘1 <5d“) _—— (3.8)
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Figure 3.1: Numerical solution of the sphere density profile (Eq. in logarithmic scale. &
is the non-dimensional radius (Eq. and p/p. is the non-dimensional density.

The Bonnor-Ebert sphere

The Bonnor-Ebert (BE)) sphere (Bonnor, 1956; Ebert, [1955|) describes a self-gravitating,
pressure-confined, isothermal gas sphere in hydrostatic equilibrium. The density profile
can be derived by solving Eq. imposing an outer confining pressure,

POut = Cgp (ROut) ) (39)

exerted at the outer radius of the sphere, Royt, which fixes the maximum non-dimensional
radius,

VarGpe
fmax: g P ROut (3.10)

that characterizes uniquely the sphere solution. One can impose the boundary condi-
tions at the core center, forcing the density to be p. and its derivative to be 0,
dp

p(0) = pe, ELTZOZ 0. (3.11)

These conditions, together with the combination of Egs. and lead to a density
profile of the form

P = pec e~9/CE. (3.12)

Figure shows the numerical solution for the density profile (Eq. as a function
of the non-dimensional radius in units of the central density. The density is roughly flat
in the inner region and falls as ~ r~2, typical of spherical hydrostatic equilibrium, at the
outer region. This profile can be better understood by finding the physically meaningful
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Figure 3.2: Radial column density profile of extracted from [Alves et al.| (2001)) in terms of
magnitudes of Circles and bars show the data points and dispersion for the averaged
profile of the extinction measurements. The solid line represents the best fit of a theoretical [BE]
sphere to the data. The close match of the data with theory indicates that the internal structure of
the cloud is well characterized by the equations for a self-gravitating, pressure-confined, isothermal
sphere with gravity balanced by thermal pressure.

radius at which the free-fall time (Eq. and the sound crossing time, ts. = r/Cj, are
equal. This turnover radius (see e.g. Keto & Caselli, 2010),

e G (3.13)

\/32p.G /31’

is equivalent to a non-dimensional radius of £ = 1.92. For smaller radii, the sound crossing
time is shorter than the free-fall time and, therefore, any density enhancement created
gravitationally will be dispersed by sound waves. On the contrary, for larger radii, the
free-fall time is smaller than the sound crossing time and the density will follow the
typical r =2 profile. |Alves et al.| (2001) presented Barnard 68 as the prototype object
following a [BE] profile. Figure [3.2] shows the good agreement between the [B68|[Ay] data
and the [BE] model, indicating that this object is a dynamical unit close to hydrostatic
equilibrium.

It is critical to study the stability of the [BE] spheres because the dominating heating
and cooling mechanisms may change depending on whether the cloud is collapsing. A
stable cloud is heated up by cosmic rays and infrared photons, and cooled down by dust
and molecular line radiation. On the other hand, a gravitationally unstable cloud is also
heated mechanically through the work of the gravitational compression, and the cooling
mechanisms will change if the dust becomes optically thick. This will eventually lead to
temperature differences within the core and the isothermal condition will be no longer
met.



3.1. PHYSICAL STRUCTURE IN EQUILIBRIUM 21
Stability against gravitational collapse

We can measure the mass, M, of the object from observational maps and derive the con-
fining pressure, Poyt, from the surrounding medium properties (density and temperature).
However, for the inside-out numerical integration of a [BE| sphere, the key parameters are
pe and rg. We need to reformulate the equations in terms of the available observables. One
can rewrite Eq. and calculate the mass as

2 CS? 3/2 réMax 2
M=4 = 47p, uglqe, 3.14
TI'/T‘p T TP, (47TGPc> /0 e "&7d¢ ( )

which depends on the non-dimensional integral on the right-hand side and scales with the
constant physical factor in front it. In Fig. [3.3h, we show the value of the integral as a
function of &yax. For &nax < 6.5 (see later in the text), the mass roughly follows oc 73. For
EMax > 6.5, there is a trend change and the [BE] can only support extra mass following a
o r! rate.

We can rewrite the expression of the confining pressure (Eq. making use of Eq.
as

2
C§ e U ( OfMax €_u§2d£)
- G3M? 47

Pou = C2pee™® , (3.15)

which depends on the non-dimensional parenthesis and scales by the constant physical
factor in front. Figure [3.3b shows the value of the non-constant part as a function of {yax.
It is clearly peaked toward &yax = 6.5 with a maximum value of ~1.40. &yax = 6.5 turns
to be the critical non-dimensional radius (&) for a sphere of a given mass M at
a given temperature 7. This value corresponds to p./pout ~ 14.1, which is the critical
density contrast, (pe/pout)ei» achievable by a stable sphere. In Fig. we show the
measured and best fitting [BE] column density profiles for four Bok globules. Three of the
four sources have &, values larger that &..¢. This produces a decrease in the confining
pressure, and therefore, an unstable hydrostatic equilibrium that will lead to gravitational
collapse.

We can define the non-dimensional mass as

[ i [ [
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Figure 3.3: Numerical solution of the sphere. Left panel: non-dimensional mass m up to
& = Emax as a function of &y .x. Middle panel: Outer confining pressure as a function of &,,x. Right
panel: m up to £ = &nax as a function of the density contrast.
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Figure 3.4: Radial column density profiles of four Bok globules extracted from |Kandori et al.
(2005)). Circles and bars show the average and dispersion for each radial annulus. The solid
line represents the best fit of a theoretical BE| sphere to the data. The values of {,,ax indicate that
three of the four are thermally unstable to gravitational collapse.
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4 )
Cs

PY2c32Mm

m (3.16)

and make use of Egs. and to rewrite it as a function of the density contrast,

P —1/2 réuax
m= (47r = ) / e PE2de. (3.17)
0

POut

Figure shows that the maximum mass is ~1.18 for the (p./pout).; value. Larger
values of m will indicate that the object observed is thermally unstable to gravitational
collapse. We can then define the mass using the critical value as
04
Mpg = 1.181/275. (3.18)
‘POutG(g/2
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3.1.2 The Jeans criterion

A more general approach to study the stability of dense cores, not limited to spherical
symmetry, is the Jeans criterion. We study in this case the dynamics of a static fluid
assuming uniform density (p) and temperature affected by a small perturbation (ép, §7).
It is possible to determine through this analysis whether a region of the isothermal gas is
thermally supported against gravity regardless of the geometry. The continuity equation,
which ensures the mass conservation, for the mean fluid and the first order term of a
perturbative analysis for the small perturbation read

dp

5 TV (ot) =0 (3.19a)
ddp SO
SE 4V -T=0, (3.19b)

respectively. The fluid dynamics follows the Euler equation. The general form and the
perturbative linearized form for the perturbation read

g;’ (v v) 7+ VP +V6=0 (3.20a)
5 2
88;’ + %va + Vo =0, (3.20b)

respectively. The solution in one dimension, for simplicity, is a plane wave of the form

dp = dpo expli(kz — wt)], (3.21)

where & = 27 /X is the wave number, \ the wavelength, w the frequency, and dpy the
perturbation amplitude. Substituting Eq. into Egs. [3.19b] and [3.200] and further
using Eqs. and [3.5] for the perturbations, we obtain

w? = k2C? — 4nGp (3.22)

for small \, w ~ kCs. In this regime, the perturbation acts as a sound wave. We can derive
the critical wavelength forcing w = 0, known as the Jeans length

Ay =21 (3.23)

Larger wavelengths have exponentially growing amplitudes that can collapse gravitation-
ally. This wavelength is the size of the perturbed region. To compare it to the [BE] results,
we can assume a spherical object and find the radius as A\j/2. This radius is equivalent to
a non-dimensional radius £ = 7 (Eq. .
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3.1.3 Magnetic field support

Dynamically important magnetic fields, noted as B , have been measured through different
techniques in different kind of clouds ranging from dense cores up to giant molecular clouds.
We therefore turn our attention to the interstellar magnetic field. The cloud internal
magnetic field may be important in counteracting gravity. This behavior is due to the
flux freezing, i.e. qualitatively magnetic fields act as if they were tied to the gas. This
phenomenon is also responsible for the increase of B with density.

Flux freezing

We start the analysis using the Ampere’s law, which relates the magnetic field with the
density current, j, that originates it

VxB= —j, (3.24)

where ¢ is the speed of light. The density current is carried by the free electrons, ions,
and grains of the cloud. The Ohm’s law relates this current to the electrical field, E, in a
medium at rest

l

—

ok, (3.25)

where o is the conductivity. If we shift to a reference frame tied to the neutral matter,
moving at velocity @, the electrical field is

x B, (3.26)

where the prime refers to this new frame. The current den sit does not change from one
frame to another j = j = JE’ therefore we can plug Eq. |3 nto Eq. 3. 25L The resulting
expression for j can be combined with Eq. |3 - 4] leaving a dependence on F,

T P S S
VxB—7m<E+uxB>, (3.27)
C

C

which we can eliminate by using Faraday’s law

ﬁ 10B

Taking the curl in both sides of the resulting expression, we obtain the fundamental
Magneto-HydroDynamic (MHD)) equation for the magnetic field:

0B Lo 2 ,

The first right-hand term represents the ideal[MHD)] situation while the second one repre-
sents the non-ideal effects, the Ohmic dissipation, that vanishes with large conductivities.
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We may then justify the flux freezing state if the time variation of the Ohmic term is
negligible as compared to the typical timescales. We can define the Ohmic dissipation
timescale as

4o
72

where L is the lengthscale of interest. One can estimate the conductivity of the as
o ~ 107 T3/2 (Spitzer, 1962). In a typical core of L ~ 0.1 pc, n ~ 10* cm ™3, and T ~ 10 K,
this timescale is of the order of 10' yr, and therefore, Ohmic dissipation can be neglected.

If we drop the Ohmic dissipation term, we obtain the ideal equation,

—

%?zVX(UXE), (3.31)

only accounting for flux freezing. This means that both fluid motion and magnetic field
are tied. In the case of comparable kinetic and magnetic energies (roughly true for most
clouds up to n ~ 10% cm™3 according to current observational measures), both exert a
strong mutual influence which could explain, among other facts, the filamentary structure
of dark molecular clouds as an alignment to the large-scale magnetic fields (e.g. the Pipe
nebula).

Sphere threaded by a uniform B field

We start with a spherical core threaded by a uniform magnetic field, go, straight and
parallel that permeates through all the cloud. The magnetic field is assumed to be inherited
from the environment on which the cloud forms. We will use cylindrical coordinates and
note the radial distance as w, the azimuth as ¢, and the vertical distance as z defined
as the direction of B. We may reformulate now the equation of hydrostatic equilibrium
(Eq. as a force balance equation making use of the gravitational potential (Eq.
and the isothermal equation of state (Eq. , and including the magnetic force

—

OZ—QVWWN%+%X§. (3.32)

If the cloud does not rotate, the magnetic field remains poloidal (i.e. in the w — z plane)
and the current fis then toroidal (i.e. in the ¢-direction, Eq. . As a consequence, the
magnetic force is a poloidal vector with both w- and z-components that will break the
spherical symmetry of the purely thermal case.

Based essentially on Egs. and one can model the magnetized spheres
(see e.g. the works of [Mouschovias, [1976a.b). The remaining key point is to select the mass-

to-flux distribution, dM/d¢, for which the current data is too scarce. For the simplified
physical model considered, consisting of a uniform magnetic field parallel to the z-axis,
one can write
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Figure 3.5: Equilibrium configurations of magnetized clouds with £, = 2.4 and « = 1.0 extracted
from |Tomisaka et al.| (1988b)). The R and Z axis represent w/Ry and z/ Ry, respectively. The left-
and right-hand panels show the configuration for p./py = 10 and p./po = 103, respectively. The
isodensity contours are the horizontal lines toward R=0. The magnetic field lines are the vertical
lines toward large values of Z.

dM 2p; d5\ 2
AM - 2pil (1_ B) dp < By (3.33)

ddp By D
= 0 (I)B > (I)cla

where ®p is the flux contained within the surface generated by rotating any field line
about the axis, and & = WBoRg is the total flux threading the cloud. Numerical works
make use of non-dimensional variables thus we introduce the magnetic pressure,

to define the magnetic to thermal pressure ratio,

_ B
- 87TPO’

(3.35)

The non-dimensional radius of the initial sphere is

VATGp,
£ = #Ro. (3.36)

Figure [3.5|shows the isodensity contours and magnetic field lines of the equilibrium config-
urations for two models sharing £y = 2.4 and a = 1.0. The left- and right-hand side panels
display the results for p./po = 10 and p./po = 103, respectively. In both cases, the cloud is
flattened in the polar direction. Nearly straight and parallel magnetic fields lines exert a
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Figure 3.6: Non-dimensional critical mass, meit, in equi-
librium configurations of magnetized clouds (based on
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Density Contrast log (pc/po) tract for selected combinations of &y and «.

retarding pressure, to be added to thermal pressure, mostly in the horizontal axis. On the
other hand, only thermal pressure is acting in the polar axis, and thus, needs larger den-
sities to exert the equilibrium pressure required (Eq. . The flatter configuration of the
pe/po = 103 case arises from the larger central density, and thus, the larger gravitational
pull requires larger counteracting pressures. Raising o and &j also generate flatter clouds,
the former one by increasing the magnetic pressure with respect to thermal pressure, and
therefore, the difference of stopping pressures between the two axes, and the latter one by
hosting more flux in the parental cloud leading to a larger equilibrium mass (Eq. .
Figure [3.5p also shows the effect of flux freezing in the field lines that have been pulled
inward with increasing densities.

Figure[3.6]shows three selected mass curves for equilibrium configurations with fixed &y and
a as a function of the density contrast. In the three cases, m rises monotonically and then
reaches a limit before declining. The trend change indicates the onset of gravitational col-
lapse (see Fig. for the purely thermal case), and therefore, the maximum corresponds
to the critical mass mc;it. A good fit to the numerical values is meit = 1.2 + 0.15 a1/2§(2),
which in dimensional units is

Mcrit ~ MBE + M(I), (337)

where Mpg is as in Eq. and Mg is defined as
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= 0.12

Mg depends only on the flux threading the cloud. This means that, if the flux freezing
assumption holds, it will remain constant regardless of the external pressure applied. A
direct consequence is a richer casuistry in cloud stability against gravitational collapse. A
cloud with M < Mg cannot be driven into collapse. Clouds with M < 0.59 Mg + Mg
have only one equilibrium configuration and is always stable. The 0.59 numerical factor
is the first minimum shown in Fig. for the purely thermal case. Those with M >
Mi¢ have no equilibrium and are unstable to gravitational collapse. Finally, clouds with
0.59 Mg + Mg < M < My have two possible density contrasts for any § and « (see
Fig. , where the higher one is always unstable. As an example, we can use the bottom
curve in Fig. for which m;j; corresponds to a density contrast of ~ 50. Figure (3.5
represents two cases of that curve. The left-hand panel (p./p = 10) corresponds to a
gravitationally stable configuration while the right-hand panel (p./p = 10?) is unstable.

From Eq. one can define the critical mass to flux ratio, (M/¢)..;, as the maximum
mass that a given magnetic flux can support against gravitational collapse. It is possible
to define then the parameter

A= AM/0) (3.39)

(M/¢)crit

as a measure of the relative strength of magnetic support. A A > 1 cloud is magnetically
super-critical and self-gravity cannot be supported by B alone. On the other hand, a sub-
critical cloud (A < 1) is supported against gravitational collapse regardless of the thermal
support.

3.1.4 Support from MHD waves

We study now a more general approach independent of the geometry (as the Jeans criterion
for the thermal case), thewaves. In addition, there is now a special interest on finding
different approaches as the well-ordered field lines from the models of the previous section
are able to reproduce the general trend but not the local deviations seen in optical and
infrared polarization studies. Although [MHD]waves have not been seen directly, they could
explain the super-thermal broadening of molecular tracers and provide significant support
against gravitational collapse.
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Simplified model

[MIHD)] waves originate when a perturbation in the fluid is transmitted to the field because
of flux freezing. Magnetic tension acts to remove the local distortion on the field and causes
the perturbation to propagate along the field line as a traveling wave. We consider then a
small perturbation in a medium of uniform still gas permeated by a uniform magnetic field
By. As for the Jeans criterion, the solution is a plane wave (Eq. that we generalize
to point in any direction through the vector wave number k as

8p = 8po expli(kZ — wt)]. (3.40)

To keep the gas isothermal and avoid self-gravity effects, we assume long periods and
wavelengths smaller than ;. We may now recall the force balance equation (Eq. ,
drop the gravitational term, make use of Eq. and allow to produce a net acceleration:

Du

1 N o
- = 2 R
p 5y = —CiVp+ (v x B> x B. (3.41)

A perturbation analysis of this equation, assuming flux freezing (Eq. [3.31)), yields the
expression
iwdB =ik x (5@’ X qu) : (3.42a)

which expanded is

—wiB = (E : L?o) 5% — (/2 : 5&) B,. (3.42b)

A general property of the waves is k-8B = 0, found by dotting k in Eq. which
forces the magnetic field perturbation to be normal to the direction of propagation. The
other properties of the waves depend on the relative direction of k and By.

Sound waves

Sound waves are generated as a special case on which 6% || k || By. The term 0@ x By
vanishes in Eq. so that 6B = 0. Magnetic tension is zero, so thermal pressure is
the only restoring force. The waves generated are ordinary sound waves and it can be
demonstrated that the dispersion relation is the usual

— =C2 (3.43)

Alfvén waves

Alfvén waves are also a special case on which 6@ L k I By. It can be demonstrated that
these transverse waves (04 L k) force dp = 0, so density is unaltered. The dispersion
relation in this case, projected in the z-axis, is
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w? Bg
—_ = —. 3.44
k2 dmpg (3:44)

The absence of the sound speed from the relation states that the restoring force is only
magnetic tension due to the bending of the field lines. The phase velocity (w/k) is defined
as the Alfvén speed

By

Vi = 3.45
A= T (3.45)

:

that is the traveling speed of a field bending perturbation along the field line.

Magnetosonic waves

These waves are a combination of the previous two ones and arise if k and By are not
parallel. We will focus first in the By L k case. A transverse wave (07 L E) cannot exist
because dp = 0 and in Eq. the term 6@ x By vanishes so that 6B = 0. Therefore,
neither thermal pressure nor mag, etlc tension act. Longitudinal waves (6% | k) do exist.
In this case, we see that in Eq. the term k - By = 0 while k - 0@ > 0, so that 65 is
antiparallel to BB. Because dp # 0, the compression is now opposed by both thermal and
magnetic forces. The dispersion relation in this case, projected in the z-axis, is

2 2
w2 B

= . 3.46
k'2 S 4ﬂ_p0 ( )

The effect of the so-called magnetosonic wave is alternating compression and rarefaction
of the ambient field and gas with no bending of B. The phase velocity is the maximum
value achievable by an [MHD]| wave and thus defined as

Vinax = /C2 + V3. (3.47)

The most general case is k tilted with respect to EO at any angle 0p except 0 or 7/2.
Three solutions are possible for this situation. The first one is a generalized Alfvén wave
on which #4 is perpendicular to the plane formed by go and k (o1 - k=0u- BB = 0), thus
a transverse wave (dp = 0) with no acting thermal pressure. 6B is again antiparallel to
By. The dispersion relation is now

2

% = V3 cos? 0. (3.48)

The remaining two modes have d@ on the By —k plane, as well as §B that is normal to k.
In this case, @ can have any orientation with respect to k, so the wave is a combination
of part transverse part longitudinal waves. The dispersion relation then reads

wt— Wk V2

max

+C?Vik! cos?p =0 (3.49)
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and the phase velocity responds to

w 1 12
E = 5 (Vr?lax + \/Vrﬁax - 4032 V/% COS2 9B> . (350)

We are now generating two [MHD] waves designated as fast and slow magnetosonic waves,
with the Alfvén velocity lying between the velocity of both. As k tends to be parallel to
BB, the fast mode becomes an Alfvén wave and the slow mode a sound wave, while for the
opposite orientation, k tends to be normal to 50, the fast mode becomes a magnetosonic
wave and the slow mode disappears.

An important fact is that, in the extreme case of a magnetosonic wave, the fluid must travel
faster than V.« to generate a shock, and thus, it is more difficult to form. The supersonic
velocities derived from molecular linewidths are in some cases sub-Alfvénic and, in this
case, the motion can survive longer than the Alfvénic crossing time (~ L/Vy). However,
we must take into account the wave steepening process. A pressure disturbance compresses
the fluid and increases the temperature (ignored in our isothermal approximation), which
results in an increase of the sound speed and the disturbance travels slightly faster. Piling
up increases may generate a shock. In addition, heating the fluid leads to radiative energy
loss and, as a consequence, supersonic motions and internal sound waves rapidly dissipate.
If the observed supersonic motions in clouds are [MHD| waves, only the Alfvén mode can
survive. This energy though can decay by mode conversion (transfer of energy to both fast
and slow magnetosonic waves) or by the effect of ambipolar diffusion (Section .

[MHD)] wave pressure

Although the perturbations introduced follow a sinusoidal pattern of fluctuations, one
can calculate the average “steady” force over a cycle. For a generic [MHD] wave, the force
depends on gradients in the orthogonal directionsﬂ For an Alfvén mode instead, the force
may be written as the gradient of a scalar, FW;ve = —V Pyave, where the wave pressure
can be calculated as

1 =
Pyave = ﬁ|<SB|2. (3.51)

This term may be added in Eq. for a more complete description of the equilibrium.
We do not have a sufficient knowledge of the wave amplitudes to construct detailed mod-
els. However, polarization measures indicate that |§B| ~ By in large clouds, so the wave
“speed”, (Pyave/ po)l/ 2 is close to V4. The empirical result in large clouds of almost mag-
netic and gravitational energy equipartition implies that V4 =~ Vii, and therefore, that
Alfvén waves could exert a pressure similar to self-gravity and be important in determining
the cloud structure.

1l*"iwavc = f%HE‘;&VC, where H;’;a"c = %po ou; duj + ﬁ 0By 0By dij — i 0B; Bj. It behaves as an

elastic membrane subject to mechanical stresses.
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Figure 3.7: Same as Fig. 3.1} The blue dashed line depicts the density profile from Eq. using
ro = 2.4¢ and o = 2.2. The agreement to the [BE| profile is remarkable.

3.1.5 Empirical fits

The complex interplay among gravity, thermal pressure, magnetic fields, and turbulence
makes it difficult to elaborate a theoretical model for dense cores. As a result, different
ad-hoc profiles have been suggested to fit the experimental data. Single power-law density
profiles do not fit the emission from dense cores and a central flattening is always needed
to reproduce the data (see Fig. [3.2)). Double power-laws with the inner region nearly flat
improve the results, however, the discontinuous derivative implies a pressure jump and
makes these profiles rather artificial. Real dense cores are likely to have smoother density
profiles. A remarkable agreement to the data is achieved with the smooth, continuous
family of functions proposed by [Tafalla et al.| (2002)

Pc

= T g (8.52)

where p. is the central density, rg is the radius of the internal flat region, and « the
asymptotic power index. This family of functions can reproduce both the internal flat
region and the external decay of dense core density profiles with great accuracy. Figure [3.7]
shows the good agreement up to £ = 30 of the BE] profile with Eq. using rg = 2.4¢&
and o = 2.2. Note that the turnover radius (Eq. is equivalent to ¢ = 1.92, very
close to the best value found for rg, giving a physical sense to this parameter. o = 2.2
is very close to the value for an isothermal sphere. Therefore, Eq. can be used as a
generalization of the [BE] profile giving more flexibility to the analysis. The variation of
the o and r( parameters with respect to the [BE] values can be understood as the effect of
additional support pressures modifying the dense core profile.
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Figure 3.8: Radial distribution of velocity in a collapsing extracted from |Aikawa et al.| (2008).
Their calculations allow for temperature variations but the process remain essentially isothermal
for a few 105 yr up to densities of n ~ 105 ecm =3 (dark gray dashed line). Times in yr. measured
to the formation of the protostar for the ”isothermal” profiles are, from right to left, -2.5x105,
-1.1x10%, -3.3x10%, -1.5x10%, -6.4x 102, -3.4x103, -2.1x103, and -1.2x103.

3.2 Dynamical evolution

It is an observational evidence that many dense cores host infrared sources, and thus,
that these structures can form stars. Many of these stable structures then must meet the
conditions needed to evolve up to a state that leads to collapse.

3.2.1 Inside-out collapse

We start first of all ignoring the effect of magnetic fields (see Section and rotation
(see Section , and focus on a still spherical cloud supported by thermal pressure. We
start with a cloud in marginally stable hydrostatic equilibrium, i.e. a[BE|sphere with Mpg
mass (Eq. . By increasing its density a few percent, the cloud is too massive and the
gas starts to accelerate inwards. The process starts at the outer edge and moves inward
with time, as illustrated in Fig. for different snapshots. This fast, inward, supersonic
motion leads to strong compression of the central core and to the formation of shocks.

An important quantity is the mass accretion rate onto the central region, because it can
provide an estimate of the timescale for protostar formation. In numerical calculations,
it is common the use of “sink cells” as elements that accrete material with no further
refinement in the spatial grid to simplify the calculations. As a consequence, the accretion
rate is estimated as the mass falling onto the sink cell, noted as M, although we ultimately
want the inner limit

M = lim —47 72 pu. (3.53)

r—0
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4 Figure 3.9: Collapse expansion wave solution of an isother-
mal sphere extracted from [Shu| (1977). Radius is in cm
and velocity in cm s~!. The velocity profile times label the
curves in 102 s units. The collapse wave front is expanding
log,, (r) with time.

Once the protostar is born, it has a high M as the material previously set into motion soon
accretes onto it. The rate then falls to eventually level off when reaching the asymptotic
value,

03

M = moﬁ, (3.54)

where C2/G has the proper dimensions and mg is a numerical parameter that varies
depending on the simulations but is close to unity.

The asymptotic behavior means that once the protostar is born, the effect of pressure
counteracting gravity is negligible, and therefore, the surrounding gas is nearly in a state
of free fall with infalling velocities close to

ZGM*
r

Vi

; (3.55)

where M, is the central mass that grows as M, = M t. Thermal pressure is unable to stop
collapse once started because to increase, under the isothermal assumption, it is necessary
an increase of density. This density growth also enhances the gravitational force. Therefore,
isothermal structures can only support low density contrasts. The free-fall region extends
up to the radius where the pressure effects are comparable to gravity (Cs ~ V) that,
using Eq. and assuming Rg/t ~ Rg, can be written as

. C?Rg
M=—"— 3.56

- (3.50)
M > 0 means that Rg > 0 and, as a consequence, the free-fall radius grows with time
as the M, increases. The collapse then proceeds eroding shells in an inside-out fashion as
they lose their pressure support and start infalling. Figure [3.9)shows that it is a wave-like
process on which the boundary constitutes a rarefaction wave. As a mechanical traveling

disturbance, it moves at the sound speedEL which means that the cloud region beyond the

2Note that if Rff = (s we recover Eq. from Eq. [3.56
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wave front is unaware of the collapse process and still remains in hydrostatic equilibrium.

Density profile

We focus now on the free falling region, largely dominated by the gravitational force,
avoiding the central accreting core and the pressure supported external gas. A fluid element
crosses supersonically this region in a time brief as compared to the evolutionary timescale
(M, /M). This allows to ignore the density variation with time in the continuity equation

(Eq. [3.19a)). Using Eq. and setting uw = —Vj, the density follows

M’I"_3/2

__Mr 3.57
P ix G M. (3.57)

Density, and therefore pressure, grows now as o< 7~5/2. On the other hand, the part of the
cloud in hydrostatic equilibrium follows o< r~2. Therefore, the density profile is flatter in
the infalling region. This spherical profile is stable to fragmentation as the strain induced
by the increase of Vg with decreasing r pulls the fragments apart.

Validity of the isothermal assumption

Prior to collapse, the clouds are heated by cosmic rays. With the onset of collapse, two
new energy inputs can heat the gas: mechanical compression due to gravitational collapse,
and radiation from the protostar. The former one can be expressed as (Pu/p)(dp/0r)
and is only appreciable at a scale of a few AU. The latter one depends on the infrared
photons re-emitted by dust grains after absorbing the luminosity generated at the stellar
surface arising from the infall kinetic energy. These photons are radiated away unless they
can be efficiently trapped by the increasing density. Such trapping occurs at scales of
~ 10 AU. At these distances, the infalling gas is moving at high speed and collapse cannot
be stopped. Therefore, the overall dynamics of inside-out collapse are not affected and the
isothermality assumption still holds for the infalling region.

3.2.2 Magnetized configurations
Ambipolar diffusion

In the presence of magnetic field, the gas splits into two fluids: the neutrals and the
charged particles. The former ones are affected by gravity while the latter ones are affected
by magnetic fields as well. In the case of flux freezing, the charged species remain tied
gyrating around the field lines and collide with the neutrals “exerting” an effective pressure
that opposes the gravitational force. However, if the ionization level is low enough, this
mechanism becomes inefficient and the difference of the two fluid velocities may become
significant. At this point, the neutrals can gradually drift across magnetic field lines pulled
by gravity.
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It is reasonable to consider that all charged species, electrons and ions, move at the same
velocity u;. We define the drift velocity as the velocity difference with respect to the
neutrals, vgsg = w; — 4. It can be estimated as

(Vxé)xé

AT nne [mp (o u;)]’ (3.58)

Udrift =

where n, is the number density of electrons (equal to that of the ions), m,, is the mass
of the average neutral, and oy, is the ion-neutral collision cross section. Flux freezing still
holds if the conductivity is large, but while electrons are tied to field lines the neutrals are
allowed to move across them with velocity —uvgrig.

For a typical core, the timescale of ambipolar diffusion L/vqg is ~ 108 yr, and therefore,
significant. It is important then to determine the direction of wvgig. Note that vgpig is
proportional and points to the same direction that the magnetic drag force exerted by
ionsﬂ The magnetic force will oppose gravity and, therefore, vy will point outwards. This
means that the neutrals will cross the field lines moving inwards and, as a consequence,
the mass-to-flux distribution (dM/d®) is continuously modified. Figure shows how
the mass concentrates toward the center and the range of ®p containing mass decreases,
which means, in turn, that the flux leaks out. Magnetic force essentially opposes gravity,
so their strengths are roughly balanced, therefore, as gravity increases toward the center
the magnetic force does it as well. In addition, n. diminishes toward the denser regions
where ions and electrons recombine in the grain surfaces. As a result, vqyig also increases
toward the center “accelerating” ambipolar diffusion and helps creating an even denser
central core.

Ambipolar diffusion is the more likely process to dominate the evolution of dense cores
before collapse. At the light of these results, the structures of Section reveal them
as quasi-static structures. Although the gas moves, it can be considered as a sequence
of quasi-static states. The quasi-static approximation fails when the dense core is dense
enough for gravity to overcome the magnetic support (u ~ Cs). The cloud then undergoes

collapse (see below).

Alfvén waves

We remind from Section that an Alfvén wave is the transverse displacement of
a magnetic field line due to magnetic tension. Under flux freezing, the charged particles
move with the field and drag the neutrals. Including ambipolar diffusion damps the Alfvén
waves, because a field displacement too fast to allow enough collision with the neutrals
will effectively reduce their amplitude.

The dispersion relation is in this case a generalization of that in Section (Eq. [3.44])

w? Bg Tw
Y o _ 1_ )
k2 dmpg ( ni<ainui>> ’ (3.59)

3The Lorentz force reads f =jx B/c, which combined with the Ampere’s law (Eq. i results in
f= (V X E) x B/4r, similar to Eq. [3.58
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where the former expression is the limit at low frequencies. Letting k be a real number,
forces w to be complex (w = wr + iwy) and the perturbation plane wave to have a time
depending amplitude

expli (E = wt)] = exp (wr t) expli <E -7 — wp t)] (3.60)

Solving Eq. leads to

iV3k? L Vak | V2EK2

2n, (Oint;) 2 n2(oinu;)?’

(3.61)

w =

A propagating component demands the radicand to be positive. If we express this condition
in terms of the wavelength A = 27 /k, we need A\ > Apin = 7 V4 /n;(oinu;) that for a typical
core has a value of ~ 0.06 pc. Even if A < Apj,, there is always a negative imaginary
component. Therefore, all the waves decay in a time roughly the reciprocal of wy, which
for a perturbation with wavelength Api, in a typical core is ~ 104 yr. Given that Ay, is
close to the size of dense cores, and that the decay time is much shorter than dense core
lifetimes, this analysis lends support to the idea that cores form in a quiescent, wave-free
environment.

[MHD)] collapse

The addition of magnetic fields automatically implies that the analytical critical state,
unique in the purely thermal case, depends now on the mass-to-flux function, dM /d®. Fur-
thermore, dM /d® changes with time so we need to trace back the core history. The initial
stage of the formation of quiescent structures embedded in a more turbulent medium with
different physical properties, the dense cores, is still unclear. An approach to this process
are the computer simulations of turbulent clouds that often generate clumpy structures.
However, none of them satisfactorily reproduce the initial core mass function and the in-
ternal velocities of the cores tend to be comparable to Vg thus unlikely to collapse. The
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Figure 3.11: Semi-analytical solution for the time evolution of an infalling spherical dense core
with ambipolar diffusion extracted from Galli & Shu| (1993a)). Density contours and magnetic field
lines are shown. The infall wave front is depicted as a black thick contour. The semi-analytical
solution fails toward the inner part and has been clipped.

formation of much denser structures seem to require inside-out collapse from a quiescent
initial structure.

Assuming then that we start from a quiescent structure close to equilibrium, neutral mat-
ter would slip across the field lines in a typical timescale of L/vqgg ~ 10° yr. The result is
that dM /d® becomes more centrally peaked and flux diffusively leaks out from the center.
This modifies the force balance and the main supporting source varies depending on the
distance. Toward the very center, thermal pressure dominates as magnetic field loses im-
portance. Further away, the magnetic tension and pressure of the static field predominate.
At the outer region, for A > Apin, Alfvén-wave support is also significant. When the central
density is large enough so that thermal pressure cannot counteract the gravitational pull,
the collapse starts. This process proceeds in an inside-out way given that the growth of
the central mass is related to the growth of Rg (Eq. .

Figure|3.11]shows two snapshots of a semi-analytical calculation of the collapse of a spher-
ical dense core threaded by an initially uniform magnetic field with ambipolar diffusion
under the flux freezing assumption (Galli & Shu), 1993a)). As the collapse starts, the wave
front of the rarefaction wave (depicted by thick contours) travels outwards. In the equato-
rial direction, it travels as a fast magnetosonic wave, thus faster than in the axial direction,
where it travels as a sound wave. As soon as the rarefaction wave hits a shell, it starts
infall, dragging the field lines with it. As time evolves, field lines stretch, building up mag-
netic tension, and tend to a split-monopole configuration. This field line bending is known
as “hour-glass” morphology due to the resemblance in the observational maps (see Sec-
tion. Toward the center of the collapsing cloud, it tends to form a flattened structure
which falls outside of the validity region of the |Galli & Shu| (19932) model.

Figure shows a close-up view of the inner region. This fully numerical simulation by
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Figure 3.12: Snapshot of the inner region of a numerical simulation of an infalling magnetized
toroid with ambipolar diffusion extracted from Allen et al.| (2003a)). Density contours (dashed lines),
magnetic field lines (solid lines), and local velocities (arrows) are shown. The flow deflection due
to magnetic fields forms a pseudo-disk around the protostar.

‘Allen et al.| (2003a)) has similar assumptions to those of (Galli & Shu (1993a) but more
realistic initial conditions in the form of a toroid, the equivalent magnetized equilibrium
structure to the purely thermal [BE] sphere. The gas flows easier along the field lines as
only thermal pressure opposes. Oppositely, across the field lines, the gas encounters the
magnetic pressure exerted by the ions tied to the field. As a consequence, it is formed
an out of equilibrium structure of enhanced density, the “pseudodisk”, due to the flow
deflection under the action of magnetic fields. This pseudodisk contracts under the effect
of gravity and drags the field lines toward the center generating a severely pinched field
morphology close to the split-monopole. The large field line stresses generated and the
high density of field lines toward the center must play an important role in the dissipation
of the magnetic energy through non ideal effects (e.g. Ohmic dissipation or magnetic
reconnection, see below) not considered in this simulation. The mass accretion rate can
be estimated as

M

3
S
(1+ Ho) 2, (3.62)
where Hy represents the fraction of overdensity supported by magnetic fields with respect
to thermal pressure in the initial configuration. Note that we recover Eq. it Hy = 0.
This expression means that collapse proceeds faster than in the unmagnetized case due to
the larger density contrast accumulated thanks to magnetic fields during the slow quasi-
static contraction dominated by ambipolar-diffusion.

Magnetic reconnection

This non-ideal effect, responsible e.g. of the solar flares, is likely to happen in collaps-
ing dense cores at high densities where the flux freezing assumption breaks down. This
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phenomenon occurs when field lines are compressed and pinched while dragged in. This
process eventually brings together field lines of opposite direction. As a result, the field
lines break and rejoin in a lower energy state and partly dissipate the energy as heat in
the local environment. Magnetic flux is destroyed, which partly solves the magnetic flux
problem. Simultaneously, the local minimum of magnetic pressure along the former path
of the reconnected field lines is compensated by the surrounding lines pressing inward and
expelling the fluid sideways, which may help halting the collapse, transforming magnetic
energy into kinetic energy. There are, however, no observational evidences in dense cores
of this process that is theoretically not fully understood.

3.2.3 Rotating configurations

Hydrodynamical numerical simulations starting with a level of rotation consistent with
observations, form centrifugally supported disks with diameters of the order of a few
hundred AUs. These structures are a consequence of angular momentum conservation
during the collapse. These massive disks are prone to gravitational instability and have
often been found to fragment. Several mechanisms have been proposed to address this
oversimplification of the models.

Magnetic braking

In a rotating configuration around the cylindrical z-axis, only the toroidal component of
magnetic field By generates torque. The effect of the magnetic torque is to bend the field
line and modify the topology of the magnetic field. By changes its direction as moves with
the perturbed field line. The perturbation then travels along the field line as a torsional
Alfvén Waveﬁ that transports angular momentum. The overall effect of magnetic braking
is to favor co-rotation within the cloud (Galli et al., 2006)). It propagates at V4, close to
Cs and Vg, so under the flux freezing assumption co-rotation should be a good approxi-
mation even during collapse. This effect can prevent the formation of disks even with low
magnetization levels (A ~ 5 — 10, Eq. leading again to unrealistic results.

Magnetic and rotational axis misalignment

Numerical studies, assuming ideal{MHD] investigate the interplay between the level of
magnetization and the initial angle between the magnetic field and rotation axis angle, «
(Price & Bate, 2007; Hennebelle & Ciardi, 2009)). For relatively low values of o ~ 10 —20°,
disks can form for larger values of magnetization as compared to the non-rotating case
(A ~ 4 —5). This is the result of a less efficient magnetic braking due to the misalignment,
linked to an increase of the thickness of the magnetized pseudo-disk. For o = 90°, disks
can be formed for A ~ 2 — 3. They find no fragmentation either. These results, arising
from a more realistic initial configuration, explain better the observational results.

1A torsional Alfvén wave is a perturbation that, unlike Alvén waves, can have large 5B and must have
a component that twists around the propagation direction as in this case.
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Figure 3.13: Evolution of a star-forming core extracted from [Aikawa et al.| (2008))

3.2.4 First core and protostar overview

We now examine the overall process of formation of the denser central region responsible
of the gravitational pull that triggers the irrevocable start of the process to form a star.
Figure [3.13] schematically shows the evolution of a star-forming dense core in the absence
of magnetic fields and rotation. A quiescent starless dense core through a quasi-static
process characterized by slow contraction due to ambipolar diffusion and leakage of flux,
loses thermal support and undergoes collapse. This compression is almost isothermal as the
compressional heating can be radiated away. However, the central part of the core grows
denser and becomes opaque to its own cooling radiation thus increasing its temperature
and breaking the isothermal assumption. The rise of thermal pressure decelerates the
contraction and eventually makes the first hydrostatic core, known as the “first core”, at
the center.

At this point the first core has a mass of ~ 1072 Mg, a size of ~ 5 AU, and it is es-
sentially formed of molecular hydrogen. During its lifetime, more material falls onto the
outer surface of the first core that can still radiate energy away, thus causing compression.
This mass addition and further compression rise the temperature up to 2000 K where
collisional dissociation of Hy begins. The increase of thermal energy is absorbed by molec-
ular dissociation and temperature starts to level off. The object can support only a low
density contrast, because it is nearly isothermal, so the configuration becomes unstable
and the second collapse begins. The central density increases rapidly and within a short
period of time the dissociation degree approaches unity at the center. Then, the second
collapse ceases and the second hydrostatic core, the protostar, is formed surrounded by
the infalling envelope. The timescale from the start of collapse until the formation of the
protostar is a few 10° yr and the density achieved is ~ 10® cm™3. This new kind of object
is known as a Class 0 source.
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3.3 Chemical properties

3.3.1 Observations
Dense core chemical features

Studies of different molecular transitions evidence inhomogeneities among them in the gas-
phase chemistry in the form of different size and/or spatial distribution of the emission,
or different linewidths even having the same line centroids in e.g. CS and NHs. Many
works have been devoted to low-mass cores computing the average Line-Of-Sight
abundances with respect to Hﬂ which helped to understand that ion-molecule reactions
dominate the gas-phase chemistry. In parallel, studies of molecular ices frozen on dust
grains have been conducted toward deeply embedded sources 20 mag). The species
are detected in absorption against the bright background (van Dishoeck, 2004). The
grain icy mantles contain mostly HoO with significant CO and COq (Gibb et al., 2004).
However, there exists a threshold for the icy features, meaning that at low extinctions
the grains are not mantled. This threshold depends on the molecule and the cloud, and it
has a value of a few magnitudes for HoO, CO and COy (Whittet et al., |2007; Bergin et
al., [2005). These observations demonstrate that grains play an important role in the
chemistry. The coating ices are a major reservoir of carbon and oxygen, and seem to act
as a catalyst for chemistry on the surface in an interchange between gas and solid phases.
Another consequence is that CO is not a good tracer of the He column since its abundance
vary when freezes onto grains.

These peculiar chemical features are now better understood. This improvement is possible
because a number of dense cores are now known with relatively well-described physical and
temperature structure. The advance is mostly due to millimeter/submillimeter mapping
that allows to determine directly the Hs column, and to the use of radiative transfer
codes that take into account density, temperature, and molecular abundance to reproduce
the observed line profiles. An important initial result by comparing the estimated CO
column densities with observations is that they differ significantly. The interpretation is
that CO molecules freeze onto grain surfaces, being this process dominant for densities
higher than ~3x10% cm ™2 (Bacmann et al., 2002). Subsequent ice mapping revealed that
the abundance of CO ice increases when densities exceed 10° cm ™3, and that near the core
center the majority of CO is frozen. HyO shows a similar behavior (Pontoppidan et al.,
2005; Pontoppidan, 2006). Molecular ices are then important reservoirs of the available
oxygen. Molecular freeze-out has revealed to be more complicated. Tafalla et al.| (2002)
showed that molecules exhibit different behavior in terms of the interactions with grain
surfaces. Figure shows that carbon-bearing molecules (e.g. CO and CS) deplete from
gas while nitrogen-bearing molecules (e.g. NoH™ and NHg3) trace the core center. The
former group shows a decline in abundance toward the core center of at least 1-2 orders
of magnitude with respect to the core edge, while the latter remains roughly constant or
decays slowly. This “selective” freeze-out explains the observed emission differences in size
and morphology between carbon- and nitrogen-bearing molecules, as well as the different
linewidths since the molecules trace different core regions.

5H, does not emit at ~10 K so optically thin isotopologues of CO, mostly C*®0, were used to derive the
Ho column using calibrated abundances (e.g. n(C*®0)/n(H2)=X[C*®0]~1.7x10": [Frerking et al., [1982)
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Figure 3.14: Selective molecular freeze-out toward L1498 extracted from |Tafalla et al.| (2002).
Carbon-bearing molecules deplete at high densities and show a ring-like structure. On the other
hand, nitrogen-bearing molecules trace the core center in good agreement with the continuum dust
emission map.

Ionization fraction

The ionization fraction is a critical factor for magnetized configurations, specially sub-
critical cores, because ambipolar diffusion has an important dependence on it (Eq. .
Early estimations by McKee (1989) parametrized it as z. = 1.3 x 1075 n~9% although
freeze-out effects can alter the prefactor and the exponent (Caselli et al., [2002; Walmsley
et al., 2004). The ionization fraction is expected to be high at the core edge (Ay1-
2 mag) owing to photodissociation of CO and ionization of carbon. At low densities, the
DCO™/HCO™ ratio is predicted to be very sensitive to the electron abundance and
ion fractions of z, ~ 10~7 are derived. Detailed modeling implies that heavy metal ions
have no significant contribution and that HCO™ is the major charge carrier throughout the
core. However, HCO™ does not trace the core center due to depletion of neutrals and the
major charge carriers in the densest regions are likely to be Hi}f and its deuterated forms
(see Egs. [3.6413.66)). For the densest cores (n > 10° cm™3), D3 is expected to dominate.
Observations and models suggest that the ionization fraction is quite low toward the core
center, z, ~ 1079, thus the gas is decoupled from the field (Caselli et al., 2002).

3.3.2 Models

The freeze-out timescale of atoms and molecules can be estimated as the inverse of the
adsorption rate

o = kit = (dung )7, (3.63)

where o is the grain cross section, v is the typical gas velocity, ny is the grain volume
density, and S is the sticking coefficient (the probability of remaining on the grain after
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the impact). High densities favor this effect, helped by the fact that dense regions are
shielded from the external radiation that can desorb molecules from grains. Therefore,
at high densities adsorption of atoms and molecules dominate. Moreover, the free-fall
timescale (Eq. becomes larger with increasing densities and, because the ambipolar
diffusion timescale is longer than the free-fall time, it also becomes larger. This means
that as the core evolves and grows denser, the effects of freeze-out increase and may be
used to constrain the timescales of core formation. Once on the grain surface, molecules
can react with mobile species or, if saturated, remain inert. It is important to note that
neutral species freeze onto grains but ions behave differently. Grains are believed to carry
negative charge (Weingartner & Draine, [2001) that, when recombined with ions, releases
a few eV that exceed the molecule-grain binding energy. Thus, ions can adsorb into grains
but do not freeze out.

Recently, several theoretical works combine chemical and dynamical models that follow the
chemical evolution of contracting cores (Aikawa et al., 2005, 2008; Keto & Caselli, |2010).
Basic gas-grain micro-physics into the models (see Tielens, 2005) can explain and, in some
cases, predict the chemical structure described in Section Figure |3.15| illustrates
one of these calculations of a contracting initially marginally unstable As the core
contracts, the density toward the center increases and the neutrals start to freeze onto
grains (n(Hz)>10° cm~2). This behavior is predicted to be more important for carbon- and
sulfur-bearing species, while nitrogen-bearing molecules survive longer on the gas phase.
This molecular freeze-out does not happen toward the core boundaries, where the density
is lower. These predictions explain the selective freeze-out and the ring-like structures
observed in e.g. CO. Several physical constraints have arisen from chemical modeling.
Collapse cannot proceed too fast as the observed non-thermal linewidths (~0.2 km s71!)
would be broader and less depletion would be observed. A best agreement is obtained for
timescales shorter than that of ambipolar diffusion (~0.5-1 Myr), as CO depletion would
be produced at densities below where it is observed. Thus, chemical modeling favors a
super-critical initial configuration. Open questions still remain, like the process of grain
surface catalysis, the strength of the mechanisms that could return molecules to the gas,
or how complex molecules can form in the gas phase (e.g. CH3OH). However, current
advance already allows to propose relative ages between cores within a sample (Tafalla &
Santiago, 2004)).

3.3.3 Freeze-out secondary effects

The freeze-out of neutrals (e.g. CO, CS, or SO, see Fig. has collateral effects. The
depletion of chemical species creates a chemical imbalance and the reactions suffer rear-
rangements. The main effect is the loss of CO, which is the main destroyer of molecular
ions. Hy, the precursor of NoHt and HCO™, is particularly affected. NoHT and HCO*
abundances will decrease as their parent species, No and CO, respectively, deplete. But
the depletion of CO has the net effect of an increase of their abundances (Bergin et al.,
2002} |Jorgensen et al., 2004). NH3 then forms from NoH'. A direct consequence of CO
depletion is then that the abundances of nitrogen hydrides are enhanced, thus probing the
dense gas.

Another important consequence of CO freeze-out is the increase of deuteration, because it
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is the major destroyer of H; and HoD™. Deuterium chemistry is driven by the following
reactions

Hi +HD « HyD" +Hs+ 230 K, (3.64)
HoDT + HD « DoH™ +Hy 4 180 K, (3.65)
DoHT +HD « DI  +Hy+230K. (3.66)

The first reaction is exothermical, and thus, the right-hand side is favored, enriching the
deuteration of an essential molecule in the ion-molecule chemistry. The depletion of CO
increases the rate of the second and third reactions and the deuterium fractionation of
the gas phase. The lower energy of deuterium bonds as compared to hydrogen bonds
enhances the abundance of deuterium-bearing molecules with respect to their hydrogen
counterparts. The deuterated version of H; passes the deuterium to other species through
different reactions (e.g. DCO' and DCN). The multiply deuterated ions enhance the
deuteration levels and allow to achieve values similar to those observed. Additionally, the
enhanced atomic (D/H) ratio will accrete onto grains and be available for surface reactions.






Aims, selected sources and work plan

The science case of this thesis is focused on the study of the structure and the physical
and chemical evolution of low-mass dense cores, paying special attention to the influence
that magnetic fields have on these sort of objects. In this chapter, we introduce the general
context and the overall goals of the thesis. Afterwards, we describe the selected sources
where the research has been carried out. Finally, we present the methodology and strategy
used.

4.1 Context

It is an observational evidence that dense cores are birthplaces of low-mass stars. Dense
cores can be starless or pre-stellar and do not contain any [YSO| yet, or can host deeply
embedded , the so-called Class 0/I sources, and therefore be associated with
sources, outflows, and other signposts of star-formation. Despite the importance of the
dense cores, little is known about the early stages of these objects. These quiescent re-
gions, notoriously distinct from the more turbulent environment that surrounds them, are
apparently able to survive several free-fall times and, potentially, collapse and form a star.
The question on how these objects form and survive has been the topic of several theo-
retical approaches with a variety of different ingredients, but the observational challenge
that these cores represent, faint but at the same time with significant visual extinctions,
is holding the answers back. Ideally, one should study a nearby dark molecular complex
with a low star formation efficiency, such as the Pipe nebula, because the star formation
feedback does not contaminate the observational data. The energy released by molecular
outflows is such that it modifies the environment and the chemistry of the molecular gas
affected by them. Thus, the molecular line observations, aimed to study the properties of
the dense molecular clouds, can be contaminated by the outflow interaction.

Theoreticians have considered for several decades the effect of magnetic fields in star-
formation models. However, predictions could not be confronted with observations because
there were no efficient instrumentation or technique to undertake this task. The polarimet-
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ric capabilities that many telescopes have developed during the last years have opened a
new, promising observational window. The new instrumentation allows to trace the mag-
netic field direction and, within limits, to estimate its strength. As a consequence, it is
now possible to investigate the influence of this potentially key ingredient in dense core
birth, survival, and evolution. However, the present instrumentation can only detect the
polarized emission of dense cores around Class 0 [YSOp. The reasons are that, despite of
having a total mass similar to starless dense cores, Class 0 sources have significantly higher
temperatures due to the conversion of gravitational energy into heat, and that the increase
of density at smaller scales makes the protostellar dense cores more compact, resulting in
brighter, more concentrated submillimeter emission. Indeed, the brightest low-mass pro-
tostellar dense cores, such as NGC 1333 IRAS 4A, have been observationally studied in
great detail including polarization observations. Thus, a possible approach to derive the
initial conditions previous to the onset of the gravitational collapse, is to study the physi-
cal properties (density, temperature and magnetic field distribution) of collapsing Class 0
sources and trace back their history using models. The statistics and quality of the obser-
vational data toward the brightest Class 0 sources is continuously increasing, and thus, it
has become possible to reliably compare data and theory.

4.2 Aims

The complex interplay among self-gravity, thermal support, turbulence, rotation, and mag-
netic fields, and ultimately the observable features that arise from them, are not well
characterized observationally and, therefore, not well understood theoretically. The fact
that the starless cores are diffuse and cold objects, makes them very difficult of observing
because their emission is very faint. Our goal in this work is to deepen into the understand-
ing of the formation, survival and evolution of low-mass dense cores. We doubly face this
objective since we aim: Firstly, to characterize observationally the physical and chemical
properties of magnetized starless dense cores in the earliest stages of evolution to derive
the initial conditions for star-formation, and to check whether the magnetic field is playing
a role in the evolution of the cores and; Secondly, to compare observations of more evolved
Class 0 sources with models of collapse of magnetized clouds to find the most likely initial
conditions and dominant physical processes.

In order to achieve the first goal, we have selected a sample of starless cores of the Pipe
nebula. This nearby dark molecular cloud complex has a very low star formation efficiency,
which makes it an ideal target to study the properties and evolution of pristine starless
dense cores. For the second goal, we have selected NGC 1333 IRAS 4A. It is probably
the best studied low—mass protostellar dense core, not only through molecular and dust
emission, but also through high angular resolution polarimetric observations of the dust
emission.
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Figure 4.1: Mean polarization vectors of the fields observed with optical polarimetry toward the
Pipe nebula extracted from |Alves et al|(2008]). The lengths of the vectors are proportional to the

degree of polarization indicated in the top left-hand corner. The map is that of
(2006)). The overall magnetic field is perpendicular to the filamentary structure.

4.3 Selected sources

4.3.1 Pipe nebula starless cores

The Pipe nebula is a massive (10* Mg: Onishi et al.| [1999) filamentary (~15 pc long and
~3 pc wide) dark cloud located in the southern sky ~5° apart from the Galactic Center
(see Fig. [4.1)). Located only 145 pc away from the sun (Alves & Franco|, [2007)), this nearby
complex serves as a good laboratory for star formation surveys. The main characteristic
that distinguishes the Pipe nebula from other star-forming regions is that, despite its
large reservoir of mass, it is in an apparently quiescent status, with a very low star-
formation efficiency (~ 0.06% for the entire cloud, [Forbrich et al., [2009). Barnard 59 (B59),
located at the northwestern end of the cloud, is the only region with active star formation
as demonstrated by the fact that it has formed a small cluster of low-mass stars. This
observational evidence contrasts with other nearby molecular clouds, such as Ophiuchus
or Taurus, with observed star-formation at much higher rates. The Pipe nebula is, hence,
an excellent place to study the initial conditions for star formation at scales of a few
parsecs.

(Onishi et al| (1999) conducted the first extensive survey toward the Pipe nebula through
single dish observations of CO isotopologues. These authors detect compact C'80O cores in
the main body of the cloud suggesting a clumpy distribution. A few years later,
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et al. (2006]) constructed a high resolution extinction map of the Pipe nebula using Two
Micron All Sky Survey data. A large number (159) of high extinction cores were
identified with typical masses between 0.2 and 5 M, and typical densities of 10* cm ™. On
that basis, Alves et al. (2007) and |Rathborne et al. (2009) studied the Pipe nebula Core
Mass Function and found that it resembles the stellar Initial Mass Function
downscaled by a factor of 3-4.5. They interpreted this difference in scaling as a measure
of the star formation efficiency (~20-30 %). Recently, Peretto et al. (2012) have presented
Herschel data toward the half western portion of the Pipe nebula. These authors have
found a network of filaments and a bow-shock, most likely formed by the winds of the
nearby Sco OB2 association, that could have enhanced the local density and triggered the
star formation in the region.

Muench et al.| (2007) performed pointed CO molecular line observations that revealed
that the Pipe nebula core are truly starless, formed by fairly quiescent gas. These authors
distinguish two kinematical structures, a 15 pc long filament very narrow spatially and
in radial velocity (typical line widths of 0.4 km s~!), with core-to-core motions close to
Cs, and a 2 pc ring-like structure enclosing a tenth of the total mass. [Rathborne et al.
(2008) performed a molecular line survey toward a subsample of the cores in NHs (1,1)
and (2,2), CCS (21-1p), and HC5N (9-8). They found the cores to be associated with
dense (10* cm~3), relatively cold (9.5 < Tx < 17 K) and quiescent gas (~0.1-0.2 km s 1).
Finally, |[Lada et al.| (2008)) presented a study of the physical status of the core population.
They found that the non-thermal gas motions inside the cores are sub-sonic and mass
independent. Therefore, thermal pressure, whose mean value is 1.6 x 10° K cm ™3, would
appear to be the dominant source of internal pressure. In addition, most of the cores
appear to be gravitationally unbound and confined by an external pressure (these authors
estimate that the cloud weight exerts Peouq/k ~ 10° K cm_3) independent of the core
mass and location.

Recently, magnetic fields have revealed to be dynamically important toward the Pipe
nebula. |Alves et al.| (2008)) performed an optical polarimetric survey on 46 12'x12’ fields
toward the diffuse gas. These authors find a large scale magnetic field that appears to be
mostly perpendicular to the cloud main axis. The field is likely responsible for driving the
collapse of the gas and dust cloud along the field lines and generate the filamentary struc-
ture. In addition, they found that the mean polarization level and the dispersion of the
polarization position angle (tracing gturb) within each field are clearly anti-correlated. The
polarization properties also show a clear gradient along the Pipe nebula. This fact allowed
the authors to distinguish three magnetically different regions in the cloud: the stem,
and the bowl (separated by dashed lines in Fig. . shows low polarization levels
but high dispersion of the polarization position angles within the observed fields. Moving
through the stem toward the bowl, the polarization level increases and the dispersion de-
creases. These authors propose that these three regions might be in different evolutionary
stages. is the only magnetically supercritical region and the most evolved of the Pipe
nebula, the stem would be at an earlier evolutionary stage, with material still collaps-
ing, and finally, the bowl would be at the earliest stage, with cloud fragmentation just
started. Using the Chandrasekhar-Fermi formula (Chandrasekhar & Fermi, 1953), these
authors estimated the magnetic field strength to be 17, 30, and 65 pG in the stem,
and bowl regions. These values of the magnetic field translate into magnetic pressures of
~10°% K em ™3, well in excess of the values derived by Lada et al.| (2008). Magnetic fields are
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Figure 4.2: Extinction map of Barnard 59 at a resolution of ~ 20” extracted from
. The black solid line contours mark levels of extinction from 6.0 to 20.0 mag in
2.0 mag increments, and from 20.0 to 35.0 mag in 5.0 mag increments; the white contours
mark levels of extinction at 40, 45, 60, and 80 mag.

thus an important internal source of cloud support. A more detailed analysis of the data
by [Franco et al. (2010) showed differences in the magnetic field in a core-to-core basis,
and that the dust properties of the Pipe nebula seem to have the same properties as the
normal galactic Their estimates of the second-order structure function suggest that
the Pipe nebula is mostly magnetically dominated and that turbulence is sub-Alfvénic.

Barnard 59

The complex is located at the northwestern end of the Pipe nebula (see Fig. . It
hosts one of the less massive and less distant observable young stellar clusters. It is the
only active low-mass star-forming cluster in the cloud. Seven He stars have been observed
in association with [B59] (Merrill & Burwell, [1950}; The| 1964} [Stephenson & Sanduleak)
1977; [Kohoutek & Wehmeyer], [2003}; [Herbig, [2005)). Recently, [Brooke et al. (2007)) iden-
tified 16 new candidates through a Spitzer survey, four of them with previous detections
in the submillimeter regime (Reipurth et al| [1996) or in far{IR] InfraRed Astronomical
Satellite data. New analysis of Spitzer data, as well as ROSAT and XMM obser-
vations toward the Pipe nebula, confirm that the[B59 complex hosts most of the protostars
(Forbrich et al., 2009, 2010), the majority of them in the Class 0/I stage. Finally, |Covey
et al|(2010) using the NASA Infrared Telescope Facility identified 20 candidates and esti-
mated the median age of the stars in ~2.6 Myr. During this time, the cluster has formed
14 stars, all below 3 M), with a total mass of ~ 10 Mg.

In addition, the analysis of a high-resolution (24") near-@ dust extinction map of the
B59| region (Roman-Zuiniga et al., 2009) revealed that it is a complex group of dense cores
and filamentary structures (see Fig. . The peak of the region is 89 mag and the
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Figure 4.3: Left: Optical image of the reflection nebula NGC 1333 (APOD; April 18, 2009) with
several contours of the 50pum map overlaid (Jennings et al.,|1987)). IRAS 4 is located in the bottom
middle part. Top right: Contours of the submillimeter continuum emission of NGC 1333 IRAS 4
(Sandell et all, [1991)), IRAS 4A is the source located at the N-E end of the cloud. Bottom right:
close up view of IRAS 4A in submillimeter continuum emission (Girart et al., 2006). Red bars show
the measures magnetic field vectors. Gray bars show the best-fit parabolic magnetic field model.
The pinched magnetic field displays a clear “hourglass” morphology.

estimated mass of the complex is 41 Mg . Roughly half of the mass (21 My) is contained
in the central B59}09 clump that hosts most of the stellar members. The mass of this
clump is larger than the [BE| and Jeans mass, and thus, is prone to gravitational collapse.
However, the most massive clump in the Pipe nebulashows a smooth structure compatible
with an isothermal quiescent sphere. There are no signs of fragmentation and the little
structure seems to be related to stellar feedback (e.g. the outflow cavity in the northern
region). Moreover, pointed NH3 observations within the core show that the thermal-to-
non-thermal kinetic energy ratio averages well over unity, suggesting that [B59}09 remains
mostly quiescent despite having formed a star cluster.

The physical properties of the massive [B59+09 clump are representative of the core popu-
lation in the Pipe nebula. It is a quiescent, apparently isothermal structure with thermal
linewidths and non-thermal support limited to sub-sonic motions. The magnetic field in
the diffuse molecular gas component around the [B59|region is ~ 17uG (Alves et all, [2008),
suggesting that it can provide a significant amount of support. It is, then, interesting to
study this core in detail.

4.3.2 NGC 1333 IRAS 4A

The Perseus molecular cloud is an active low-mass star forming region located at a distance
ranging from 230 pc to 350 pc (Ridge et al., |2006]). For this work, we adopted a value of
300 pc (Girart et al. 2006). In the southern part of the reflection nebula NGC 1333,
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Jennings et al.| (1987) were the first to identify the protostar NGC 1333 IRAS 4 through
observations at 50 ym and 100 um (see Fig. reporting an [IR] luminosity of L =
21 Lg. Sandell et al.| (1991)) resolved the system into two different components, IRAS 4A
and IRAS 4B, from submillimetric continuum single-dish observations at 450 pum and
800 pum. The two components are separated by ~31” and the measured total bolometric
luminosity is ~ 28 Lg at 350 pc (20.5 Lg at 300 pc), equally shared between the two
components. The estimated temperature for the IRAS 4A component is 37 K, but its
emission is optically thick, and therefore, this estimate would correspond to the outer part
of the envelope. Subsequent interferometric observations by [Looney et al.| (2000) with the
Berkeley Illinois Maryland Association interferometer, and |Girart et al.| (2006))
with the SubMillimeter Array , have revealed further multiplicity: IRAS 4A is itself
a binary system. The two components, IRAS 4A1 and TRAS 4A2, are separated by 540 AU
(178) and are still embedded in a dense molecular and dusty envelope that have a total
mass of 1.2 M, (Girart et al., [2006). This low-mass stellar system is in a very early stage
of evolution.

Single-dish CO (3-2) observations revealed a NE-SW well-collimated outflow arising from
IRAS 4A (Blake et al., [1995). Later on, |Di Francesco et al. (2001) detected infall motions
from inverse p-Cygni profiles observed in HyCO (312-211) and NoH™ (1-0), proving the
accretion state of the protostar. These authors also reported hints of rotation toward
IRAS 4A from the systematic variations of the NoH™ velocities. (Choil (2005) reported,
through interferometric SiO (1-0) observations, a highly collimated NE-SW outflow with
a projected position angle of ~19°, and hints of a N-S outflow. The author proposes that
TRAS 4A2 is powering the main outflow while IRAS 4A1 would power the second one.

[BIMA] spectropolarimetric observations at 1.3 mm have detected and partially resolved
the polarization in both dust and CO (2-1) emission (Girart et al., |1999). Recent po-
larimetric observations with the at 877 pm with a resolution of 173 (390 AU) have
shown a clearly “pinched” morphology of the magnetic field associated with the infalling
envelope (Girart et al.2006, see Fig. . This morphology resembles the hourglass shape
predicted by the standard theory of low-mass star formation in a magnetized collapsing
core (Fiedler & Mouschovias, [1993; Galli & Shu, |1993alb; [Nakamura & Li, 2005). Applying
the Chandrasekhar-Fermi equation, the authors derived a magnetic field strength in the
Plane Of the Sky of Bpos~5 mG, corresponding to a mass-to-flux ratio of A~1.7,
thus supercritical and prone to collapse. The low-mass protostar IRAS 4A is then an ideal
test site for models of magnetized cloud collapse and star formation.

4.4 Work plan

4.4.1 Strategy

Following the two different approaches described in the Aims subsection, the strategy
undertaken in the thesis was:

1. Physical and chemical properties of young dense cores: To study the prop-
erties of these objects at a very early evolutionary phase, the best suited region is
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the Pipe nebula. As described in Section it is a dark cloud with a very low
star-formation efficiency that hosts more than one hundred starless dense cores at a
very early stage of evolution. In addition, the magnetic properties of the cloud vary
significantly from one end to another. The strategy was to conduct a wide study
of the properties of the magnetic fields in the diffuse molecular component of the
Pipe nebula (work led by F. O. Alves and G. A. P. Franco and not presented here:
Alves et al.l 2008; |[Franco et al., [2010), as well to study in detail the properties of a
sample of starless cores through the observation of dust and molecular line emission
for several dense medium tracers (presented in this thesis).

o Chemical properties of starless cores: Two different observational approaches
were conducted. Firstly, we performed narrow-band high spectral resolution ob-
servations of selected molecular transitions of special chemical interests, which
allow to trace the chemical evolutionary state, toward a selection of nine dense
cores. Chemical features have been used in literature to date cores using chem-
ical models. We studied those properties and looked for correlations with the
physical and magnetic parameters. The resulting publications of this study are
presented in Chapter |5l Secondly, we performed wide-band low spectral res-
olution observations aiming for a wide unbiased chemical inventory toward a
larger number of cores. We compared the molecular lines detected and their
properties to compose an observational chemical classification related to their
physical properties. The published results are presented in Chapter [6}

o Physical properties of the starless cores: We performed dust continuum emission
maps toward the selected core sample of the high spectral resolution molecular
line observations. We derived the observational physical properties and used
them for a better interpretation of the status of each core. The results are
included in the publications presented in Chapter [5| In addition, we performed
accurate density profile fits to the studied sources and derived the best fitting
model parameters. The article (to be submitted) is presented in Chapter

. In addition, we studied in detail the dust continuum emission of the cen-
tral clump of the complex, the most massive Pipe nebula structure. This
complex has formed a small cluster of low-mass stars, but still retains a large
reservoir of mass in the form of a central quiescent massive clump. The struc-
ture is compatible to an isothermal dense core. We performed high angular
resolution dust continuum observations to describe in detail the structure and
look for possible fragmentation. We also studied the plausible mechanisms that
can hold still the large amount of mass prone to collapse. The published article
is presented in Chapter 8] My contribution to this project, of which I am not
the Principal Investigator , was to carry out the observations and data re-
duction of the dust continuum map, analyze it (physical parameter derivation,
subtraction of the stellar contribution to the emission, and derive the radial
density profile), and write the corresponding section of the paper. Finally, I
contributed to the general discussion.

2. Comparison of observations with collapse models of magnetized clouds:

To start the study of the dynamical evolution in a more evolved collapsing mag-
netized Class 0 source, the best choice is a prototypical example of the predicted
magnetic field pinched topology. NGC 1333 TRAS 4A is a low-mass magnetized
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Class 0 source with an infalling dusty envelope of ~1 My and a clear magnetic field
“hourglass” morphology. The strategy was to properly compare the predictions of
several theoretical models, using different assumptions, with the observational in-
terferometric data. We compared the envelope density structure and magnetic field
morphology by generating synthetic maps from the models and transforming them
to [SMA] interferometric visibilities in the same conditions of the observations. Then,
we sought for the best suited theoretical scenario describing the observations. The
resulting publication is shown in Chapter [9

4.4.2 Selected telescopes

Most of the energy, if not all, radiated away by dense cores has a thermal origin. To
calculate the wavelength at which the thermal emission peaks we can use the Wien’s law

2.9
[Amax/mm] ~ /K] (4.1)

where Apax is the peak wavelength of the black body emission curve. The typical temper-
ature of dense cores is ~10 K, and therefore, the maximum thermal emission is at far-IR
to sub-mm wavelengths. [[R]light is absorbed and scattered easily, therefore, to study these
objects, the best instruments to use are radio telescopes operating at sub-mm/mm wave-
lengths. Regarding molecular line observations, at this low temperature only the molecular
rotational states are excited.

The resolution or Half Power Beam Width (HPBW)|) of radio telescopes, which operate at
the diffraction limit, can be calculated as

252 [\/mm] _ 7.55 x 10*
[@1et/m] "~ [v/GHz] [ /m]’

[HPBW /"] ~ (4.2)

where A and v are the observed wavelength and frequency, respectively, and @ the
telescope diameter. Taking into account that the starless dense cores in the Pipe nebula
are large and faint objects, high sensitivity observations are required to detect them. In
addition, a large collecting area is preferred in order to accumulate as much radiation
as possible on the receiver. This last requirement favors the use of single-dish telescopes,
which provide resolutions ranging from a few arcseconds to a few tens of arcsecond. In the
case of the Class 0 sources, which are usually more compact than starless cores, it is more
convenient to use an interferometer that can provide a sub-arcsecond resolution. In this
case, Eq. [£:2] applies but using the distance between the furthest pair of antennas instead
of the dish diameter. Since the distance between a pair of antennas can vary depending
on the mounting place, the resolution of an interferometer can be selected according to
the specific needs of the project. A major drawback is that interferometers detect the
correlated emission arising only from structures of sizes comparable to the resolution
associated to each pair of antennas. As a consequence, the diffuse starless cores cannot
be observed because the large scale stuctures are filtered out and no embedded compact
dense component exists yet.
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Table 4.1: Telescopes used in this thesis

Telescope Latitude Longitude Height @t BLmax® b ve '
hms o m m m mm GHz
30m 37 04 06.3 N 323555 W 2850 30 - 0.85-3.6 352— 83 7.0 —29.6
SCe) 1945324 N 15527228 W 4080 6 25 0.43-1.7 700-176 4.3 —-17.2
SMA (Cf) 70 1.5 — 6.1
SMA (E9) 220 0.49- 1.95
SMA (VEM) 509 0.21- 0.84

@ Longest baseline. ® Shortest and longest observable wavelength. ¢ Highest and lowest observable frequency cor-
responding to the wavelengths in the previous column. ¢ Angular resolution range, corresponding to the minimum
and maximum observable wavelength, from Eq. using @te) for the single-dish, and BLmax for the interferometer.
¢ SubCompact configuration. f Compact configuration. 9 Extended configuration.  Very Extended configuration.

We chose to perform the observations of young dense cores with the Institut de RadioAs-
tronomie Millimétrique —3()In single dish antenna located at Pico Veleta, Granada,
Spain. It operates in the 0.8-3.6 (352-83 GHz) range and has a diameter of 30 m. For the
observations of the evolved Class 0 source, we chose the SMA] interferometer located at
Pu’u Poli’ahu, Hawai’i, US. It operates in the 0.3—1.7 mm (1000-176 GHz) range with 8
antennas of 6 m in diameter. The baselines range from a minimum of 8 m up to a maxi-
mum of 509 m depending on the configuration. More information about the telescopes is
listed in Table 411

Both instruments are the best suited of its class to perform these observations, and both
can carry out molecular line and dust continuum emission observations. The [RAM}-30m
telescope has a large collecting area, is located at a site with excellent meteorological
conditions, and has the most sensitive receivers equipped in a single-dish antenna. The
[SMA] itnterferometer is also located in a place with excellent weather conditions. It has
only eight antennas, and thus, relatively long integrations are needed to obtain a good
u, v coverage. It is the best interferometer available to perform polarimetric observations
because of the simplicity of its polarizing system and the great sensitivity of the receivers.









Part 11

Publications
&

Conclusions






V

Starless cores in the magnetically
dominated Pipe nebula

I. Narrow band high spectral
resolution observations

61






CONTINUUM AND MOLECULAR LINE EMISSION I [APJ, 723

THE ASTROPHYSICAL JOURNAL, 723:1665-1677, 2010 November 10
© 2010. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

, 1665 (2010)]

63

doi:10.1088/0004-637X/723/2/1665

YOUNG STARLESS CORES EMBEDDED IN THE MAGNETICALLY DOMINATED PIPE NEBULA*

P. FraU!, J. M. GIRART', M. T. BELTRAN?, O. MORATA?#, J. M. MASQUE>, G. BUSQUET?,

F. O. ALVES', A. SANCHEZ-MONGE’, R. ESTALELLAS, AND G. A. P. FRANCO®
! Institut de Cieéncies de 1’Espai (CSIC-IEEC), Campus UAB, Facultat de Ciéncies, Torre C-5p, 08193 Bellaterra, Catalunya, Spain
2 INAF-Osservatorio Astrofisico di Arcetri, Largo Enrico Fermi 5, 50125 Firenze, Italy
3 Institute of Astronomy and Astrophysics, Academia Sinica, P.O. Box 23-141, Taipei 106, Taiwan
4 Department of Earth Sciences, National Taiwan Normal University, 88, Section 4, Ting-Chou Road, Taipei 11677, Taiwan
5 Departament d’ Astronomia i Meteorologia and Institut de Ciencies del Cosmos (IEEC-UB), Universitat de Barcelona,
Marti i Franques 1, 08028 Barcelona, Catalunya, Spain
6 Departamento de Fisica-ICEx-UFMG, Caixa Postal 702, 30.123-970, Belo Horizonte, Brazil
Received 2010 March 10; accepted 2010 September 9; published 2010 October 26

ABSTRACT

The Pipe Nebula is a massive, nearby dark molecular cloud with a low star formation efficiency which makes it a
good laboratory in which to study the very early stages of the star formation process. The Pipe Nebula is largely
filamentary and appears to be threaded by a uniform magnetic field at scales of a few parsecs, perpendicular to its
main axis. The field is only locally perturbed in a few regions, such as the only active cluster-forming core B59.
The aim of this study is to investigate primordial conditions in low-mass pre-stellar cores and how they relate to the
local magnetic field in the cloud. We used the IRAM 30 m telescope to carry out a continuum and molecular survey
at 3 and 1 mm of early- and late-time molecules toward four selected starless cores inside the Pipe Nebula. We
found that the dust continuum emission maps trace the densest regions better than previous Two Micron All Sky
Survey (2MASS) extinction maps, while 2MASS extinction maps trace the diffuse gas better. The properties of the
cores derived from dust emission show average radii of ~0.09 pc, densities of ~1.3x10°> cm™3, and core masses
of ~2.5 M. Our results confirm that the Pipe Nebula starless cores studied are in a very early evolutionary stage
and present a very young chemistry with different properties that allow us to propose an evolutionary sequence.
All of the cores present early-time molecular emission with CS detections in the whole sample. Two of them,
cores 40 and 109, present strong late-time molecular emission. There seems to be a correlation between the
chemical evolutionary stage of the cores and the local magnetic properties that suggests that the evolution of the
cores is ruled by a local competition between the magnetic energy and other mechanisms, such as turbulence.

Key words: 1SM: individual objects (Pipe Nebula) — ISM: lines and bands — stars: formation

Online-only material: color figures

1. INTRODUCTION

The Pipe Nebula is a massive (10* My; Onishi et al. 1999)
filamentary (~15 pc long and ~3 pc wide) dark cloud located
in the southern sky ~5° apart from the Galactic center. Its short
distance to the Sun (145 pc; Alves & Franco 2007) places this
complex in the group of nearby molecular clouds which serve
as good laboratories for star formation surveys. Despite the
large reservoir of mass, the Pipe Nebula molecular cloud is
characterized by being apparently quiescent, with a very low star
formation efficiency (~0.06% for the entire cloud; Forbrich et
al. 2009). Barnard 59 (B59), located at the northwestern end of
the cloud, has formed a small cluster of low-mass stars (Brooke
et al. 2007). The low global star-forming efficiency of the cloud
contrasts with that of other nearby molecular clouds such as
Ophiuchus or Taurus, where important star formation activity is
observed. The Pipe Nebula is, hence, an excellent place to study
the initial conditions of star formation at scales of a few parsecs.

The first extensive survey of the Pipe Nebula was done by
Onishi et al. (1999) through single dish observations of CO
isotopologues. These authors were the first to suggest a clumpy
distribution for the dense gas by detecting compact C'80 cores
in the main body of the cloud. It was not until the last few
years that several surveys (Lombardi et al. 2006; Muench et

* Based on observations carried out with the IRAM 30 m telescope. IRAM is
supported by INSU/CNRS (France), MPG (Germany), and IGN (Spain).
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al. 2007; Brooke et al. 2007; Rathborne et al. 2008; Lada et
al. 2008) were carried out to explore the physical properties
of the cloud. Lombardi et al. (2006) use Two Micron All Sky
Survey (2MASS) data to construct a high-resolution extinction
map of the Pipe Nebula through which they identify a large
number of high extinction cores with typical masses between
0.2 and 5 M. Molecular line observations reveal that they are
starless cores in a very early evolutionary stage, associated with
dense (10* cm™3), relatively cold (9.5 < Tx < 17 K), and
fairly quiescent gas (typical line widths of 0.4 km s~!, Muench
et al. 2007; Rathborne et al. 2008). Non-thermal gas motions
inside the cores are sub-sonic and mass-independent. Therefore,
thermal pressure appears to be the dominant source of internal
pressure. In addition, these cores appear to be pressure-confined,
but gravitationally unbound (Lada et al. 2008).

Recently, Alves et al. (2008) performed an optical polarimet-
ric survey of the diffuse gas in the Pipe Nebula. They found
a large-scale magnetic field that appears to be mostly perpen-
dicular to the cloud’s main axis. The magnetic field exerts a
pressure (~10% K cm™3) that is likely responsible for driving
the collapse of the gas and dust cloud along the field lines. The
polarization properties significantly change along the Pipe Neb-
ula. This fact allowed the authors to distinguish three regions in
the cloud: B59, the stem, and the bow! (see Figure 1). B59 shows
low polarization levels but high dispersion of the polarization
position angles. Moving through the stem toward the bowl, the
polarization level increases and the dispersion decreases. These
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Figure 1. Position of the observed cores plotted over the 2MASS extinction map of the Pipe Nebula (Lombardi et al. 2006). The dashed lines separate the three
different magnetically defined regions (Alves et al. 2008). The lowest visual extinction (Ay) corresponds to 0.5 mag. The highest Ay is observed toward the bowl of
the Pipe and the B59 region, where it reaches approximately 20 mag (Lombardi et al. 2006). We selected cores located in all three regions of the Pipe bowl, stem, and

B59).
(A color version of this figure is available in the online journal.)

authors propose that these three regions might be in different
evolutionary stages. B59 is the only magnetically supercritical
region and the most evolved of the Pipe Nebula, the stem would
be at an earlier evolutionary stage with material still collapsing,
and finally, the bow! would be at the earliest stage, with cloud
fragmentation having just started.

Based on Alves et al.’s (2008) results, we selected a sample
of cores distributed in the different regions of the Pipe Nebula.
We started an extensive molecular survey of these cores using
the IRAM 30 m telescope. The aim of this study is to probe
their chemical evolutionary stage, which could be related to the
dynamical age according to chemical modeling of starless cores
(Taylor et al. 1998; Morata et al. 2003; Tafalla et al. 2006).
These models predict that some molecules, such as carbon-
containing molecules, are formed very early in the chemical
evolution, and are known as early-time molecules. These species
are expected to be abundant in chemically young or low-density
cores, and most of them seem to experience earlier depletion
effects (see, e.g., Taylor et al. 1998; Ohashi et al. 1999; Bergin
et al. 2001; Tafalla et al. 2006). Other species, such as nitrogen-
bearing molecules and deuterated species, require a longer time

to form. Thus, they are formed later in the chemical evolution
and are known as late-time molecules. They are not expected to
be depleted until densities of 10° cm™ are reached (see, e.g.,
Caselli et al. 2002; Flower et al. 2006; Bergin & Tafalla 2007;
Aikawa et al. 2008). The qualitative comparison of the relative
abundances of different types of molecules in each core can
provide us with some clues about their possible evolutionary
stage. From the observational point of view, there have been
several authors who have studied the evolutionary stage of pre-
and protostellar cores through molecular surveys. For instance,
Kontinen et al. (2000) have used a large sample of molecules
in a prestellar and a protostellar core. They found very different
chemical compositions, specially in N;H* and long carbon-
chain molecule abundances. The former is typical of a pure gas-
phase chemistry, while the latter requires an evolved chemistry
to form. According to time-dependent chemistry models they
interpret the differences as different stages of the chemical
evolution. Later, Tafalla et al. (2004) made a chemical analysis
of L1521E, which helped to determine the extreme youth of
this prestellar core. From the theoretical point of view, Aikawa
et al. (2003) have simulated the evolution of a prestellar core
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Table 1 Table 2
Source List Molecular Transitions Observed in the
Pipe Nebula Cores with the IRAM 30 m Antenna
Source® «(J2000) §(J2000) ULSR Regionb
(hms) [G0) (km s~y Molecule Transition Frequency Beam Beam AvP Type®
Core 14 1712340 —272116.2 +3.6 B59 (GHz) (") Efficiency® (kms™")
Core 40 1721 16.4 —265256.7 +3.3 stem C3H, (212-110) 853389 29.0 0.78/0.81 0.07 E
Core 48 17 25 59.0 —264411.8 +3.6 stem HCN (1-0) 88.6318  28.0 0.78/ - - 0.07 E
Core 109 17 3548.5 —253305.8 +5.8 bowl NoH* (1-0) 93.1762  26.5 0.77/0.81 0.06 L
c3s 2-1) 96.4130 260  ---/0.81 0.06 E
Notes. CS -1 97.9809 255 0.76/0.81 0.06 E
2 According to Lombardi et al. (2006) numbering. CN (1-0) 113.4909 21.5 0.75/0.81 0.05 E
b According to Alves et al. (2008) diffuse gas polarimetric properties. N,D* 2-1) 154.2170  15.0  0.77/0.74 0.04 L
DCO* (3-2) 216.1126  10.5 0.57/0.63 0.03 L
and identified the different molecular abundances at different CN . 2-1) 226.8747 100 0.53/0.63 0.03 E
. . NoD (3-2) 231.3216 10.0  0.67/0.63 0.03 L
evolutionary stages to finally compare the results with the HB3Co* (3-2) 2602554 9.0 0.53/0.63 0.02 L

sample of Tafalla et al. (2002). Morata et al. (2003, 2005) have
used the modeling results of Taylor et al. (1998) to compare
with observations toward the L673 molecular cloud.

Based on this, we observed four selected cores (see Table 1)
in a set of early- and late-time molecules (see Table 2) for a
subsequent comparison. In addition, we mapped the 1.2 mm dust
continuum emission of the cores to obtain a complete description
of the structure, chemistry, and evolutionary stage of the four
selected Pipe Nebula cores.

2. OBSERVATIONS AND DATA REDUCTION
2.1. MAMBO-II Observations

We mapped cores 14, 40, 48, and 109 (according to the
Lombardi et al. 2006 numbering) at 1.2 mm with the 117-
receiver MAMBO-II bolometer (array diameter of 240") of
the 30 m IRAM telescope in Granada (Spain). The positions
and velocity of the local standard of rest (v s ) for each core are
listed in Table 1. The observations were carried out in 2009 April
and May and in 2010 January and March in the framework of a
flexible observing pool. A total of 13 usable maps were selected
for analysis: three for cores 14, 40, and 109, and four for core 48.
The weather conditions were good, with zenith optical depths
between 0.1 and 0.3 for most of the time. The maps were taken
at an elevation of <25° due to the declination of the sources.

The beam size of the telescope is ~11” at the effective
frequency of 250 GHz. The sources were observed with the
on-the-fly technique, with the secondary chopping between 46”
and 72" parallel to the scanning direction of the telescope. The
telescope was constantly scanning at a speed of 8” s~! for up to
65 s. This resulted in typical integration times for each map of
~1 hr. When possible, each source was mapped with different
scanning directions (in equatorial coordinates) or rotating the
secondary mirror of the telescope to avoid scanning artifacts
in the final maps. We measured the zenith optical depth with
a skydip and checked pointing and focus before and after each
map. The average corrections for pointing and focus stayed
below 3” and 0.2 mm, respectively. Flux density calibrators
were observed every few hours.

The data were reduced using MOPSIC with the iterative
reduction strategy developed by Kauffmann et al. (2008). The
main advantages of the new scheme are that (1) sources much
larger than in the classical approach can be recovered, (2) the
signal-to-noise ratio (S/N) of the final map increases, and (3)
they suffer from less artifacts. The figures were created using
the GREG package, from the GILDAS” software.

7 MOPSIC and GILDAS data reduction packages are available at
http://www.iram.fr/IRAMFR/GILDAS.

Notes.

4 ABCD and EMIR receiver, respectively.

b Spectral resolution.

¢ E: early-time; L: late-time. See Sections 1 and 4.3 for details.

All the maps have been convolved with a 21”5 Gaussian,
larger than the telescope beam, in order to improve the S/N and
to smooth the appearance of the maps. The size of the Gaussian
was chosen to be the one of the CN (1-0) molecular transitions
(see Table 2), which provides good spatial resolution and large
S/N for the four maps.

2.2. Line Observations

We made several pointed observations within the regions of
the cores 14, 40, 48, and 109 with the heterodyne receivers of
the 30 m IRAM telescope (ABCD and EMIR receivers). The
observations were carried out in three epochs. The first epoch
was 2008 August and September. We used the capability of
the telescope to perform simultaneous observations at different
frequencies to observe the emission of the CsH; (2 2-14,0),
HCN (1-0), N,H+ (1-0), CS (2-1), CN (1-0), N,D+ (2-1),
DCO* (3-2), CN (2-1), NoD+ (3-2), and H*CO* (3-2)
molecular transitions arranged in three different frequency
setups covering the 3, 2, 1.3, and 1.1 mm bands. To do
this, we combined the A100/B100/A230/B230 and A100/
D150/A230/D270 SIS heterodyne receivers. The observational
strategy was first to observe several positions with a 20” spacing
centered on the C'30 pointing center reported by Muench et
al. (2007) (depicted by star symbols in Figure 2), which is
very close to the visual extinction peak position of each core
(Lombardi et al. 2006). The visual extinction peak is assumed
to be the densest region of the core, and it was defined as the core
center by Muench et al. (2007). The second and third epochs
were 2009 August and 2010 June, respectively, both using the
new EMIR EO/E1/E2 receivers. We observed deeper toward the
position of the grid of the first epoch closer to the dust continuum
peak (see the circle symbols in Figure 2). We also observed the
C3*S (2-1) molecular transition. Table 2 shows the transitions
and frequencies observed. We used the VESPA autocorrelator
as the spectral back end, selecting a channel resolution of
20 kHz, which provided a total bandwidth of 40 MHz. The
corresponding velocity resolutions, main-beam efficiencies, and
half-power beam widths at all the observed frequencies are also
listed in Table 2. We used the frequency-switching mode with
a frequency throw between 3.83 and 22.98 MHz, depending on
the transition. System temperatures in nights considered “good”
were between 200 and 275 K at 3 mm and between 440 and
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Figure 2. IRAM 30 m MAMBO-II maps of the dust continuum emission at 1.2 mm toward four cores of the Pipe Nebula. The gray-scale levels for all the maps are
3-18 times 5.75 mJy beam™!. The contour levels are 3—11 times & in steps of 1o, for cores 14, 40, and 48, and 3-210 in steps of 3o for core 109. 1o is 4.5, 5.0, 3.5,
and 4.5 mJy beam™~! for cores 14, 40, 48, and 109, respectively. The red thick contour marks the half-maximum emission level of the source (see Table 3). Black or
white stars indicate the C'®0 pointing center reported by Muench et al. (2007), which is very close to the visual extinction peak position of each core (Lombardi et al.
2006). Black or white filled circles indicate the position where line observations have been performed, close to the dust continuum emission maximum which falls into
the beam area. The blue vectors depict the magnetic field vector found by Franco et al. (2010). Note that for core 40 there are no optical polarimetry measurements on
the eastern side due to the high visual extinction. In the bottom left corner of the bottom right panel the convolved beam and the spatial scale for the maps is shown.

(A color version of this figure is available in the online journal.)

Table 3
1.2 mm Continuum Emission Parameters
Source «(J2000)*  8(J2000)*  Tqus rms S, JPeak Diameter Ny,® ni,® Mass?
(hms) ©'" (K) (mlybeam~!) (dy) (mlybeam™!)  (po) = (10'em™?) (10*ecm™d)  (Mp)
Core 14 (filament) 17 1231.5 —272141.0 12.0° 45 2.56 51.6 0.106 12.21 5.59 2.87
Core 14 (core) 1.24 0.071 13.27 9.09 1.40
Core 40 1721147 —265247.8 10.3¢ 5.0 173 42.0 0.104 11.05 5.16 2.51
Core 48 1725573 —2644223 10.0¢ 3.5 1.44 27.9 0.127 6.144 2.354 2.094
Core 109 1735477 —2532529 9.5° 45 2.76 105.3 0.063 47.60 36.57 4.00
Notes.

2 Pointing position of the chemical observations which lies inside the same beam area of the dust continuum emission peak.

b Assuming «50GH,= 0.0066 cm? g~!

Appendix A for details on the calculation.

as a medium value between dust grains with thin and thick ice mantles (Ossenkopf & Henning 1994). See

¢ Adopted to be equal to the kinetic temperature derived for NH3 (Rathborne et al. 2008).
4 No kinetic temperature estimate, therefore, we assumed 10 K based on the temperatures of the other cores (Rathborne et al. 2008).

960 K at 1 mm (7, reached 450 K and 3200 K in bad nights,
respectively). Pointing was checked every two hours.

We reduced the data using the CLASS package of the
GILDAS! software. We obtained the line parameters either from
a Gaussian fit or from calculating their statistical moments when
the profile was not Gaussian.

3. RESULTS AND ANALYSIS
3.1. Dust Continuum Emission

In Figure 2, we present the MAMBO-II maps of the dust
continuum emission at 1.2 mm toward the four selected cores
of the Pipe Nebula, convolved to a 21”5 beam. Table 3 gives

the peak position of the 1.2 mm emission after convolution with
a Gaussian, the dust temperature (Rathborne et al. 2008), the
rms noise of the emission, the flux density, and the value of the
emission peak. Additionally, we also give the derived FWHM
equivalent diameter, which is the diameter of the circular area
equal to the area within the FWHM level, depicted by a red
contour in Figure 2. Table 3 also lists the H, column and volume
density, as well as the mass for each core. These parameters are
derived from the emission within the 3o level and discussed in
Section 4.

The flux density of the cores ranges between ~1.24 and
~2.76 Jy. Note, however, that the extinction maps show that the
studied cores are surrounded by a diffuse medium (see Figure 1
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Table 4 Table 5
H; Column Densities®, Ny, , of the Pipe Nebula Cores in cm~2 Summary of Detections and Upper Levels in K Toward the Pipe Nebula Cores?®
Source 10”5 1570 21”5 270 Molecular Core

Core 14 1.75 x 102 1.38 x 102 1.21 x 10% 1.11 x 102 Transitions 14 40 48 109
Core 40 1.32x 102 1.28 x 102 1.12 x 10% 1.07 x 102 CaHy 21 9-110) J J 007 J
Core 48 1.09 x 1022 8.88 x 10?! 7.38 x 10?! 6.99 x 10%! HCN (1-0) 021 N, J J
Core 109 4.19x 102 3.73x 102 323 x 1022 3.08 x 102 NoH* (1-0) \/ J <0.07 v
) - . C¥s -1 v v v v
Notes. * Average column densities are calculated within one beam area toward CS (2-1) J J J J
the dust continuum emission peak. The values of k250 guz and Tqug are the same CN (1-0) J W <0.17 W
as for Table 3. These values are combined with the molecular column densities N,D* (2-1) <0.12 J <0.08 N
to find the molecular abundances in the same beam area. The correspondence DCO* (3-2) <171 <061 <0.76 Wi

is: 10”5 with DCO*, 15”0 with N,D*(2-1), 21”5 with CN (1-0) and, finally, CN (2-1) <0.97 <170 <0.76 <0.90

27/'0 with C3H,, HCN, N;H*, CS, and C*S. N,D* (3-2) <1.01 <0.93 <1.94 <0.91

H3CO* (3-2) <1.52 <1.40 <2.38 <1.34

and Lombardi et al. 2006). The on-the-fly reduction algorithms
assume that the map limits have a zero emission level. Due to
the presence of the diffuse material, this could not be true for the
observed cores, and, therefore, the measured flux density of the
maps might be lower than the actual value. We derived average
H, column densities (Ny,; see Appendix A) toward the dust
continuum emission peak for the different resolutions (listed
in Table 4) of the detected molecular transitions (see Table 5).
We derived their abundances with respect to H,. The results are
discussed in Section 4.

The maps of Figure 2 show the different morphology of the
cores. Following the results of Alves et al. (2008), itis interesting
to compare the shape of the cores with their location along the
Pipe Nebula. Core 14, located in B59, belongs to a clumpy and
filamentary structure of ~500” (~0.35 pc) elongated along the
NE-SW direction. This is in perfect agreement with previous
extinction maps (Lombardi et al. 2006; Roméan-Zuiiiga et al.
2009). On the other hand, core 109, located in the bowl, shows
a compact and circular morphology with an FWHM of ~90”
(~0.063 pc). Cores 40 and 48, both located in the stem, have
elliptical morphologies with extended diffuse emission.

3.2. Molecular Survey of High-density Tracers

Muench et al. (2007) reported C'30 pointed observations
toward the Pipe Nebula cores measured with a resolution of 56”.
As seen in their Figure 1, the position of the C'80 is very close
to the visual extinction peak position of each core (Lombardi
et al. 2006). Our higher resolution maps show a peak position
offset for all the cores. As listed in Tables 1 and 3, and as shown
in Figure 2, the dust continuum peak does not coincide exactly
with the A, peak (stars in Figure 2). However, the difference is
compatible with the angular resolution of the extinction maps.
We decided to present only molecular line data of the observed
positions closer to the dust continuum emission peak (circles
in Figure 2), defined as the core center and supposed to exhibit
brighter emission from molecular transitions. The typical core
size is ~90” or larger (see Table 3). The beam size of the
detected lines, except for N,D* (2-1) and DCO* (3-2), ranges
from 215 to 29!0, while the initial grid of the pointed position
had a separation of 20”0, thus the emission peak stays within
the beam area for these molecular transitions. Therefore, the
molecular line properties that we obtain are representatives of
the chemistry of the core center.

Table 5 summarizes the detections or the 30 upper limits
of the non-detections toward each core. Table 6 gives the
parameters of the detected lines. In Figures 3 and 4, we show the
spectra of the different molecular transitions observed toward
the dust continuum emission peak of each core. Core 109

Note. * The transitions marked with ./ have been detected toward the
corresponding core. Otherwise, the 3o upper limit is shown.

shows the stronger emission in all the detected transitions in
our sample. This is the core with the most compact and circular
morphology (see Figure 2). Core 40 also shows emission in the
six molecular transitions at 3 mm (C3H; (21 51, ), HCN (1-0),
N,H* (1-0), C3*S (2-1), CS (2-1), and CN (1-0)), although their
intensities are lower than for core 109. Core 14 shows emission
in all the 3 mm transitions except in HCN (1-0). Finally, core 48
only shows emission in CS (2-1), C3*S (2-1), and HCN (1-0).
In addition to the line parameters, we derived the molecular
column densities for all of the detected species (see Appendix B
for details) which are listed in Table 7. For the transitions
with detected hyperfine components (HCN, N,H*, and CN),
we derived the opacity using the hyperfine components fitting
method of the CLASS package. For the CS and C**S molecular
transitions, we numerically derived the opacity using

Tve(C*S) 1 —exp(—1)
Tve(CS) ~ 1 —exp(—1 r)

(C))

where r is the CS to C3*S abundance ratio, assumed to be equal
to the terrestrial value (22.5, Kim & Koo 2003). We found a
high opacity toward cores 14 and 48 for CS (2-1), 10.8 and 6.0,
respectively, whose spectra show self-absorption (see Figure 3).
For cores 40 and 109, we found lower opacities, T = 3.1 and 4.2
for CS (2-1), respectively. We assumed optically thin emission
in C3H,, DCO*, and N,;D* (2-1), the latter with only the main
hyperfine component detected. This conservative assumption
could not be true, so the column densities should be taken as
lower limits. We also derived the molecular abundances with
respect to H, (see Table 8), taking into account the resolution
for each molecular transition (see Table 4).

4. DISCUSSION

We observed four selected cores located in the different
regions of the Pipe Nebula (bowl, stem, and B59), in different
molecular tracers and dust continuum emission, to study and
compare their physical and chemical properties. The cores were
selected based on the results of the optical polarimetric survey
carried out by Alves et al. (2008). In the following subsections,
we discuss and compare the properties of each individual core,
as well as an overall analysis of such properties, and try to
relate our results with previous works. In particular, in the next
subsection, we compare the dust continuum emission with the
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Figure 3. IRAM 30 m line spectra of the molecular transitions with no hyperfine
components toward the four selected cores of the Pipe Nebula (see Table 1).
The name of the core is indicated above the top panel of each column. Rows
correspond to a single molecular transition specified on the second column. The
velocity range is 5 km s~ and is centered on the vLsr of each core marked with
a vertical dotted line. The vertical axis shows the Tyg of the emission, and the
zero level is marked by a horizontal dotted line. Some of the spectra, with the
highest measured T\, have been divided by 2 to fit to the common scale.

visual extinction maps of Rathborne et al. (2008) and the trend
found for the diffuse gas by Alves et al. (2008).

4.1. Comparison of Visual Extinction and
1.2 mm Continuum Emission Maps

The beam size of our observations is 11”7, convolved to a
Gaussian of 21”5 in the maps shown (see Section 3.1), while
that of Rathborne et al. (2008) is ~60”. Hence, our maps suffer
from less beam dilution and we can resolve smaller structures.
The sensitivity limit of the A, observations is fixed at 1.2 mag
(Lada et al. 2008), which corresponds to a column density of
~1x10?! cm~2 (Wagenblast & Hartquist 1989). A conservative
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estimation of the sensitivity limit of our maps, in the same
conditions, can be derived using the 30 emission level of
the noisiest continuum map convolved to a 60” Gaussian. The
resulting beam averaged column density, for a Tx of 10 K, is
~4x10%° ¢cm~2. Therefore, as seen from the minimum column
densities in the same conditions, our data set has slightly better
sensitivity. Lada et al. (2008) define the equivalent radius of
the core using the region with emission brighter than 3¢, while
we use the region with emission brighter than half of the peak
value. This difference prevents a direct comparison of the radii
and densities. The core masses, however, depend only on the
integrated flux density and can be compared. Our masses are on
average ~3.4 times smaller, ranging from ~0.9 for core 109 to
~17 for core 14.

We estimated the difference between the 2MASS extinction
maps (Lombardi et al. 2006) and the 1.2 mm dust maps. To
do this, we first transformed the original near-IR extinction
maps to visual extinction maps using A, = Ay/0.118 (Dutra
et al. 2002). Then, we convolved the 1.2 mm dust maps with a
Gaussian of 60” to have the same resolution. We transformed
the 1.2 mm dust maps to column density maps (see Appendix A
for details). We assumed a uniform typical temperature of
10 K for all of the cores. To estimate the uncertainty caused by
this assumption, we also made the calculations for temperatures
of 8 and 12 K, which resulted in an average maximum variation
over the whole map of ~2.4 extinction magnitudes. We also
assumed for all of the cores kasoguz; = 0.0066 cm? g*' as
the average value between dust grains with thin and thick ice
mantles for a volume density of ~10° cm™ (Ossenkopf &
Henning 1994) with an uncertainty of about a factor of two. As
a final step, we used the relationship A, = 1.258 x 107! Ny,
(Wagenblast & Hartquist 1989) to transform the column density
to visual extinction. The resulting maps of the difference
between the extinction maps derived from near-IR and mm data
are shown on the right-hand side panels of Figure 5. For core
40, we found an excess of extinction that could be due to the
filtered diffuse emission (see Section 3.1). However, in such
a case, one would expect this excess to be present over the
whole map. For cores 14 and 48, we found a good agreement
between both tracers. On the other hand, at denser regions such
as the center of core 109 (ny, > 4 x 10° cm™3), the A, derived
from the 1.2 mm dust is significantly larger, 210 mag, than
that derived from the near-IR. This is the core with the highest
column density (~4.8 x 10%2 cm~2); therefore, this suggests
that near-IR extinction maps constructed from 2MASS catalogs
do not have enough sensitivity or sampling scale to resolve the
centers of very dense cores. In such dense regions, the number of
2MASS catalog background stars is not high enough to provide
neither a large number of sources per pixel, nor a large number of
high extinction measurements; thus, the high-extinction regions
might be poorly resolved and underestimated. These biases may
explain, combined with the larger radius, the lower densities
reported by Rathborne et al. (2008). Extensive observations
toward the Perseus cloud in visual extinction and in radio
continuum provide similar results (Kirk et al. 2006). Extinction
maps with higher resolution, made with deeper observations, are
able to resolve better the high-extinction levels. For example,
Kandori et al. (2005) observed core 109 (named FeSt 1-457) in
A, deeper with a resolution of ~30”, and found a morphology
in perfect agreement with our continuum observations. Their
A, intensity peak at the core center of A,~41.0 (the largest in
their sample) is very close to our derivation, A, ~ 39.2, for a
30" beam.
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Figure 4. IRAM 30 m line spectra of the molecular transitions with hyperfine components toward the four selected cores of the Pipe Nebula (see Table 1). The name
of the core is indicated above the top panel of each column. Rows correspond to a single molecular transition specified on the second column. The velocity range is
16.5, 20, and 12 km s~! for HCN (1-0), NoH* (1-0), and CN (1-0), respectively. The vpsr of each core is marked with a vertical dotted line. The vertical axis shows
the T of the emission and the zero level is marked by a horizontal dotted line. Core 109 spectra, with the highest measured Tp, have been divided by 2 to fit to the

common scale.

Summarizing, our dust continuum maps seem to be better
at tracing the highextinction regions of the prestellar cores, at
least at this spacial resolution. These results suggest that the
dust continuum emission would trace the dense and cold cores
better than the 2MASS derived visual extinction. On the other
hand, the visual extinction would be more sensitive to the cloud
diffuse extended emission.

4.2. Discussion on the Individual Cores
4.2.1. Core 14

Core 14, located in B59, is a compact and dense core but the
less massive in our sample. It is the only core that belongs to
a clumpy and filamentary structure, which is elongated along
the NE-SW direction with an extent of ~500” (~0.35 pc, see
Figure 2), with a morphology quite similar to that shown in A,
maps (Rathborne et al. 2008; Roman-Zuiiiga et al. 2009). The
location of core 14 inside an elongated and clumpy filament
suggests that probably it is still undergoing fragmentation,
which could lead to the formation of smaller cores. In fact, it is
resolved in several small clumps which have sizes comparable
to the sizes of the other cores in the Pipe, with radii of about
~0.04 pc.

Core 14 shows emission in all the early-time molecules at
3 mm. CS (2-1) and C*S (2-1) are clearly detected (see
Figure 3), and the abundances are the largest of the sample (see
Table 8). On the other hand, C3H, (2;,-1;0) and N,H*
(1-0) show weak emission and, consequently, low abundances.

Rathborne et al. (2008) detected weak NH3; emission in good
agreement with our N,H* measurements. Only the main com-
ponent of the CN (1-0) transitions is clearly detected. These are
signatures of an object very young chemically.

4.2.2. Core 40

Core 40, located in the stem, is another core with irregular
morphology. This core shows emission in all the transitions
at 3 mm, of both early- and late-time molecules, and in the
late-time N,H™ transition at 3 mm. The molecular emission
of core 40 is strong, and only the emission of core 109 is
more intense, except for CS, which shows the same Ty for
both cores. These cores are the only ones that show strong
late-time molecule emission. Core 40 presents the highest CN
and N,H* abundances (see Table 8). Regarding N,H*, the
intense emission with all the hyperfine components detected
is in perfect agreement with previous results of NH3z (Rathborne
et al. 2008). The HCN emission for core 40 is quite anomalous,
because the main hyperfine component is weaker than the
satellite components (see Figure 4). This suggests that the
emission is not in LTE. Gonzélez-Alfonso & Cernicharo (1993)
investigated with Monte Carlo techniques the variation in HCN
(1-0) profiles. According to their work, an infalling cloud with
a dense central core (see Figure 2) surrounded by a large diffuse
envelope (Lombardi et al. 2006) may produce an HCN (1-0)
spectrum as the observed toward Core 40.
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Table 6
Line Parameters®
Molecular Source Tug® Axt° [ Tvpdv® VLSR Avisr 7d Profile®
Transition (K) (K) (K kms™") (kms™!) (kms~")
C3H, (210-11,0) Core 14 0.37(6) . 0.086(11) 3.502(14) 0.22(3) G
Core 40 1.19(5) e 0.34709) 3.420(4) 0.273(9) G
Core 109 2.74(6) .. 0.799(13) 5.8340(20) 0.274(5) ... G
CS (2-1) Core 14 0.69(10) ... 0.41(3) 3.439(21) 0.45(4) 10.8(1.1) SA
Core 40 1.94(7) e 0.560(17) 3.369(4) 0.415(14) 3.13) NS
Core 48 0.79(7) ... 0.402(18) 3.684(11) 0.477(22) 6.0(6) SA
Core 109 1.93(8) ... 0.743(17) 5.836(4) 0.361(9) 4.2(4) G
CHs (2-1) Core 14 0.267(25) e 0.068(5) 3.545(8) 0.241(20) 0.5(1) G
Core 40 0.268(16) .. 0.069(3) 3.381(5) 0.241(13) 0.14(1) G
Core 48 0.187(23) .. 0.041(4) 3.729(11) 0.20(3) 0.26(3) G
Core 109 0.34(3) o 0.083(5) 5.825(7) 0.233(17) 0.19(2) G
N,D* (2-1)f Core 40 0.084(20) . 0.019(3) 3.280(15) 0.21(3) G
Core 109 0.31(4) . 0.109(7) 5.673(11) 0.331(22) G
DCO* (3-2) Core 109 0.70(11) e 0.151(18) 5.828(13) 0.202(21) e G
HCN (1-0) Core 40 . 1.55(11) ... 3.410(16) 0.334(22) 6.0(5) NS
Core 48 .. 0.33(10) .. 3.54(5) 0.90(11) 2.4(1.2) G
Core 109 (1) .. 2.53(3) . 5.93(7) 0.16(22) 0.25(10) NS
Core 109 (2) . 6.10(3) . 5.72(7) 0.25(22) 10.20(10) NS
NoH* (1-0) Core 14 0.0341(16) 11.500(5) 0.206(10) 0.10(9) G
Core 40 .. 0.219(12) . 11.4000(19) 0.249(5) 0.171(25) G
Core 109 . 0.904(14) . 13.8000(5) 0.2150(11) 0.467(11) G
CN (1-0) Core 14 0.051(9) 3.64(8) 0.81(15) 0.1(7) G
Core 40 .. 0.65(22) . 3.430(21) 0.36(5) 3.9(1.3) G
Core 109 (1) ... 1.41(22) ... 5.930(5) 0.162(11) 1.13(23) G
Core 109 (2) e 2.3(1.3) e 5.670(7) 0.101(16) 4.3) G
Notes.

4 Line parameters of the detected lines. The former five molecular transitions have no hyperfine components (see note f). The parameters for the transitions labeled as
G (see the last column) have been derived from a Gaussian fit, while line parameters of NS and SA profiles have been derived from the intensity peak (Tvg), and zero
(integrated intensity), first (line velocity), and second (line width) order moments of the emission. The latter three molecular transitions have hyperfine components.
The parameters have been derived using the hyperfine component fitting method of the CLASS package. The value in parenthesis shows the uncertainty of the last
digit/s. If the two first significative digits of the error are smaller than 25, two digits are given to better constrain it.

b Only for molecular transitions with no hyperfine components.

¢ Only for molecular transitions with hyperfine components.

9 Derived from a CLASS hyperfine fit for molecular transitions with hyperfine components. Numerically derived for CS and C3*S using Equation (1). A value of 0.3
is assumed when no measurement is available.

¢ G: Gaussian profile; NS: non-symmetric profile; SA: self-absorption profile.

f Only the main component is detected.

Table 7
Molecular Column Densities of the Chemical Species Observed Toward the Pipe Nebula Cores in cm™2
Source C3Hy? CS [ CN HCN N,H* N,D*? DCO*?
Core 14 3.84 x 101 3.07 x 1013 6.19 x 10'! 1.16 x 1012 < 5.42 % 100 9.70 x 1010 <8.09 x 10 < 5.13 x 10"
Core 40 1.65 x 10'2 7.11 x 1012 2.94 x 10! 4.70 x 102 2.57 x 10'2 4.89 x 10'! 2.17 x 10% < 4.93 x 10'°
Core48 < 7.93 x 1010 1.53 x 103 294 x 10" < 1.64 x 10" 259 %102 <379%x 100 <6.88x 10 <7.82x 100
Core 109 6.36 x 10'2 1.25 x 103 3.68 x 101 2.76 x 10'2 9.80 x 10'2 6.79 x 101 2.72 x 1010 1.41 x 10!

Note.  Transition with no opacity measurements available, thus optically thin emission is assumed to obtain lower limits of the column densities.

Table 8
Abundances of the Chemical Species with Respect to H, Observed Toward the Pipe Nebula Cores®
Source C3HpP cS CcHs CN HCN NoH* N,D*P DCO*P

Core 14 345x 10711 277 x 1079 558 x 10~ 9.58 x 1071 <4.88 x 1012 873x 10712 <584x10713 <293 x 107!
Core 40 1.55% 10710 6.64 x 10710 275 x 10~ 4.19 x 10710 2.41 x 10710 4.58 x 10711 1.69 x 10713 <3.73 x 10712
Core48 < 1.13x 107" 219x107% 421 x 107" <222 x 107! 371 x 10710 <543 %1072 <775x1073 <717 x 10712
Core 109 2.06 x 10710 4.06 x 10719 1.19 x 10~ 8.54 x 10~ 3.18 x 10710 2.20 x 10~ 7.30 x 1013 3.37 x 10712
Notes.

2 See Tables 4 and 7 for dust and line column densities.
b Transition with no opacity measurements available, thus optically thin emission is assumed to estimate a lower limit of the column densities and, consequently,
of the abundances.
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Figure 5. Left panels: color image of the visual extinction map derived from the
near-IR observations (Lombardi et al. 2006) superposed with the contour map
of the extinction map derived from our 1.2 mm dust continuum maps in galactic
coordinates (see Section 4.1). Contours are from 2.5 to 30 visual magnitudes
by steps of 2.5. Right panels: color image of the difference between the visual
extinction map derived from the near-IR and the 1.2 mm observations within the
region of the Ay converted dust continuum maps with A,>2.5 mag. Contours
are the same as in the left panels. The core number is indicated in the lower
right corner of the panels. The color scale (in visual magnitudes) is shown on
the right-hand side of the panels.

(A color version of this figure is available in the online journal.)

4.2.3. Core 48

Core 48, located in the stem, has a quite elongated morphol-
ogy. It is embedded in an environment with high polarization
angle dispersion (Alves et al. 2008), which is the exception of
this polarimetrically defined region. It is very diffuse, this is the
largest and the less dense core in the sample. It shows emission
only in three early-time molecules: CS (2-1), C3*S (2-1), and,
marginally HCN (1-0). The abundances of CS and C3*S are
among the largest in the sample, slightly lower than those for
core 14. The N,H* molecule was undetected, in agreement with
previous measurements of NH3 (Rathborne et al. 2008).

4.2.4. Core 109

Core 109, located in the bowl, is the most circular and compact
core in the sample. The dust continuum emission of this core
is similar to that of the other cores. However, it is the densest
one in our sample and the most massive (~4 My). Kandori et
al. (2005) find, through a Bonnor—Ebert profile fit, that Core
109 is gravitationally unstable. Aguti et al. (2007) find, through
observations of molecular transitions, that this core (designated
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also as FeSt 1-457) is gravitationally bound. Kandori et al.
(2005) suggest other models, apart from a Bonnor—Ebert sphere,
including extra supporting mechanisms that might fit the density
profile. Aguti et al. (2007) propose that core 109 is pulsating,
based on expansion motions of the outer layers. However, their
Jeans mass measurement is compatible with the mass of the
core and they propose a quasi-stable state near hydrodynamic
equilibrium. This core is embedded in a magnetized medium
(see Section 4.4); thus, magnetic support could be a plausible
source of external support.

This core shows emission of all the detected early- (C3H,,
HCN, CS, C**S, and CN) and late-time molecules (N,H*, N,D*,
and DCO™"). The molecular emission of this core is always
the strongest. Core 109 shows a very strong NoH* emission,
in agreement with the NH; measurements by Rathborne et al.
(2008). As seen in Table 8, core 109 has similar abundances for
early-time molecules to those of the other cores. Interestingly,
the CS and C3*S abundances are the lowest in our sample,
which suggests CS depletion toward the center (detected on
C'30; Aguti et al. 2007).

4.3. Qualitative Chemistry Analysis

Table 4 shows a variation of about a factor of ~4 around
10 cm™? of the average H, column densities derived for
each of the cores with a 27" beam, the one used to calculate
the abundances for the molecular transitions at 3 mm. This
represents, using the relationship Ay = 6.289 x 10722Ny
(Wagenblast & Hartquist 1989), average values of Ay ~ 4.4
to ~19.4. The first case would represent a shallow core, more
affected by the external radiation field, which tends to have
a younger chemistry. The other extreme probably indicates a
denser and more shielded core, where one would expect to find
more complex and evolved molecules. However, note that this
also depends on the timescale needed to form the core (Tafalla
et al. 2004; Crapsi et al. 2005).

We find that CS (see Table 8), an early-time molecule, is
detected in all the cores with abundances with respect to Hj
of a few times 1079, similar to the ones found in other dense
cores (Irvine et al. 1987) or the ones obtained in gas—phase
chemical models (Taylor et al. 1998; Garrod et al. 2004). It is
worth mentioning that cores 14 and 48 show high CS abundance,
one order of magnitude higher than cores 109 and 40. A similar
result is found for the C3*S abundances. The derived abundances
for the early-time molecule HCN toward the cores in our sample
are very uniform, and seem to be independent of their physical
properties. The early-time molecule CN, a molecule that is also
commonly detected in dense cores, also has a significantly lower
abundance (a factor 224) in core 48 than toward the rest of the
sample. Where detected, the CN abundance varies only within
a factor of five. On the other hand, another early-time molecule
such as CsH, shows differences in abundances of at least a factor
of five among cores 14 and 48 with respect to cores 40 and 109.
Late-time molecules, such as NoH* or deuterated molecules,
are not broadly detected in our sample: N,H* is detected except
in core 48. In contrast, N,D* is only detected on cores 40 and
109, and DCO™ only in core 109. We found a higher abundance
of N,H* toward core 40 than toward core 109 by a factor of
~2, while Rathborne et al. (2008) found an abundance of NHj3
toward core 109 higher than that of core 40 by a factor of ~3.4.
However, both cores 40 and 109 show higher abundances in
N,H* than cores 14 and 48. Despite cores 14 and 40 having
a similar average column density, the former shows five times
less abundance of NoH* than the latter. Moreover, core 14 does
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Table 9
Pipe Nebula Core General Properties with Respect to Core 109

Source Diameter Mass Ny, nH, P SPA2 X(N,H") X(CN) X(C3Hp) X(CS)

(pc) (Mo) (10* cm™2) (10* cm™3) (%) “) (1o~ (o' (1o~ (o'
Core 109 0.063 4.00 47.60 36.57 11.0 3.9 2.20 8.54 20.6 40.6

Relative Values

Core 109 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Core 40 16.5 6.3 2.3 14 42 222 20.8 49.1 7.5 16.4
Core 14 11.3 35 2.8 2.5 1.8 40.4 4.0 11.2 1.7 68.2
Core 48 20.2 5.2 1.3 0.6 1.8 83.8 <25 <2.6 <0.6 53.9

Note. ? Franco et al. (2010).

not show emission in any other late-time molecule, while core
40 is detected in N,D* showing an abundance only a factor of
four lower than that of core 109. Briefly, the higher abundances
in cores 109 and 40 with respect to core 14 and in particular to
core 48 (except for CS) are an indication that cores 109 and 40
are more chemically evolved than cores 14 and 48. However, the
molecular abundances of these two late-time species are roughly
an order of magnitude lower than the prototypical starless cores
L1517B and L1498 (Tafalla et al. 2006), which suggests that
cores 109 and 40 may be in an earlier evolutionary stage than
cores in Taurus.

Rathborne et al. (2008) observed the emission of the NHj3
(1, 1), NH;3 (2, 2), CCS (21-1p), and HC5N (9-8) transitions to-
ward 46 cores of the Pipe Nebula. Cores 14, 40, 48, and 109 were
included in their observations. None of the lines were detected
in core 48, which is shown to be again the more chemically poor
core of our sample. HCsN was not detected in core 14, which
also has the weakest CCS and NHj lines. The four transitions
were detected in cores 40 and 109, but with some differences.
The NHj lines are much more intense in core 109, a factor
of ~4 for the (1,1) transition and ~9 for the (2,2) line, while
the CCS line is more intense in core 40, less than a factor of
~?2, and the HCsN lines are very similar in both cores, inside the
rms. All these results are consistent with our observations: core
48, which did not show emission of late-time molecules, is very
poor chemically and shows a very young chemistry. Core 14
has some very weak emission of late-time molecules (NH3) but
only weak emission of CCS, an early-time molecule. Core 40 is
more evolved chemically and shows stronger emission of early-
time molecules than of late-time molecules. Finally, core 109 is
the one showing more diversity of molecules and the more
intense emission, in particular, of late-time molecules. Interest-
ingly, the CCS abundance in core 109 is probably lower than in
core 40, which is consistent with the view that the CCS molecule
is destroyed soon after the formation of a dense core, probably
as a result of the contraction of the core (de Gregorio-Monsalvo
et al. 2006; Millar & Herbst 1990; Suzuki et al. 1992). This
would reinforce the view that this core is in a very advanced
evolutionary state.

In summary, core 109 seems to be the more chemically
evolved core, probably because it is more dense and because
it shows higher abundances of late-time molecules. Core 40,
with three times lower column density, also shows large N,H*
abundances. It might be in an intermediate chemical evolu-
tionary stage. These two cores probably are in an evolutionary
stage slightly younger than that of the prototypical starless cores
(Tafalla et al. 2004; Crapsi et al. 2005). Cores 48 and 14 show
similar physical properties in terms of size, mass, and H, col-
umn density, to cores 109 and 40. However, they appear to be
very chemically poor and, therefore, they could be in an even
younger stage of chemical evolution.

4.4. Evolutionary Trend and Correlation with the Diffuse Gas

Table 9 shows the summary of the main properties of the cores
relative to core 109, which is the one that shows the strongest
line emission. In this table, we show the physical and chemical
properties. Additionally, we added the averaged polarimetric
properties of the diffuse envelope around the cores (Alves et
al. 2008; Franco et al. 2010): polarization fraction (p¢,) and
dispersion of the polarization position angle (§P.A.).

As shown in Figure 2, the polarization vectors calculated from
optical extinction cannot be derived at the more dense regions,
where the visual extinction is higher. In Figure 2, except for
the map of core 48 with the lowest rms, the polarization vectors
lie in regions below the 3o noise level. However, the trend of the
polarization vectors is in general rather uniform over the whole
map. Indeed, there are vectors up to very close to the dense parts
of the cores. Consequently, the derived magnetic field properties
of the diffuse surrounding medium are also representatives of
those of the dense part of the cores.

A relationship between the magnetic and the chemical prop-
erties of each core seems to exist. The two more chemically
evolved cores, 109 and 40, appear to be embedded in a strongly
magnetized environment, as SP.A. values clearly reflect (see
Table 9). The other two cores, 14 and 48, do not show very dif-
ferent morphological properties with respect to the previous two
(size and mass). However, their chemical properties are com-
pletely opposed, and they are likely younger cores in chemical
timescale. Interestingly, the magnetic properties of cores 14 and
48 are also opposed to those of cores 40 and 109. Cores 14 and
48 are surrounded by a molecular diffuse medium that is much
more turbulent than that surrounding the two previous ones.
Core 14 is possibly affected by the star formation undergoing
in the nearby region B59. Core 48 appears to be dominated by
turbulence and constitutes an exception in the stem, whose cores
have uniform magnetic properties among them, showing low pg,
and high §P.A. (Franco et al. 2010).

In summary, these four cores of the Pipe Nebula have similar
masses and sizes, but they are in different stages of chemical
evolution: cores 109 and 40 are much more evolved chemically
than cores 48 and 14. The different magnetic properties of
the diffuse molecular environment suggest that cores 109 and
40 have grown in a more quiescent and slow way (probably
through ambipolar diffusion), whereas the growth of cores 14
and 48 has occurred much faster, an indication that possibly a
compression wave that generates turbulence or the turbulence
itself (Falle & Hartquist 2002; Ballesteros-Paredes et al. 2007).
The longer timescale of the ambipolar diffusion process could
explain the more evolved chemistry found toward the cores
surrounded by a magnetized medium. These features suggest
two different formation scenarios depending on the balance
between turbulent and magnetic energy in the surrounding
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environment. The importance of these results is worth of a more
detailed study of the Pipe Nebula cores in order to fully confirm
these trends.

5. SUMMARY AND CONCLUSIONS

We carried out observations of continuum and line emission
toward four starless cores of the Pipe Nebula spread out along the
whole cloud selected in base of their magnetic properties (Alves
et al. 2008; Franco et al. 2010). We studied their physical and
chemical properties, and the correlation with the magnetic field
properties of the surrounding diffuse gas.

1. The dust continuum emission of the observed Pipe Nebula
cores shows quite different morphologies. In the sample,
there are diffuse cores, such as cores 40 and 48, and compact
and dense cores, such as core 109. We have also mapped
a clumpy filament, which contains the embedded core 14.
This filament is possibly undergoing fragmentation into
smaller cores of sizes comparable to that of the others. We
derived average radii of ~0.09 pc (~18,600 AU), densities
of ~1.3x10° cm™3, and core masses of ~2.5 M.

2. The dust continuum peak coincides within the errors with
A, peak derived from the 2MASS catalog. The continuum
emission is more sensitive toward the dense regions, up to
210 magnitudes for the densest cores. On the other hand,
the diffuse emission is better traced by the extinction maps.
The masses are in average ~3.4 times smaller.

3. We have observed several early- and late-time lines of
molecular emission toward the cores and derived their
column densities and abundances. The starless cores of
the Pipe Nebula are all very young, but they present
different chemical properties possibly related to a different
evolutionary stage. However, there does not seem to be a
clear correlation between the chemical evolutionary stage
of the cores and their position in the cloud. Cores 109 and
40 show late-time molecular emission and seem to be more
chemically evolved. Core 109 shows high abundances of
late-time molecules and it seems to be the more chemically
evolved. Core 40 has three times lower H, column density
than that of core 109. It presents a large NyH* abundance
and the largest CN abundance, thus, it might be in an
intermediate chemical evolutionary stage. Cores 48 and
14 show only early-time molecular emission, and core 14
presents weak NoH* emission, and seem to be chemically
younger than the other two cores. Core 14 has a similar
mass and size as core 40, but the N,H*, C3H,, and CS
abundances are about one order of magnitude lower than
the core 40 abundances. Our results and interpretation of
the evolutionary stage of each core are consistent with the
previous observations of Rathborne et al. (2008) in these
same cores.

4. There seems to be a relationship between the properties of
the magnetic field in the cloud medium of the cores and the
chemical evolutionary stage of the cores themselves. The
two more chemically evolved cores, 109 and 40, appear
to be embedded in a strongly magnetized environment,
with a turbulent to magnetic energy ratio of 0.05 and 0.27,
respectively. The two chemically younger cores, 14 and
48, appear to be embedded in a more turbulent medium.
This suggests that the magnetized cores probably grow
in a more quiescent way, probably through ambipolar
diffusion, in a timescale large enough to develop the richer
chemistry found. On the other hand, the less magnetized
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cores likely grow much faster, probably in a turbulence
dominated process, in a timescale too short to develop late-
time chemistry.

5. The Pipe Nebula has revealed to be an excellent laboratory
for the study of the very early stages of the star formation.
The studied cores show different morphologies, chemical
evolutionary stages, and magnetic properties. The physical
and chemical properties are not directly linked as the
competition between the magnetic field, and turbulence at
small scales seems to have an important influence in the
core evolution. The importance of these results requires a
more detailed study of the chemistry and magnetic field
properties of the cores to fully confirm these results.
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APPENDIX A

CALCULATION OF COLUMN DENSITY AND
MASS OF DUST EMISSION

A.l. Radiative Transfer Equation and Planck Function

The intensity emitted by an assumed homogeneous medium
of temperature T, and optical depth 7, at frequency v is given
by

I, = Bv(Tex)(l - e—n)’ (AD)

where B, is the Planck function,

2hv3 1
B, = S — (A2)

VT T2 ohv/kT _ 1
Here c is the speed of light, k is the Boltzmann’s constant, and
h is the Planck’s constant. The Rayleigh—Jeans limit, hv < kT
(in practical units [v/GHz] « 20.8[7T/K]), does not hold
for MAMBO-II observations (250 GHz) of prestellar cores
(T ~ 10 K), preventing the use of this limit simplification.

A.2. Telescope Measurements

The beam solid angle is Q4 = fbeam PdQ, where P is
the normalized power pattern of the telescope. Assuming that
the telescope has a Gaussian beam profile, P reads P(0) =
exp(—41n262/ QﬁPBW), where 6 is the angular distance from the
beam center. The beam solid angle is

T

= MQHPBW' (A3)

Qy

For discrete sources, we measure flux densities, S,, instead of
intensities, 1,,. These two quantities are related by

S, = / I, PdQ. (A4)



74 Chapter 5: STARLESS CORES IN THE PIPE NEBULA I. HIGH SPECTRAL RESOLUTION OBSERVATIONS

1676 FRAU ET AL.

This integration for a beam area, S?™, allows us to calculate
the beam-averaged intensity as

Sbeam
(Iv) = .
Q4

A.3. From Flux to Column Density and Mass

(A5)

One can calculate the opacity of the emission measured inside
a beam, rl’eam, from Equations (A1) and (AS), relating it to the
measured flux by

b Sbeam
M = —In{1——2—+]. A6
" ! ( Q, Bum) (Ao
On the other hand, the optical depth is defined as
w= [ weds (A7)
line of sight

where «, is the absorption coefficient per unit density.
One can relate the column density to the optical depth and,
thus, to the measured flux using

NH2=/nH2ds=/ P gs=—" (A8)
[ my My Ky

beam
Tl‘

where

which particularized to a beam is N}_’é"’m =
my is the hydrogen mass and p is the mean molecular mass
per hydrogen atom. In the case of optically thin emission, the
intensity is proportional to the column density as Equation (A1)
can be simplified to 1, ~ B,(T)t,.

Then, the mass can be calculated as

M = pmy D? / Ny, dQ, (A9)

which for a beam is MPeam — umy D? Nﬁiam Qy, where D is
the distance to the source. All these calculations can be applied
to any solid angle bigger than a beam.

APPENDIX B

CALCULATION OF COLUMN
DENSITY OF LINE EMISSION

The column density fora J — J — 1 transition of a molecule
(“Mol”) is
3k Quy P/ 1

8mi3gkgr v Sy i2
% Jy (Tex) T
Ju(Tex) - Ju(Tbg) l—e"

Nmol =

/ Tvedv, (B1)
line

which translates into useful units as
-1
|:NM01] — 167 x 1014 Qrot |: S.Ikl . :|
gk &1 L ergem? statC™* cm—2
X I:&] eELI/Tex [ v ]71 7JU(TEX)
D GHz Jo(Tex) — Jv(Tbg)
T |:jiine TMB dV]

l—e7 | Kkms™!

(B2)

Here, J, is the energy in units of temperature, and it reads
J,(T) = ehh/‘;% See the next subsections for a detailed
description of all of the terms involved.
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B.1. Observational Terms
B.1.1. Single Transitions

In the case of single transitions, we have performed a
Gaussian fit to the spectrum or a statistical moment calculation,
both using tasks from the CLASS package. We obtain from
either analysis the main beam temperature, Ty, the line
velocity, v, and the integrated emission, [ Typ dv.

The opacity, 7, is calculated numerically in those molecules
with more than one transition observed. In the other cases, we
have assumed 7 ~ 0.3. The excitation temperature, 7., can be
calculated from the radiative transfer equation as

—1
hv hv/k
Tex = — |In| ——— +1 , B3
k |:n< Tup +Jv(Tbg)+ )i| ®9

l—e 7
In the case of hyperfine transitions, we take into account
all of the hyperfine components of the selected transition. We
have performed a hyperfine fit using CLASS, which provides
A X Ty, viSreneeline “Ay 7, where A is

where Th, is the background temperature.

B.1.2. Hypetfine Transitions

A= f(h(Tex) — Jv(Tbg))’ (B4)

and fis the filling factor assumed to be ~1.

To be able to use Equation (B2) as in the single transition
case, we need Ty, T, and f Twmp dv. We can calculate Ty as in
Equation (B3) calculating Ty as A X T, /Tu, and 7, is given
by CLASS. For the integrated emission, we can use

1 To /
Av = dv ~ T i,
o ‘/I;“et ’ Jv(Tex)_ Jv(Tbg) l—e ™ line mB(v)dv
(BS)
leading to
] —e™™
f Tvp(v) dv = 7o Av(Jy(Tex) — Ju(Tbg))ti- (B6)
line 0

Making these transformations, Equation (B2) can be used for
hyperfine transitions.

B.2. Non-observational Terms
B.2.1. Partition Function (Q,,)

The rotational partition function, Q.o (7), is defined as

Q)= gy gigre PV, (B7)

where the gy factors are the degeneration of the respective
quantic number, in particular g; = 2J + 1.

Equation (B7) can be approximated, in the limit of high
temperatures, by an integral because generally the energy levels
are close together. We are only interested in the high temperature
limit because when the transition is activated, this limit is
accurate enough.

1. Linear molecules. The solution for the diatomic case is
general for any lineal molecule, so long as the molecular
moment of inertia is computed properly for more than two
atoms.
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For lineal molecules g = 1, g = 1 and g; =
(2J+1)/o. o (the symmetry number) is 1 for heteronuclear
diatomic (C-O) or asymmetric linear polyatomic (O-N—N)
molecules, and 2 for homonuclear diatomic (H-H) or
symmetric linear polyatomic (O—C-O) molecules.

The partition function at high temperatures can be
calculated as

1 o0
Oror = f/ QJ + De MBI g g
g Jo

[ 2 B/kT 2
:7‘/ e—(J +J)hB/k d(] +]))

o Jo
1kT
ochB’

~

(B3)

where B is the rotational constant available at the catalogs.
A more accurate expression (Pickett et al. 1992) used in

this work is
. ) . (B9)

O ~ 1 (kT N 1 N
s \nB 3
2. Nonlinear molecules. Nonlinear molecules have up to three
moments of inertia and, thus, three rotational constants
(A, B, C).Inasimilar way as before, but more complicated,
the calculation of the rotational partition function at high
temperatures is

1ohB
—_—
15 kT

Orot = (B10)

Jr <K T>3/ 2
h VABC
B.2.2. Upper Level Energy (E,)

We can calculate the energy of the upper level (E,) as a
function of the lower level (E;) plus the energy of the photon
emitted (both available at catalogues). This is, in units of
temperature and using the units given in the catalogs,

Eu El 5 v
Zul = 14388 +4.799 x 10~ [—] B11)
K cm™! MHz

B.2.3. Intrinsic Line Strength Times Squared
Dipolar Momentum (S j1*)

We can calculate the product of the intrinsic line strength,
Sy, and the squared dipolar momentum, 42, from the Qy at
300 K (Q3%), the line strength (LogINT) at 300 K and the
lower state energy (E;). All of these parameters are available in
the catalogs.

In a usable form,

lologINT
] = 24,025 x [72]

Su?
ergcm? statC~2 cm—2 D2 Hznm

0 V77! 5| E
x Q3 [MHZ] (exp{4.796 % 10 [Cmq]})

x (1 —exp[—l.6>< 1077 [M';{Z]])_l. (B12)
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ABSTRACT

The Pipe nebula is a massive, nearby, filamentary dark mlalecioud with a low star-formationfciency
threaded by a uniform magnetic field perpendicular to itsmaais. It harbors more than a hundred, mostly
quiescent, very chemically young starless cores. The diuberefore, a good laboratory to study the earliest
stages of the star-formation process. We aim to investitp¢rimordial conditions and the relation among
physical, chemical, and magnetic properties in the evatutif low-mass starless cores. We used the IRAM
30-m telescope to map the 1.2 mm dust continuum emission efniéw starless cores, which are in good
agreement with previous visual extinction maps. For thepdarof nine cores, which includes the four cores
studied in a previous work, we derived®g to Ny, factor of (1.270.12)x107%! mag cn? and a background
visual extinction of~6.7 mag possibly arising from the cloud material. We derapdverage core diameter of
~0.08 pc, density 0£10° cm 3, and mass ot 1.7 M. Several trends seem to exist related to increasing core
density: () diameter seems to shrinkij)(mass seems to increase, aiid) chemistry tends to be richer. No
correlation is found between the direction of the surrongdiiffuse medium magnetic field and the projected
orientation of the cores, suggesting that magnetic fieldss® play a secondary role in shaping the cores.
We also used the IRAM 30-m telescope to extend the previodsaular survey at 1 and 3 mm of early-
and late-time molecules toward the same five new Pipe neballess cores, and analyzed the normalized
intensities of the detected molecular transitions. We cowil the chemical dierentiation toward the sample
and increased the number of molecular transitions of théusk” (e.g. the “ubiquitous” CO, £1, and CS),
“oxo-sulfurated” (e.g. SO and G@H), and “deuterated” (e.g. MM*, CN, and HCN) starless core groups.
The chemically defined core groups seem to be relatedTereint evolutionary stages: ‘ftlise” cores present
the cloud chemistry and are the less dense, while “deutfratges are the densest and present a chemistry
typical of evolved dense cores. “Oxo-sulfurated” coreshnlze in a transitional stage exhibiting intermediate
properties and a very characteristic chemistry.

Subject headingsISM: individual objects: Pipe Nebula — ISM: lines and bandSM — stars: formation

1. INTRODUCTION netic fields, is acting. In fact, Franco et al. (2010) founaltth
The Pipe nebula is a massive 10, Onishi et al. 1099) ~ MOst of the Pipe nebula is magnetically dominated and that

nearby (145 pc: Alves & Franco 2007) filamentary dark cloud fUrbulence appears to be sub-Ahic. Alves et al. (2008)
located in the southern sky (Fig. 1). Whafferentiates the have distinguished three regions in the cloud witfiedenti-
Pipe nebula from other low-mass star-forming regions ssch a latgd polarization properties, gropth(led to ble fednt 3\’0'
Taurus angh-Ophiuchus is that it is very quiescent and has a utlonaryé sr:_a%es (lF'g' 1). BS9, W'td. ow po a“ZAat'OF‘ ﬁgre
very low star-formation fiiciency, only the Barnard 59 (859)  (P») and high polarization vector dispersiosP(A.), is the
region shows star formation (Forbrich et al. 2009; Brooke et ©Nly magnetically supercritical region and might be the mos
al. 2007; Roran-Zifiiga et al. 2009, 2012). The cloud harbors €Volved, thestemwould be at an earlier evolutionary stage,
more than one hundred low-mass starless dense cores in a ve dhflnallyl,_ thebow, W'trr‘] high py agdl |°Y"5E'A" would be |
early evolutionary stage (Muench et al. 2007; Rathborné et a &t the earliest stage. The Pipe nebula is, hence, an excellen
2008). Thermal pressure appears to be the dominant sourcRlace to study the initial conditions of core formation whic

of internal pressure of these cores: most of them appear td“?:y eventulallyé dee;}go st?tr folgmatlo?. d the i

be pressure confined, but gravitationally unbound (Lada eta _ 1au et al. (2010, hereafter Paper I) presented the first re-
2008). Through simulations of an unmagnetized cloud com- SUlts of a molecular line study at high spectral resolution f
patible to the Pipe nebula, Heitsch et al. (2009) predicted-p %Samp'e ofbfolur COLGS C!IS'[I’I?ULed in theferent reglﬁns of |
sures lower than those required by Lada et al. (2008). Thisth® Pipe nebula. The aim of the project was to chemically

result suggests that an extra source of pressure, such as maﬁste the cores through an extensive molecular survey based i
0 main categories of molecules: early- and late-time.(e.g

“Based on observations carried out with the IRAM 30-m telpsctRAM is Taylor et al. 1998). In addition, we mapped the 1.2 mm dust
supported by INSYCNRS (France), MPG (Germany), and IGN (Spain). continuum emission of the cores. We found no clear correla-
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Figure 1. Position of the observed cores plotted over the 2MASS etxtinenap of the Pipe nebula (Lombardi et al. 2006). Black segsy@miresent the mean
polarization vector of the region (Alves et al. 2008) witle #tale shown on the top left corner of the figure. White boxpitihe size of the 1.2 mm continuum
maps (Section 2.1 and Fig. 2 of both Paper | and the presen)widnke dashed lines separate the thrékedeént magnetically defined regions (Alves et al. 2008).
The lowest visual extinctionAy) corresponds to 0.5 magnitudes. The highfests observed toward thigowl and B59 regions, where it reaches approximately

20 magnitudes.

Tablel
Source List Observed in Paper | and in this Work.

b

uitous” molecular transitions present in all the coresHC
¢c-CsH,, HCO', CS, SO, and HCN), “oxo-sulfurated” cores
(Ay~15-22 mag) with emission of molecules lik80, SQ,
and OCS, only present in this group, and finally, “deuterated

2(J2000)  §(J2000)  visr
Sourcé hms (kms') Regior? cores Ay>22 mag), which present emission in nitrogen-
Core 06 171031.6 -272551.6 +3.4 B59 and deuterium-bearing molecules, as well as in carbon chain
Corel4 1712340 -272116.2 +35 B59 molecules.
gO’e ig g ;i E-i ;Z gg gg-;’ +§g gtem In this paper, we further explored observationally the re-
cg:Z 47 1997296 2656060 :2'8 sim lationship among structure, chemistry, and magnetic figld b
Coreds 1725590 2644118 436 Stem extending the sample in five new Pipe nebula cores, for a total
Core65 1731205 -2630361 +5.0 Bowl of nine, and several new molecular transitions. We repeated
Core74 1732353 -261554.0 +4.2 Bow and extended the analysis conducted in Paper | for molecu-
Core 109 1735485 -253305.8 +5.8 Bow lar (temperature, opacity, and column density estimated) a

a According to Lombardi et al. (2006) numbering.
b Rathborne et al. (2008).
¢ According to Alves et al. (2008) filise gas polarimetric properties.

tion between the chemical evolutionary stage of the cords an
their location in the Pipe nebula and, therefore, with thgda

scale magnetic field. However, at core scales, there arg hint
of a correlation between the chemical evolutionary stage of

the cores and the local magnetic properties. Recently, &rau
al. (2012, hereafter Paper Il) have presented a 3+vhEiGHz

continuum (dust parameters estimates and comparison with
previous maps) data. We also derived and analyzed the molec-
ular line normalized intensities as in Paper Il. For the satke
simplicity, we omit here technical details, which are widel
explained in Papers | and Il.

2. OBSERVATIONS AND DATA REDUCTION
2.1. MAMBO-II observations
We mapped cores 06, 20, 47, 65, and 74 (according to Lom-

wide chemical survey toward fourteen starless cores in thebardi et al. 2006 numbering) at 1.2 mm with the 117-receiver

Pipe nebula.
the molecular line normalized intensity by dividing the spe
tra by the visual extinctionAy) peak, similar to the defini-
tion of the abundance. We found a clear chemiciedentia-

In order to avoid a density bias, we defined MAMBO-II bolometer (array diameter of 240 of the IRAM

30-m telescope in Granada (Spain). Core positions arel liste
in Table 1. The beam size is11” at 250 GHz. The ob-
servations were carried out in March and April 2009 and in

tion, and normalized intensity trends among the coresaélat January and March 2010, in the framework of a flexible ob-
to their Ay peak value. We defined three groups of cores: serving pool, using the same technique and strategy as in Pa-
“diffuse” cores A,<15 mag) with emission only of “ubig-  per I. A total of 16 usable maps were selected for analysis: 4
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Table 2 the six hyperfine components of the transition (spanningfro
Molecular transitions observed toward the Pipe nebulascaith the IRAM 87.284 to 87-446 GHz; Table 4 of PaijVanl et al. 2009). Fre-
30-m antenna. qguency switching mode was used with a frequency throw of
eres Do boan — 7.5 MHz. System temperatures ranged frot®0 to~125 K.
\'A oy .

Molecule  Transitior (GHz) 0 eficiency  (kmsl) Type Table 2 shows the transitions an'd frequencies ot_)served, as
CH, (il 853389 288  0./8.81 0.07 E well as the beam sizes andieiencies. Column 6 lists the
CoH (1-0) 87.3169  28.1 +40.81 0.07 E velocity resolution corresponding to the channel resotutf
HCN (1-0) 88.6318 27.7  0.7@81 0.07 E the VESPA autocorrelator (20 kHz). Column 7 specifies the
'\é%'i's (12—2) ggﬂgg 22‘;‘; 0-7“-28 882 'é evolutive category of each molecule (i.e. early- or lateeti

CH-OH @1 : ) 70- ' molecule). We reduced the data using the CLASS package

3 (212-111) 967394 254 -0.80 0.06 L? . -
CHOH  (Zoo-Toy) 967414 254 10,80 0.06 ) of the GILDAS software. We obtained the line parameters
cs (2-1) 97.9809 251  0.(BSO 0.06 E either from a Gaussian fit or from calculating their stadisti
c'®o (1-0) 109.7822 224 #0.78 0.05 E moments when the profile was not Gaussian.
Bco (1-0) 1102014 223 0.78 0.05 E
CN (1-0) 113.4909 21.7 0.7:78 0.05 E 3. RESULTS AND ANALYSIS
c¥s (3-2) 146.6171  16.8 #0.74 0.04 E . . . o
cs (3-2) 146.6960  16.8 10.73 0.04 E In this Section, we present the dust continuum emission
ND* (2-1) 1542170 160  0.70.72 0.04 L maps for five new Pipe nebula cores to be analyzed together
DCO* (3-2) 2161126 114 05062 003 L with the four cores already presented in Paper I. We also
cto (2-1) 219.5603  11.2 40.61 0.03 E . - - -
co (2-1) 5203986 112 "0.61 0.05 E present molecular line observations for the new five cores in
CN @-1) 2268747 109  O0BR60 0.03 E the same transitions presented in Paper |, as well as several
N,D* (3-2) 231.3216  10.6  0.60.59 0.03 L new transitions for the nine cores. Finally, following Pape
H*cO* (3-2) 260.2554 95  0.38.53 0.02 L analysis, we derive the normalized intensities of the detec
2 [HPBW/""]=2460<[freq/GHz] * molecular transitions. A detailed explanation of the mdtho
(httpy//www.iram.eg RAMES/telescopftelescopeSummafglescopesummary.html) ology can be found in Papers | and Il.

b ABCD and EMIR receiver, respectively
¢ Spectral resolution. . L
4 E = Early-time. L= Late-time. See Paper | for details. 3.1. Dust continuum emission
In Fig. 2 we present the MAMBO-II maps of the dust con-
‘tinuum emission at 1.2 mm toward the five new cores of the
Pipe nebula, convolved to a 2%.Gaussian beam in order to
improve the signal-to-noise ratio (SNR), and to smooth the
appearance of the maps. Table 3 lists the peak position of
the 1.2 mm emission after convolution, the dust temperature
(Rathborne et al. 2008), the rms noise of the maps, the flux
density and the value of the emission peak. Additionally,
we also give the derived full width half maximum (FWHM)
equivalent diameter, Hcolumn density N,), H> volume
22 Line observations density (n,) density, and mass for each core (see Appendix A
i o ) in Paper | for details). These parameters are derived frem th
We performed pointed observations within the regions of emjssion within the 3~ level and discussed in Section 4.
the cores 06, 20, 47, 65, and 74 with the ABCD and EMIR The flux density of the cores ranges betweeéh40 and

heterodyne receivers of the IRAM 30-m telescope covering 1 .52 Jy, while the peak value ranges betweetl and
the 3, 2, 1.3 and 1.1 mm bands. The observed positions were.43 mJy beamt. The maps of Fig. 2 show the fiérent
either the C®0 pointing center reported by Muench et al. morphology of the five cores. Core 06, located in the most
(2007, depicted by star symbols in Fig. 2), or the pointing eyolved B59 region, shows one of the weakest emission lev-
position closer to the dust continuum peak (circle symbols e|s (~0.6 Jy) of the present sample. It is the most compact
in Fig. 2). The epochs, system configuration, technique, and(.g o5 pc) and densest{.5x10° cm®) core of the five. It
methodology used are the same as in Paper |. We present alsgnows similar physical properties to core 14 (Paper 1), also
new molecular transitions observed toward the whole sam-j, the B59 region. The two cores located in tsiem 20
%e of nine cores in the same epochs as Paper k@  4nd 47, show a very fiuse nature with elliptical morpholo-
CcO iﬂd.é O in the (1-0) and (2-1) transitions, and CS gies similar to the previously presentsttmcore 48. The
and C*S in the (3-2) transition._System temperatures, in three of them have similar physical properties in terms zi si
Twvs scale, ranged from 200 to 275 K (3 mm) and from 440 (~0.09 pc) and density~@x10* cm3). The bowl cores, 65
to 960 K (1 mm) for good weather conditions, and reached a4 74, do not show a defined morphology. Their sizes, den-
450 K (3 mm) and 3200 K (1 mm) for bad weather condi- sjties and masses are veryfdient. Core 65 is more com-
tions. . . ) pact and denser, while core 74 shows properties comparable
Additional pointed observations were performed in August g those of thestemcores. The morphology of the dust contin-
2011 toward the dust emission peak of cores 06, 14, 20, 40,,ym emission for all the cores is in good agreement with that

47, 48, 65, and 109 (Table 3 of both Paper | and the preseniyf previous extinction maps (Lombardi et al. 2006; Rom
work). The EMIR EO receiver, together with the VESPA au- zgijga et al. 2009).

tocorrelator at a spectral resolution of 20 kHz, was tuned to
the GH (1-0) transition. Six spectral windows were set to 3.2. Molecular survey of high density tracers

1 MOPSIC and GILDAS data reduction packages are available at Ve present molecular line data obsegved toward the dust
httpy/www.iram.ff/IRAMFR/GILDAS continuum emission peak or toward théO peak position

for cores 06 and 74, 3 for cores 20 and 47, and 2 for core 65
The weather conditions were good, with zenith optical depth
between 0.1 and 0.3 for most of the time. The average cor-
rections for pointing and focus stayed belotvahd 0.2 mm,
respectively. The maps were taken at an elevatiog 2%
because of the declination of the sources.

The data were reduced using MOPSIC and figures were cre
ated using the GREG package (both from the GILDASft-
ware).
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Figure2. IRAM 30-m MAMBO-II maps of the dust continuum emission at 1.2 noward five cores of the Pipe nebula. The grayscale leveldifdtteamaps
are 3 to 18 times 5.75 mJy beah The contour levels are 3 to 10 timesin steps of 1e, where 1le is 4.0, 4.5, 4.9, 4.4, and 4.3 mJy bednfor core 06,
20, 47, 65, and 74, respectively. The red thick contour mar&shalf maximum emission level of the source (Table 3). Blacisstalicate the €80 pointing
center reported by Muench et al. (2007). Black filled cirdielicate the position where line observations have beefoieed, if diferent from the Muench et
al. (2007) position, closer to the dust continuum emissionimasm which falls into the beam area. The blue vectors depipiilarization vectors found by
Franco et al. (2010). In the bottom left corner of the bottorddfe panel the convolved beam and the spatial scale for the arashown.

Table3
1.2 mm continuum emission parameters.

a(J20002  §(J20002  Tqust rms S, | Peak DiametePP N, © NH, © Mass®
Source hms oy (K)  (mJybeam?) (Jy) (mJybearmt) (pc) 1Fem?) (10fcm3)  (Mg)
Core06 171031.8 —-272551.3 109 4.0 0.58 42.6 0.051 16.18 15.449  0.88¢
Core20 1715115 -273447.9 152 45 1.52 42.6 0.088 7.33 4.04 1.20
Core47 1727243 -265722.2 12% 4.9 0.73 28.5 0.093 4.17 2.18 0.76
Core65 173121.1 -263042.8 109 4.4 0.48 36.1 0.053 12.39 11.38¢  0.739
Core74 1732353 -261554.0 109 4.3 0.40 21.4 0.097 3.4 1.569 0.614

a Dust continuum emission peak.

b Diameter of the circle with area equal to the source areafgiatisl, > 176242

¢ Assumingkoso H=0.0066 cm g~* as a medium value between dust grains with thin and thick icelesafOssenkopf & Henning 1994). See Appendix 1 in
Paper | for details on the calculation.

d No kinetic temperature estimate, therefore we assumed 10 Kilomsthe average temperatures of the other cores in the Pipar(@&athborne et al. 2008).

€ Adopted to be equal to the kinetic temperature estimated fréty (Rathborne et al. 2008).

reported by Muench et al. (2007, for more details see Fig. 2), In Figs. 8-12, we show the spectra of th&elient molec-
defined as the core center and supposed to exhibit brighteular transitions observed toward the dust continuum epnissi
emission from molecular transitions. As discussed in Phper peak of each core. Figures 8-9 show the molecular transi-
the chemical properties derived toward the dust emissiak pe tions with and without hyperfine components, respectively,
are representative of the chemistry at the core center. Ourfor the five new cores. The new molecular transitions for
higher resolution dust emission maps show a petdebwith the whole sample of nine cores are shown in Figs. 10-11,
respect to the &0 for cores 20 and 47. For the former one, for those with hyperfine components, and Fig. 12, for those
the dfset is only~20” while for the latter, more dliuse one,  without hyperfine components. Table 4 summarizes the de-
the dfset is of~130’(see Section 4.4). tections or the & upper limits of the non detections toward
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Figure3. Selected normalized molecular transitions toward the oleseceres. The brightest transition is shown for th¢iCCH3OH, and HCN lines. The
scale is shown in the bottom right spectrum. The normalizezhaity axis ranges from -0.33 to 1, while the velocity axiarsp5 km s! centered at the systemic
velocity of the core.Rows individual cores, labeled on the left-hand side of the ®gwrdered by it#Ay peak. Columns molecular transition, ordered by
molecular families, labeled on the top of the figure. The spdtave been divided byd, /100 mag] to mimic the abundance, where evalue is that at the
respective core center (Ra@am-Zifiiga et al. 2010) given below the core name. Each moleculasitiam has been multiplied by a factor, given below its name,
to fit in a common scale.

the whole sample of nine cores. We found that early-time broader profilesAv<0.5 km s? if “bright”). In some cases,
molecules are broadly detected over the whole sample. Sevihis broadening can be explained in terms of a second velocit
eral of them were detected toward all the cores:30OH (2-  component generally merged with the main one (cores 06 and
1), CSin the (2-1) and (3-2) transitions, d@0 and C°0  20in CS, and cores 06, 14, 47, 74, and 108R0).

in the (1-0) and (2-1) transitions. On the other hand, only a In addition to the line parameters, we derived the molecular
few cores present emission of late-time molecules. Thescore column densities for all the detected species (see Appdhdix
with ny,>10° cm~3 (06, 14, 40, and 109 but not 65) presented in Paper | for details) which are listed in Tables 8-9. For the
more detections than shallower cores and, indeed, were théransitions with detected hyperfine componentsHCHCN,

only cores presenting M+ emission. Tables 6-7 give the N:H*, CH3OH, and CN), we derived the opacity using the hy-
parameters of the detected lines. Regarding the line properperfine components fitting method (HFS) of the CLASS pack-
ties, thev, sg measured for dierent species are generally con- age. For the molecular transitions observed in more than one
sistent within 0.2 kms'. Intensities vary significantly over isotopologue, this is CS and®¢S in the (2-1) and (3-2) tran-
the sample: cores 06, 40 and 109 are generally bright whilesitions, and*CO and C®O in the (1-0) and (2-1) transitions,
the rest of the sample shows fainter emission. “Bright”dine we derived numerically the opacity. Table 10 shows the H
(Tms>0.2 K) are mostly very narrow (0gAv<0.3 km s1), column density of the cores forfiiérent angular resolutions.
although transitions of CO and CS isotopologues can showTables 11-12 give the molecular abundances with respect to
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Figure4. Normalized integrated intensityA( * fTMde) of selected molecular transitions divided by its maximum gads a function of the logarithm of
the coreAy peak. Each panel shows the molecular transition in the tdg dgrner. The backend is labeled below the molecular tiansiVESPA panels
present the nine cores of Paper | and present work, while ER8lp present the fourteen cores of Paper Il. Filled cirepsesent the nine cores of Paper | and
present work, stars represent the other six cores from Re(@8, 12, 33, 56, 87, and 102), and arrows represent uppetsli Molecules have been split into
the three categories defined in Paper Il, labeled on the tepa group. The blue dot-dashed and red dashed verticaltinek the transition from “diuse” to
“oxo-sulfurated”, and from “oxo-sulfurated” to “deuteeaf’ cores, respectively. The horizontal dashed line markérd of the peak value which helps to show
the behavior change of the “oxo-sulfurated” and “deutetaliees in our sample. The maximum values for each moleculasttian are, in K km st mag?,
0.114, 0.036, and 0.030 for the ubiquitou%SO, CS, and @H, 0.059 and 0.025 for the “oxo-sulfurated” SO and4CHH, and 0.003, 0.010, and 0.019 for the
“deuterated” c-GHD, NoH*, and HGN, respectively.

Table4
Summary of detections and upper levels in K toward the Pipelaeies.

the coreAy peak of a selection of detected molecular tran-

sitions toward the sample of Paper | and the present work.
Some of the lines were already presented in Paper Il (except
for core 74), although here are shown with a higher spectral

Molecular Core
transitions 06 14 20 40 47 48 65 74 109 Egsolution gag.g., the 3 mm4Bl, c-GH,, and HCN line). The
- CO and C°O isotopologues can be considered as “ubiqui-
ngﬁéz(lf_é)w) j j 052 j j 037 e o7 j tous” because they are present in all the observed cores (for
HCN (1-0) v o021 Vv v° v - o018 y cores 40,48, and 65, the CO lines present intense emission
NoH* (1-0) N Yy 008 vy 007 006 011 v but were observed toward a position that f&set from the
C¥s (2-1) Vo v v o v v 007 v v  corepeak position). Their general trend is to decreaseras de
C*’égt’z(_zl;l) j j j j ‘/‘/b “j v :// j sity increases. The¥S (2-1) line, which is optically thin,
%0 (1-0) ¢ yb yv - g» = _ g o showsasimilartrend as the main isotopologue (see Paper II)
13CO (1-0) NN LIV VL - -y v considered also as “ubiquitous”. The decrease in the nermal
CN (1-0) v ¥ 025 y vy 017 011 019 v jzed intensity in the CS lines is only apparent for the denses
CCSS((33—22)) 0‘-/10 j j N 0;?6 0.16 %08 3-24 :// core 109. The CN normalized intensities are larger toward
A the densest cores, which suggests that CN is typically asso-
S‘é?y ((23,12)) O;/O ! 1(.)%112 2(,)5137 0v 61 0.0 05?36 0.08 0(‘,9;0 ‘j ciated \+/vith the “geuterated" group. Late time species, such
C80 (2-1) VooNb Wh b yr oy oy vy asNH anq ND*, are only present in '.[he‘denses_t cores and
3Co (2-1) v oovb ooy - y* - - v y® their emission tends to be brighter with increasing density
Ncg‘}%s—l;) g-gg ggz s 019-370 - 1%15 - 103-24 0.90¢confirming that both species are typical of the “deuterated”
Hisco" (32) 120 152 198 140 _ 238 _ 184 134 9TOUP- These general results are in agreement with the-obser

a Paper | results are included. The transitions marked with — have not been observed
Those marked with/ have been detected toward the corresponding core. Otherwise, the

30~ upper limit is shown. In the seventh column of Table 2, early- and late{ainels
are listed for each molecule.
b Observed toward the extinction peak.

Hy.

Figure 3 shows the normalized intensities with respect to

vational classification of cores presented in Paper I, tvigc
based on a wider molecular survey at 3 mm.
Finally, we defined the observational normalized integtate

intensity (NII) as(fTMde) /Ay, to illustrate the dferent
behavior of the molecular transitions that motivated the ob
servational core classification proposed in Paper Il. Egur
shows NIl divided by its maximum value in the sample for se-
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lected molecular transitions typical of the three core geou
“diffuse”, “oxo-sulfurated”, and “deuterated”. “Ubiquitous” L
species are present in all the cores and their NIl tends to 10
decrease as the central density increases indicating-possi [
ble depletion. “Oxo-sulfurated” species show low NII val-

ues except for a narrow range of densiti@g415-22 mag). 08
CH3OH (2p2—101) shows a similar behavior to the “oxo-

sulfurated” species previously identified (e.g. SO,,Sé&nd =
OCS; Paper 1l) but seems to peak at slightly larger densities 06

(Av~20-23 mag). “Deuterated” species are only present to-
ward the densest cores and their NIl values increase with in-

creasing density. 04

3.3. LTE status through hyperfine structure 0.2l

We followed the procedure developed in Padovani et al.
(2009) to study the departures from Local Thermodynamic
Equilibrium (LTE) of two of the molecular transitions with
hyperfine components,.& (1-0) and HCN (1-0), toward the r ‘

Pipe nebula starless cores. By comparing ratios of intedrat Lar
intensities between couples of tith and j-th component, r
R, itis possible to check for opacity degree and LTE depar- 12r
tures (Fig. 5). Under LTE and optically thin conditions, the H
relative weightings of gH (1-0) hyperfine components have 1ok

32

the form 1:10:5:5:2:1, whereas for HCN (1-0) the relative in [
tensities are 3:5:1. Figure 5 suggests that cores 40 and 109 08l
are the most optically thick, in agreement with the determi- r
nation ofr from the HFS fit in CLASS (Table 6), while the
other cores are optically thin. Core 20 is a particular case
because it showRs, and Ry3 values in GH that cannot be
reproduced with any value af This can be explained as the
result of enhanced trapping due to an overpopulation of the
(N, J,F) = (0,1/2,1) level, where mosi = 1 — 0 transitions ' ) R,

end (except for components 3 and 6; Padovani et al. 2009).

This means that these results have to be thought in a qual¥igure5. Ratio of the integrated intensities of couples of componefits

itati i i intringic i it C,H (1-0) upper panelsee Table 5 in Padovani et al. 2009 for labels) and
itative way, since lines of very fierent inrinsic intensities HCN (1-0) (ower pane] see Table B.1 in Padovani et al. 2011 for labels).

eXper'ence df_ere_nt balance_between trapp!ng and collisions Empty circles observational data labeled with the respective core number
leading to excitation anomalies. The hyperfine components 0 Red solid line one-slab LTE model, optical depth increases in the arrow

HCN (1-0) do not obey the LTE weightings. For instance, as direction (see Padovani et al. 2009 for details).

shown in Fig. 8, core 6 isfiected by strong auto-absorption

of the F=1-1 andF=2-1 components. Similarlff=1-1 is

stronger tharF=2-1 in core 20. A more reliable determina- However, the comparison evidences that the 1.2 mm maps
tion of the HCN abundance would be given by tR€ (or underestimate the column density in average byAanof

13N) isotopologue of HCN (Padovani et al. 2011). In general, 6.7 mag, which is likely the contribution from thefilise
cores seem to be close to LTE with those next to the optically cloud material. As a consequence, g peak values of the

thin limit showing the smallest LTE departures. cores (from Rorﬁn-znlﬁiga etal. 2009, 2010) should be taken
as upper limits of their column densities.
4. DISCUSSION The statistics of this study have increased with the whole

4.1. Observational maps and physical structure of the cores Nin€é core sample. In Table 5 we show the main physical,
o ] ) chemical and polarimetric properties of the starless coits

The extinction maps show that the cores in the Pipe nebularespect to core 109 ordered by its decreagiggpeak. Col-
are surrounded by afflise medium (see Fig. 1 and Lombardi ymn and volume density, and total mass tend to decrease ac-
et al. 2006). Roran-Zifiga et al. (2012) show that the 1.2 cordingly. On the contrary, the core diameter tends to in-
mm continuum MAMBO-II maps underestimate the emission crease. This suggests that as density increases the ciotesshr
from the dffuse molecular component due to the reduction and it becomes more compact. This is expected for structures
algorithms (see also Paper I). To study thifeet, we com- iy hydrostatic equilibrium such as Bonnor-Ebert spheresy(F
pal’ed, at the center of the nlne_COreS,m’ﬂ@deered from the et all’ in prep.)_ Under such assumption, the cores would be-
MAMBO-II maps (Table 10) with theé, value from the ex-  come denser with time while developing a richer chemistry.
tinction maps of Roran-Ziiiiga et al. (2009, 2010). We found  Thjs likely trend is supported by the clear correlation of th
a statistically significant correlation that can be expeeisas core chemistry with the visual extinction peak of the core,an

therefore, its central density and structure.
Ay = (6.7 1.5) + (1.27+ 0.12) x 10"2!N,. 1)

The proportionality factor is compatible with the standard
value (1.25&1072! mag cn¥; Wagenblast & Hartquist 1989).

4.2. Relationship between the large scale magnetic field and
the elongation of the cores
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Figure 6. Relation of the core major axis orientatidhde) to different phys- Figure7. Top panel line width of the GH (1-0) and NH* (1-0) lines,
ical parametersa: fcore against mean polarization anglé§) of the corre- colored in red and blue, respectively, as a function of tigafithm of the
sponding observed field (Franco et al. 20U0): Gpo-6core @s a function of coreAy peak. Bottom panel Same as top panel but foy thé®o (2-1) and
core Ay peak (Ronman-Zifiga et al. 2009, 2010), polarization fractiopy) CH3OH (2-1) lines, colored in red and blue, respectively. Gadodashed
and polarization angle dispersiaf(A.), respectively. horizontal lines show the corresponding thermal line widthefach molecule

for atemperature of 10 K. Vertical dotted lines mark fyepeak of each core,
. . L which in the case of similar values (cores 47 and 48, and 20 B)ltkte been
The Pipe nebula cores are embedded in a suleidy  sjightly displaced. (

molecular cloud that is threaded with a strikingly uniform . . .
magnetic field (Alves et al. 2008; Franco et al. 2010). Thus, (2008), the_cores in the Pipe nebu_la evolvg on acoustic, and
it is possible that the core formation is related to the méigne  thus, slow timescales-(.0° yr), allowing ambipolar dfusion
field and its direction is related to the core elongationg- Fi {0 have significant @ects. Furthermore, the lack of spheri-
ure 2 of both Paper | and the present work show that the po-cal Symmetry demands an anisotropic active force. Projecti
larization vectors calculated from optical data cannatarthe  fects, together with the small statistical sample, require a
densest part of the cores although the vectors lie very ¢tose deeper study of the magnetic field properties in order to ex-
the core boundaries. To derive the orientation of the core ma tract firm conclusions.
jor axis, we computed the integrated flux within the FWHM L . .
contour for a series of parallel strips (1Wide), with position 4.3. Velocity dispersion analysis
angles in the -90to 90" range. The major axis is oriented Figure 7 shows the FWHM line width of four selected
in the direction with the largest integrated flux on the fewes molecular transitions at 3 mm as a function of the cAge
strips. We found no correlation between the orientation of peak. Whereas the® and CHOH lines show an almost
the major axis of the coré.ore and the mean magnetic field constant line width of 0.3-0.4 knTs for most cores (ex-
direction around the coresg, see Fig. ). To investigate  cept core 65), the €1 and NH* lines have a lower line
more subtle fiects, we compared for each core thifatence  width, 0.20-0.25 km, except for the cores with lower vi-
between polarization position angle and the major axiserie sual extinction (47, 48 and 20). The values of tHé@line
tation @por-0core) With respect to thé\, peak, the polarization  are in agreement with those found by Muench et al. (2007)
fraction (py,) and polarization angle dispersiosiP(A.) esti- with lower angular resolution. In most cases, the line wsdth
mated in a region of few arc-minutes around the cores (Francaare only 2—3 times the thermal broadening at 10 K. These
et al. 2010). The results of these comparisons are shown irine widths imply a subsonic non-thermal velocity dispensi
panelsb, ¢ andd of Fig. 6, respectively. Again, it seems that oy, of 0.06-0.09 kms for the NbH* and GH lines, re-
there are no clear correlations between these quantities. spectively, and of 0.12—0.16 km'sfor the C80 and CHOH
These results suggest that the well-ordered, large scaldines, respectively. Therefore, the thermal pressure dates
magnetic field that may have driven the gas to forn-thb pc the internal pressure of the cores, which is a general charac
long filamentary cloud has littlefiect in shaping the mor-  teristic of the Pipe nebula (Lada et al. 2008). For the higher
phology of the~0.1 pc cores. At intermediate scales, Peretto density coresAy> 17 mag), smalleryt for the NbH and
et al. (2012) suggest that a large scale compressive flow ha€,H lines with respect to €0 and CHOH lines suggests
contributed to the formation of a rich, organized network of that the former transitions are tracing the inner regiorthef
filamentary structures within the cloudp.1 pc wide and up  core. However, cores 47 and 48 present a peculiar reverse
to a few pc long, which tend to align either parallel or perpen case in the line width properties, i.e., thetCand N\H* lines
dicular to the magnetic field. If this is the case, then, nathe are significantly wider and clearly supersonic. This is com-
than ambipolar dfusion, other mechanisms such as a com- patible with the plausible scenario of core 47 (and probably
pressive flow should play a major role in the formation of the core 48) being a failed core in re-expansion (Frau et al. 2012
Pipe nebula cores. However, as pointed out by Lada et al.on which the centrally synthesized and initially narrowHN
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Table5
Pipe nebula Core General Properties with Respect to Core 109

Source  Diameter Mass Ny, NH, p'gﬂ, SPAP  X(CBO) X(CS) X(GH) X(C3Hz) X(CH3OH) X(CN)  X(NzH*)
(pc) Mo)  (10%'emr?)  (10%cm®) (%) () @oty @oty oty ot @t @ty ot
Core 109 0.063 4.00 47.60 36.57 11.0 3.9 1324.6 40.2 34.1 52.8 44.3 8.7 2.2
Relative Values (%)
Core 109 100 100 100 100 100 100 100 100 100 100 100 100 100
Core 40 165 63 23 14 42 222 517 168 335 52 272 480 208
Core 06 86 23 32 38 22 249 323 315 125 12 609 105 243
Core 14 113 35 28 25 18 404 1051 752 89 7 368 121 44
Core 20 141 28 14 10 29 160 752 576 295 <7 186 <36 <37
Core 65 105 26 23 22 126 80 608 - <3 <2 99 <13 <20
Core 74 154 16 7 4 140 84 303 435 <3 <5 96 <27 <36
Core 48 202 52 13 6 18 838 553 539 162 <2 72 <20 <25
Core 47 146 19 9 6 56 101 521 - 298 13 204 511 117

2 Molecules are ordered from earlier to later synthesizat@uores are ordered in three groups following Paper II.
b Franco et al. (2010)

and GH (1-0) lines are now part of the disrupted gas. But (see Section 4.3) support this scenario.

it is puzzling that the €0 and CHOH lines are still narrow Core 65, located in thBowl, is the central core of a group
and subsonic, unless they trace a part of core that stillirmma of three (see Fig. 2). Its density is in the limit between #os
unperturbed. A complete mapping of these cores is needed t@f the “diffuse” and “oxo-sulfurated” cores. It has a very

reveal their striking nature. poor chemistry with only “ubiquitous” early-time molecsle
detected (CO, CS, and GBH) with abundances among the
4.4. Discussion on the individual cores lowest of the sample. The line widths0.6 km s, appear to

be larger than those of the other cores.
Finally, core 74, located in thiowl, is extended and dif-
se similarly to core 47. It also shows a very poor chemistry
with only “ubiquitous” early-time molecules detected (CO,
CS, and CHOH).

It is useful to review the data from Rathborne et al. (2008).

Core 06, located in the western part of B59, is a compact
and dense core. The dust continuum emission is similar tog,
the extinction maps (Roam-Zifiga et al. 2009). The core
shows a rich chemistry with bright detections of all the yarl
time and some late-time molecules. The core has the brightes
emission and highest abundance of O of the sample, as : : Ry

. . . The late-time molecule NHin the (1,1) transition is de-
gﬁlilg?]ségearggrr:g;:\?;J;Sggggt?r?gfﬁal#ﬂ“ﬁ:scr?(r;ta blgegn gg&sete?cted in cores 06, 20, 47, and marginally in 65. These cores
- . elong to the “oxo-sulfurated” group, which suggests that
yet. Al th’ese features sugge“st that core 06 is in the “oxo- NH3 ig formed in this phase. (?CS Fi)s considere%gan early-
sulfurated” group close to the “deuterated” cores. time molecule with a lifetime ok3x10* yr (de Gregorio-

Core 20, located in thetem shows in the 1.2 mm map . X
two components: a compact and bright one surrounded byVionsalvo et al. 2006). Itis only marginally detected toward
core 06, therefore suggesting that it might be very young.

a second one, extended andfu$e. Most of the early-time e .
molecules were detected, and thus, this core seems to be vergOre 74 does not show any emission, in agreement with the
young chemically showing abundances in CS ancs@H oor chemistry detected in our 3 mm surveys. These results
among the highest. Normalized intensities are in geneitdqu  2/SC suggest that the five cores are in a very early stage of

large for its density (Fig. 3), and it has a very large SO nérma €VolUtion.
ized integrated intensity as core 47 (Fig. 4). These sigispos . . . .
suggest that core 20 belongs to the “oxo-sulfurated” group. 4.5. Qualitative chemistry discussion

Core 47, located between tiséeemand thebowl, has ex- The molecular transitions from Paper | and this work in-
tended and diuse dust emission. It shows a fairly uni- crease the number of typical lines of the core categoriedest
form and weak emission all over thd, and MAMBO-II lished in Paper II. Four of the five cores have lower densities
maps. This can explain the peak positioffetience o~130” than the initial subsample (except for core 48, Table 10, an

between the dust emission map and the position taken bythus, we are now including in the analysis shallower coras th
Muench et al. (2007) for the line observations. It shows weak might be more fiected by the external radiation field and that
line emission, only in early-time molecules. It is the setton show a younger chemistry (although the timescale to form the
least dense core of the sampi@k10* cm3), yet the molec-  core may influence this evolution: Tafalla et al. 2004; Craps
ular abundances tend to be among the highest. Rathborne edt al. 2005).

al. (2008) report a clear detection of NKilL,1) and hints of We found a complex chemical scenario toward the Pipe
emission in the (2,2) transition. Figure 8 shows a marginal nebula cores. However, as pointed out in Paper Il, it seems
detection at 3 level of the NH* (1-0) brightest hyperfine  that there is an evolutionary trend with density in the forim o
component. The high molecular abundances and the emisthree diferentiated core chemical groups. We remind that the
sion of certain molecular line tracers of the “oxo-sulfexit Ay values should be interpreted as upper limits for the col-
group, together with its iuse morphology and low density umn density of the cores (Section 4.1), and that the column
typical of the “difuse” cores, suggest that core 47 may be an densities derived from the dust emission maps show larger
evolved failed core now in re-expansion as already sugdeste differences than tha, values. These facts translate to larger
in Paper Il. The relatively broad lines in some of the species abundance dlierences among the cores as compared to the
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normalized intensity dierences. The molecular trends, how- regions of the Pipe nebula, and combined them with the ob-
ever, are compatible. We will base our analysis in the com- servations of the four additional cores of Paper | to extend

bination of the results obtained via the normalized intiesi

the dataset to nine cores. We studied the physical and chemi-

and normalized integrated intensities (Figs. 3 and 4), dnd o cal properties of the cores, and their correlation follayia-

the molecular abundances with respect to th€Fable 5), to
which we will refer generically aabundancesC*®0 and CS
lines appear to be “ubiquitous”, as they are detected irhall t
cores. Theiabundancedecrease with column density due to,
probably, an increasinglyfiécient depletion for both species
(and isotopologues) as density grows. The variation of the
CN abundanceamong the cores has increased with respect to
Paper | (up to a factor 0£33 in abundance: Table 12), due
to the addition of more diuse cores. The lower limits are in-
deed very low, and thus, we are now exploring even younger
chemical stages of these starless cores. All these features
suggest that CN (1-0) is a transition typical of the “deuter-
ated” group. A nitrogen- (bH*) and a deuterium-bearing
(c-C3HD) species, and a carbon chain molecule {NTare
shown in Fig. 4. These late-time molecules, present toward
the densest objects, are not detected in low density cores.
They are only present after achieving a density threshold, a
exhibit increasingabundancesis density grows. These tran-
sitions seem to be typical of the “deuterated” cores, whsch i
consistent with the detection of NB (1;1—1y1) toward this

core group in Paper II.

CH30OH deserves a special mention. This molecule is
clearly detected in the gas phase toward all the observed cor
in the (22—101) (shown normalized in Fig. 3) and{2-1;1)
transitions (Fig. 10). It shows a behavior similar to thatwf
“oxo-sulfurated” species but peaking at slightly largende
sities. Thus, this species is likely to peak in the transitio
from the “oxo-sulfurated” core chemistry to the typical den
core chemistry found toward the “deuterated” cores, sugges
ing that CHOH could be actually an early-time molecule. It
is expected to be formedfeiently in grain surfaces, with
abundances for the gas phase-a0° at most (Cuppen et al.
2009; Garrod & Pauly 2011), very close to the observational
abundances derived $x1071°—~3x107%: Table 11). Abun-
dances for the gas phase of 10, comparable to the low-
est values for the Pipe nebula cores, have been derived in the
literature through modeling of more evolved low-mass cores
(Tafalla et al. 2006). However, the higher densities and-com
parable temperatures product of this modeling with respect
to the Pipe nebula core values suggest that other mechanisms
are needed to explain the high gas phasg@H abundances
found here. In addition, the abundances in the Pipe nebula
cores seem to correlate with their location in the cloud, be-
ing larger in the B59 region and decreasing as going toward
thebowl. This fact could be explained by the slightly higher
temperatures reported toward the B59 region (Rathborrle et a
2008), which could enhance evaporation from grains.

In summary, our high spectral resolution dataset shows the
existence of a clear chemicalfidirentiation toward the Pipe
nebula cores. The chemical signatures agree with the sesult
of previous Papers | and II. Chemistry seems to become more
rich and complex as cores grow denser therefore suggesting
an evolutionary gradient among the sample. The tentatie co
relation found in Paper | between magnetic field and chemi-
cal evolutionary stage of the cores is less clear with thelevho
nine core sample.

5. SUMMARY AND CONCLUSIONS

We carried out observations of continuum and line emis-
sion toward five starless cores, located on the thré&erént

per Il. We also studied the correlation with the magnetidfiel
properties of the surroundingftlise gas following Paper I.

1. The Pipe nebula starless cores show verjerint

morphologies. The complete sample of nine cores
contains dense and compact cores (6, 65, and 109;
ny,>10° cmd), diffuse and ellipticdirregular ones
(20, 40, 47, 48, and 74n4,<5x10* cm3), and

a filament containing the relatively dense core 14
(Mh,~9x10* cm®).  The average properties of the
nine cores of the sample are diameter~d¥.08 pc
(~16,800 AU), density of~10° cm3, and mass of
~1.7 Ms. These values are very close to the initial
values used in simulations of evolving prestellar cores
(Aikawa et al. 2008; Keto & Caselli 2008) and, there-
fore, typical of very early stages of evolution.

. MAMBO-II maps are in a general good morphological

agreement with previous extinction maps (Lombardi et
al. 2006). By comparing théy peak values of the
nine cores from deeper NICER maps (RomZifiga

et al. 2009, 2010), we derived a proportionality factor
Ay/Np,=(1.27+0.12)x1072* mag cn?, compatible with

the standard value (1.25802! mag cnf; Wagenblast

& Hartquist 1989). In addition, we found that dust con-
tinuum maps underestimate the column density by an
Ay of ~6.7 mag that may be arising from theffdse
material of the cloud.

. The orientation of the cores is not correlated with the

surrounding magnetic field direction, which suggests
that magnetic fields are not important in shaping the
cores. On the other hand, the lack of spherical symme-
try demands an important anisotropic force. Projection
effects might be important, thus, demanding a deeper
study of the magnetic field morphology.

. The analysis of the line widths reports two behaviors

depending on the molecular transitioni) & roughly
constant value of subsonic turbulent broadening for all
the cores (e.g. ¥O (1-0) and CHOH (2—1), see also
Lada et al. 2008) andi} a roughly constant slightly
narrower broadening for cores wifty >20 mag and su-
personic turbulent broadenings otherwise (e g4 Cl—

0) and NH* (1-0)).

. We observed a set of early- and late-time molecular

transitions toward the cores and derived their column
densities and abundances. The high spectral resolu-
tion molecular normalized line data is in agreement
with the lower spectral resolution data presented in Pa-
per Il. The nine starless cores are all very chemically
young but show dferent chemical properties. “Dif-
fuse” cores Ay<15 mag: 48 and 74) show emission
only in “ubiquitous” lines typical of the parental cloud
chemistry (e.g. CO, CS, GJOH). The denser “deuter-
ated” cores Ay>22 mag: 40 and 109) show weaker
abundancedor “ubiquitous” lines and present emis-
sion in nitrogen- (NH*) and deuterium-bearing (c-
C3HD) molecules, and in some carbon chain molecules



CONTINUUM AND MOLECULAR LINE EMISSION 11

SUBMITTED TO APJ] 87
Starless Cores in the Pipe Nebula Il 11

(HC3N), signposts of a prototypical dense core chem- meinschaft (DFG) through the Emmy Noether Research grant
istry. “Oxo-sulfurated” coresAy~15-22 mag: 6, 14, VL 61/3-1 and through SFB 956. G.B. is funded by an lItal-
20, and 65) are in a chemical transitional stage betweenian Space Agency (ASI) fellowship under contract number
cloud and dense core chemistry. They are character-1/00507/01. G.A.P.F. is partially supported by CNPq and
ized by presenting largabundanceof CH;OH and FAPEMIG (Brazil). O.M. is supported by the NSC (Taiwan)
oxo-sulfurated molecules (e.g. SO and p@at dis- ALMA-T grant to the Institute of Astronomy & Astrophysics,
appear at higher densities, and they still present signif- Academia Sinica. We made extensive use of NASAs Astro-
icant emission in the “ubiquitous” lines. GBH was physics Data System (NASADS).

detected toward the nine cores of the complete sample REFERENCES

with abundances 0§107°, close to the maximum value

eXpeCted for gas-phase ChemIStry' Aikawa, Y., Wakelam, V., Garrod, R. T., Herbst, E. 2008, Apd4 8984

. + Alves, F. O. & Franco, G. A. P. 2007, A&A, 470, 597
6. Core 47 presents high abundance 0OH and NH", Alves, F. O., Franco, G. A. P., & Girart, J. M. 2008, A&A, 486,2.1

in sp_ite of being th_e core WiFh the |0W95t2_ tdolumn Brooke, T., Huard, T. L., Bourke, T. L., Boogert, A. C. A. et 2007, ApJ,
density, and broad line width in some speciesH{@nd 655, 364
NoH*). All this is in agreement with the hypothesis Crapsi, A., Caselli, P., Walmsley, C. M., Myers, P. C., TafaM., Lee, C.

iven in Paper II, which ts that Core 47 coul W., & Bourke, T. L. 2005, ApJ, 619, 379 _
gfaeiled Co&:ge ! ch suggests that Core could be Cuppen, H. M., van Dishoeck, E. F., Herbst, E., & Tielens, AGGM.

2009, A&A, 508, 275

. . . ... Forbrich, J., Lada, C. J., Muench, A. A., Alves, J., Lombalktli2009, ApJ,
7. The chemical evolutionary stage is not correlated with * 704 292 ? P

the core location in the Pipe nebula, but it is correlated Franco, G. A. P., Alves, F. 0., & Girart, J. M. 2010, ApJ, 72861
with the physical properties of the cores (density and Frau, P, Girart, J. M., Befan, M. T., Morata, O., Masgy J. M., Busquet,
size). Thus, the chemically richer cores are the denser S AlVes.F. 0. fggge(é'a""‘;?%e’ A., & Estalella, R., & Franco, G.A.P.
ones. The tentative correlation between magnetic field . 25" 3" e Beltm. M. T. 2012, AgA, 537, L9 (Paper 1)
and chemical properties found for the initial subsample garrod, R. T, & Pauly, T. 2011, ApJ, 735, 15

of four cores is less clear with the current sample. de Gregorio-Monsalvo, ., @mes, J. F., Sarez, O., Kuiper, T. B. H.,

Rodfiguez, L. F., Jienez-Baibn, E. 2006, ApJ, 642, 319

The P|pe nebula is confirmed as an excellent |ab0ratoryHeitSCh, F., Ballesteros-Paredes, J., & Hartmann, L. 20@9, A04, 1735

: : Kandori, R., Nakajima, Y., Tamura, M., Tatematsu, K., Aikawg,Naoi, T.,
for studying the very early stages of star formation. The Sugitani, K., Nakaya, H.. Nagayama, T., Nagata, T, Kurita, fto, D..

nine cores studied show ftérent morphologies and fiér- Nagashima, C., Sato, S. 2005, AJ, 130, 2166
ent chemical and magnetic properties. Physical and chémicakauftmann, J., Bertoldi, F., Bourke, T. L., Evans, N. J., II, & Lee M@
properties seem to be related, although importaffiedinces 2008, A&A, 487, 993

arise, which evidence the complex interplay among thermal,Keto, E., & Caselli, P. 2008, ApJ, 683, 238

magnetic, and turbulent energies at core scales. Therefore ﬁﬁ}f’,f"ﬁhcnasstgg'észog%i"é’r\ﬁﬁfs'ciozj’ 12%%% ApJ, 646910
larger statistics is needed to better understand and dbarac | ada, C.J. Muench, A. A., Rathborne, J. M., Alves, J. F.. &ibardi, M.
ize the Pipe nebula starless core evolution. In additidmerot 2008, ApJ, 672, 410

young clouds with low-mass dense cores, such as the moréombardi, M., Alves, J., & Lada, C. J. 2006, A&A, 454, 781
evolved star-forming Taurus cloud, should be studied ima si  Masunaga, H., & Inutsuka, S. 2000, ApJ, 531, 350

ilar way to prove the presented results as a general trend or',v'uz%%‘;h'/ﬁ)‘ﬁé;‘fdféz% J, Rathborne, J. M., Alves, J. F., &tmardi, M.

on the contrary, a particular case for a filamentary mageetiz - onishi, T., Kawamura, A., Abe, R., Yamaguchi, N. et al. 19995861, 871
cloud. Ossenkopf, V. & Henning, T. 1994, A&A, 291, 943
Padovani, M., Walmsley, C. M., Tafalla, M., Galli, D.,iMer, H. S. P. 2009,
A&A, 505, 1199
The authors want to acknowledge all the IRAM 30-m Padovani, M., Waimsley, C. M., Tafalla, M., Hily-Blant, P.,Rineau Des
staf for their hospitality during the observing runs, the op- PeFrggsNG'Azr?c}al’PA&mAjhgsgéAv77et Al 2012 ASA 541 AG3
erators and AoDs for their active and invaluable support, Rathborne, J. M., Lada, C. J., Muench, A. A., Alves, J. F., &lbardi, M.
G. Quintana-Lacaci for his help during the observing and re- " “>00g ApJs, 174, 396
duction process of MAMBO-II data, J. Kéimann for kindly Roman-Ziiiga, C., Lada, C. J., & Alves, J. F. 2009, ApJ, 704, 183
helping on the implementation of his MAMBO-II new reduc- Roman-Ziiga, C., Alves, J. F., Lada, C. J., & Lombardi, M. 2010, ApJ,
tion scheme, and C. Rdm-Ziifiga for gently allowing us to 725, %?.2 . Frau P Girart 3. M. & Alves. 3. F. 2012, AoJ. 780
make use of the NICER maps. P.F. was partially supported by.'?;gﬁ;"M”',%Aa' o ora, B, lrart, J, M., & AVES, S cU82, AR,
. . , M., Myers, P. C., Caselli, P., Walmsley, C. 2004, A&A6, 191
MINECO predoctoral fe”OWShIIC{ FPU (Spain). P.F., J.M.G., Tafalla M., Santiago-Gafa, J., Myers, P. C., Caselli, P., Walmsley, C. M.,
M.P., F.O.A,, and R.E. are partially supported by MINECO  Crapsi, A. 2006, A&A, 455, 577
grants AYA2008-06189-C03-02 and AYA2011-30228-C03- Taylor, S. D., Morata, O., Williams, D. A. 1998, A&A, 336, 309
02 (Spain), as well as by AGAUR grant 2009SGR1172 (Cat- Wagenblast, R., Hartquist, T. W., 1989, MNRAS, 237, 1019

alonia). F.O.A. is also supported by Deutsche Forschungsge

APPENDIX
A. ON LINE MATERIAL: TABLES AND FIGURES



88 Chapter 5: STARLESS CORES IN THE PIPE NEBULA I. HIGH SPECTRAL RESOLUTION OBSERVATIONS

12 Frau et al.

Table6
Line parametefs

Molecular Tms b Axt¢® fTMB dv b VLSR AV SR
transition Source (K) (K) (K kmg)  (kms?) (kmsh) 7d Profile?
CsHz (212-110)  Core 06 0.502(24) - 0.140(5)  3.574(4) 0.262(11) - G
Core14 0.37(6) - 0.086(11)  3.502(14)  0.22(3) - G
Core40  1.19(5) - 0.347(9)  3.420(4) 0.273(9) - G
Core 47  0.079(22) - 0.071(8)  3.11(5) 0.85(8) - G
Core 109 2.74(6) - 0.799(13)  5.8340(20)  0.274(5) - G
C2H (1-0) Core 06 - 0.389(7) - 3.6200(8)  0.2300(19)  0.655(21) G
Core 14 - 0.1650(24) - 3.5800(13)  0.268(3) 0.450(9) G
Core 20 - 0.1140(25) - 3.7900(19)  0.500(6) 0.193(16) G
Core 40 - 2.03(3) - 3.4700(4)  0.1990(8)  2.58(4) G
Core 47 - 0.0345(5) - 3.140(7) 0.903(15)  0.1000(4) G
Core 48 - 0.0255(5) - 3.630(9) 0.876(21)  0.1000(16) G
Core 109 - 2.280(9) - 5.89000(13) 0.1980(3)  1.530(8) G
HCN (1-0) Core 06 - 0.025(6) - 3.56(3) 0.76(8) 0.11(5) G
Core 20 - 0.059(16) - 3.58(3) 0.68(7) 0.24(8) G
Core 40 - 1.55(11) - 3410(16)  0.334(22)  6.0(5) NS
Core 47 - 0.051(13) - 2.93(3) 0.72(7) 0.27(8) G
Core 48 - 0.33(10) - 3.54(5) 0.90(11) 2.4(1.2) G
Core 109 - 2.53(3) - 5.93(7) 0.16(22) 0.25(10) NS
. 6.10(3) . 5.72(7) 0.25(22)  10.20(10)
NzH* (1-0) Core 06 — 0.119(5) — 3.5000(16)  0.257(4) 0.10(10) G
Core 14 - 0.0341(16) - 3.500(5) 0.206(10)  0.10(9) G
Core 40 - 0.219(12) - 3.4000(19)  0.249(5) 0.171(25) G
Core 47 - 0.0100(9) - 3.00(4) 0.59(6) 0.10(3) G
Core 109 - 0.904(14) _ 5.8000(5)  0.2150(11)  0.467(11) G
c¥s (2-1) Core 06 0.207(16) — 0.055(3)  3.551(7) 0.247(15) (1B G
Core 14  0.267(25) - 0.068(5)  3.545(8) 0.241(20)  0.48(5) G
Core20  0.18(4) - 0.057(7)  3.718(19)  0.30(4) 0.154(15) G
Core 40  0.268(16) - 0.069(3)  3.381(5) 0.241(13)  0.140(14) G
Core47  0.07(4) . 0.042(10)  3.00(7) 0.53(13) 0.036(4) G
Core 48  0.187(23) - 0.041(4)  3.729(11)  0.20(3) 0.26(3) G
Core 74  0.137(21) - 0.027(3)  4.236(12)  0.186(23)  0.228(23) G
Core 109  0.34(3) - 0.083(5)  5.825(7) 0.233(17)  0.185(18) G
CHzOH (202-1p1)  Core 06  1.841(15) - 0.55(3) 3.512(7) 0.281(15) — G
Core14  1.30(3) - 0.416(21)  3.519(7) 0.300(17) - G
Core20  0.43(3) . 0.145(10)  3.653(10)  0.316(24) - G
Core 40  1.230(15) - 0.327(16)  3.375(6) 0.250(14) . G
Core47  0.45(3) . 0.138(10) 2.845(10)  0.288(24) - G
Core 48  0.199(25) - 0.057(6)  3.652(13)  0.27(3) . G
Core 65 0.15(3) . 0.098(9)  5.04(3) 0.59(6) . G
Core 74  0.257(21) - 0.068(5)  4.201(9) 0.247(22) - G
Core 109 1.27(3) - 0.343(18)  5.778(6) 0.254(15) - G
CHsOH (212-111) Core06 1.432(15) - 0.417(4)  3.5055(10)  0.273(3) — G
Core 14  1.04(3) . 0.306(6)  3.508(3) 0.276(7) - G
Core20  0.35(3) . 0.094(6)  3.672(8) 0.250(20) . G
Core 40  0.998(15) - 0.252(3)  3.3705(10)  0.237(3) . G
Core47  0.33(3) - 0.119(7)  2.847(10)  0.344(22) - G
Core 48  0.134(25) - 0.047(5)  3.641(19)  0.33(5) - G
Core 65 0.12(3) - 0.063(7)  4.98(3) 0.48(6) - G
Core 74  0.212(21) - 0.059(4)  4.201(9) 0.261(20) - G
Core 109 1.03(3) - 0.263(5)  5.7705(20)  0.240(6) - G
Cs (2-1) Core 06 1.20(6) - 0.30(3) 3429(11)  023721) 3.1(4 G
0.56(6) - 0.14(3) 3.698(22) 0.23(5) -
Core14  0.69(10) - 0.41(3) 3.439(21)  0.45(4) 10.7(1.1) SA
Core20  1.18(9) - 0.34(4) 3.469(12)  0.27(3) 3.5(3) G
1.10(9) - 0.35(4) 3.820(14)  0.30(3) -
Core 40  1.94(7) - 0.560(17)  3.369(4) 0.415(14)  3.1(3) NS
Core 47  1.16(9) - 0.609(24)  2.817(10)  0.495(23)  0.81(8) G
Core48 0.79(7) - 0.402(18) 3.684(11)  0.477(22)  6.0(6) SA
Core 74  0.66(8) . 0.268(17)  4.245(13)  0.38(3) 5.1(5) G
Core 109 1.93(8) - 0.743(17)  5.836(4) 0.361(9) 4.2(4) G

a Line parameters of the detected lines. Multiple velocity coments are shown if present. For the molecular transitiotis mo hyperfine components, the
parameters for the transitions labeled as G (last column) bege derived from a Gaussian fit while line parameters of NSSsgrofiles have been derived
from the intensity peakTg), and zero (integrated intensity), first (line velocity)dasecond (line width) order moments of the emission. For the ratzec
transitions with hyperfine components, the parameters hame therived using the hyperfine component fitting method of thA%3 package. The value in
parenthesis shows the uncertainty of the last @iglf the two first significative digits of the error are smallean 25, two digits are given to better constrain it.
b Only for molecular transitions with no hyperfine components.

¢ Only for molecular transitions with hyperfine components.

d Derived from a CLASS hyperfine fit for molecular transitionshwhiyperfine components. Derived numerically for C8!&;13C0O, and ¢80 using Eq. 1 from
Paper I. A value of 0.1 is assumed when no measurement is aeailabl

€ G: Gaussian profile. NS: Non-symmetric profile. SA: Self-apon profile.
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Table7

Line parametefs(Continuation).

Molecular Tve b Axt¢ fTMBdV b VLSR Avisr
transition Source (K) (K) (K kmdg)  (kms?) (kms™h rd Profile®
C180 (1-0) Core06 2.61(6) - 1.137(13)  3.5180(20) 0.409(6) @83 G
Core 14  4.10(6) - 1.875(13)  3.4890(10) 0.430(4) 0.84(8) G
Core20 2.97(6) - 0.798(10) 3.6600(20) 0.253(4) 0.31(3) G
Core47  2.51(6) - 1.116(14)  2.791(3) 0.417(6) 0.50(5) G
Core 74  2.51(5) - 0.961(10)  4.1920(20) 0.360(5) 0.59(6) G
Core 109 2.42(5) - 0.991(11)  5.7640(20) 0.384(5) 0.51(5) G
BBCO(1-0) Core06 7.78(6) - 4.98(11) 3.536(5) 0.601(6) 183(1 G
1.96(6) - 1.44(11) 4.133(24)  0.69(3) -
Core 14  7.13(6) - 4.407(18)  3.4280(10) 0.581(4) 4.7(5) G
4.13(6) - 2.639(4) 3.8680(20) 0.600(6) -
Core20 9.12(6) - 5.903(16)  3.7060(10) 0.6080(20) 1.71(17) G
Core 47  5.99(5) - 3.647(12)  2.7550(10) 0.5720(20) 2.8(3) G
4.27(5) - 3.912(14)  3.2300(20) 0.862(4) -
Core 74  5.41(5) - 3.598(21)  4.2320(20) 0.625(4) 3.3(3) G
2.15(5) - 1.829(22)  5.221(5) 0.800(11) -
Core 109 5.68(6) - 3.577(18)  5.7990(10) 0.591(3) 2.8(3) G
0.83(6) - 1.11(3) 3.275(14)  1.26(4) -
CN (1-0) Core 06 - 0.17(5) - 3.640(15)  0.30(3) 1.2(4) G
Core 14 - 0.051(9) - 3.64(8) 0.81(15) 0.1(7) G
Core 40 - 0.65(22) - 3.430(21)  0.36(5) 3.9(1.3) G
Core 47 - 0.10(4) - 2.98(5) 0.80(13) 0.9(5) G
Core 109 - 1.41(22) - 5.930(5) 0.162(11) 1.13(23) G
- 2.3(1.3) - 5.670(7) 0.101(16)  4.(3)
C¥S(3-2) Corel4 0.12(3) - 0.034(4) 3.488(17)  0.27(4) 1.70(17 G
Core20  0.15(5) - 0.064(11)  3.59(3) 0.40(8) 0.25(3) G
Core 109  0.18(6) - 0.064(8) 5.82(3) 0.340(00) 0.189(19) G
CS (3-2) Core 06  0.68(6) - 0.220(10)  3.480(7) 0.303(15) - G
Core 14  0.14(4) - 0.072(7) 3.59(3) 0.48(4) 38.(4) G
Core20 0.67(6) - 0.179(8) 3.502(8)  0.2500(00)  5.7(6) G
0.65(6) - 0.173(8) 3.797(9)  0.2500(00) -
Core 40  1.09(9) - 0.270(13)  3.414(6) 0.234(15) - G
Core 47  0.35(6) - 0.148(11)  2.896(15)  0.39(3) - G
Core 48  0.28(5) - 0.122(10)  3.772(17)  0.41(4) - G
Core 65  0.16(4) - 0.124(11)  5.07(4) 0.73(9) - G
Core 74  0.34(5) - 0.100(8) 4.200(11)  0.277(20) - G
Core 109  1.01(8) - 0.366(14)  5.810(7) 0.339(15)  4.2(4) G
N2D* (2-1)F  Core 40  0.084(20) - 0.019(3) 3.280(15)  0.21(3) - G
Core 109  0.31(4) - 0.109(7) 5.673(11)  0.331(22) - G
DCO' (3-2) Core06 0.44(13) - 0.22(3) 3.58(3) 0.48(11) - G
Core 109 0.70(11) - 0.151(18)  5.828(13)  0.202(21) - G
CI80 (2-1) Core06 4.23(13) - 1.437(18)  3.5240(20) 0.319(5)  1(11) G
Core 14  3.52(23) - 1.76(4) 3.522(5) 0.469(13) 0.94(9) G
Core20  3.26(25) - 1.07(4) 3.712(5) 0.308(12) 0.52(5) G
Core 40  3.6(3) - 1.33(4) 3.323(5) 0.349(12) - G
Core 47  2.61(22) - 1.22(4) 2.779(6) 0.440(15) 0.52(5) G
Core 48  4.05(15) - 1.287(19) 3.6750(20) 0.299(5) - G
Core 65  2.65(14) - 1.599(24)  4.936(4)  0.567(10) - G
Core 74  2.54(21) - 0.77(3) 4.216(5)  0.284(12)  0.89(9) G
Core 109  3.15(11) - 1.035(16)  5.7820(20) 0.309(5) 0.86(9) G
BCO(2-1) Core06 6.23(12) - 4.51(5) 3.604(4) 0.681(9) 6.2(6) G
1.50(12) - 0.56(4) 4.260(10)  0.35(3) -
Core14  5.66(12) - 2.88(5) 3.378(4) 0.477(4) 5.2(5) G
5.05(12) - 2.88(7) 3.819(5)  0.536(11) -
Core20  7.50(13) - 6.00(4) 3.7100(20) 0.751(5) 2.9(3) G
Core 47  6.01(12) - 5.05(8) 3.005(6) 0.790(9) 2.9(3) G
3.08(12) - 0.95(7) 2.631(5) 0.291(12) -
Core 74  4.24(6) - 2.417(17)  4.2550(20) 0.536(4) 4.9(5) G
1.79(6) - 1.168(19)  5.259(5) 0.614(12) -
Core 109 5.36(11) - 2.80(3) 5.8310(20) 0.491(5) 4.8(5) G
0.61(11) - 0.70(4) 3.38(3) 1.09(8) -

Footnotes to © as in Table 6.
f Only the main component is detected.
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Table 8
Molecular column densities of the chemical species obseowedrt! the Pipe nebula cores in tfn

Source  GHy (21,2-110)? CoH (1-0) HCN (1-0) NH* (1-0) G4s (2-19  CH30H (202-101)2 CS (2-1% C'0 (1-0)

Core 06 640% 10t 415x 102 222x 101 520x 101 2.95x 10t 2.62x 1013 1.23x 1018 1.42x 1015
Core 14 3B0x 10t 3.05x 102  <542x 1010 9.70x 10%0 6.01x 101 1.64x 1018 3.05x 10'3 2.78x 10
Core20  <1.78x 104 5.12x 10'2 3.08x 10 < 4.09x10% 3.05x 101 4.18x 10%2 1.18x 1013 1.05x 1015
Core 40 291 x 10%2 1.22x 103 2,57 x 10'2 4.89x 101 2.94x 101 1.28x 1018 7.19x 102 -
Core 47 3B2x 101 5.12x 10'2 - 130x 10t 2.86x 101 454 % 10'2 - 140x% 10'°
Core 48 < 7.68x 10 3.85x 1012 259% 102 < 3.79x 1010 2.95x 10t 2.23x 10%2 1.51x 1018 -
Core65 <7.25x100  <1.33x104 - <368x 1010 <1.07x 101 3.64x 102 - -
Core 74  <137x10% - <476x 100 < 446x 101 2.20x 10t 2.39x 1012 9.88x 10%2 1.24x 1015
Core 109 163 x 1013 1.05x 1013 9.67 x 10%2 6.79x 101 3.67x 101 1.36x 1013 1.24x 1013 1.24x 1015

a Transition with no opacity measurements available, thusalbyithin emission is assumed to obtain lower limits of the ouiwensities.
b We assume optically thin emission for some cores with no data detection in C&34S to obtain a lower limit of the column density.

Table9
Molecular column densities of the chemical species obseoweart! the Pipe nebula cores in th{continuation).

Source  13CO (1-0) CN (1-0) &s (3-27 CS(3-2f  NoD* (2-1f DCO* (3-2P C10(2-1) 13co (2-1)

Core 06 230x% 106 1.20x 102 < 7.39x 1010 449x 10" <858x10° 7.39% 10 9.05x 104 2.12x 106
Core 14 414x 106 1.16x 1012 112x 102 426x108  <791x10° <143x108  1.04x 105 1.16x 1016
Core 20 139x 106 < 1.58x 101 3.19x 10 871x 102 <1.73x10° <354x10% 5.21x 10% 6.96 x 10%°

Core 40 - 269 x 10%2 - 6.18x 101t 363x10° <7.60x 101 9.33x 10* -
Core 47 211 x 106 249x 102  <6.22x10% 3.02x 10" <438x10° - 596x 1014 1.17x 1018
Core 48 - <123x 101 <917x10%° 262x 101 <302x10° < 1.37x10% 9.77x 104 -
Core 65 - <979x 100 <6.79x 101 324x 10" <3.09x10° - 9.35x 104 -

Core 74 286x10% <131x101 <1.18x 1041 206x 10 <376x10° <430x 104 4.66x 104 9.66x 10%°
Core 109 210x 106 2.82x 10%2 2.34x 101 5.09x 1012 1.39x 1011 1.13x 1012 5.94x 104 1.04x 106

aWe assume optically thin emission for some cores with no data detection in *S to obtain a lower limit of the column density.
b Transition with no opacity measurements available, thusalbyithin emission is assumed to obtain lower limits of the nuiudensities.

Table 10
Ha column densitiesN,, of the Pipe nebula cores in cha.

Molecular survel CO survey
Source 108 15.0 21.5’ 27.0’ 11.0" 22.8'

Core 06 212x 1072 143x10%2 1.31x10%2 973x10%* 212x 1072 1.18x 10?2
Core14 159x 1072 126x10%2 1.10x10%2 1.01x10%2 7.48x 1071 7.79x 102
Core20 766x 1071 6.26x1071 539x10?'! 508x 10?* 522x 1071 4.41x 102
Core40 132x 1072 128x10%2 112x10%2 1.07x10%2 1.36x 10?2  1.06x 10?2
Core47 103x10% 693x 10?1 559x10%1 503x 10%! 8.64x 1071 3.96x 1071
Core48 109x 1072 888x 10?1 7.38x 1071 6.99x 10?1 1.34x 1072 6.71x 104
Core 65 116x 1072 115x10%2 1.12x10%2 834x 10 1.16x 1072  1.01x 10?2
Core 74 @98x 1071 6.75x 10?1 596x 10%1 565x 10?1 1.16x 1072 574x 104
Core 109 419x 1072 373x 1072 323x10%2 3.08x 10?2 449x 1072 3.10x 1072

a Average column densities are calculated within one beam dieavalues okosp gHz and Tqust are the same as for Table 3. These values are combined with
the molecular column densities to find the molecular abundandbe same beam area.

b Observations toward the dust continuum emission peak (BjblEhe correspondence is: 19 with DCO*, CN (2-1), ND* (3-2) and H3CO* (3-2); 15/0

with C34S (3-2), CS (3-2), and D™ (2-1); 21/5 with CN (1-0); and, finally, 270 with CzH, (2—1), HCN (1-0), NH* (1-0), &4S (2-1), CHOH (2-1) and

CS (2-1).

¢ Observations toward the extinction peak (Table 1). Thessprondence is: 10 with C'80 (2-1), and3CO (2-1); 22/5 with C'80 (1-0), andCO (1-0).
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Table11
Abundance?of the chemical species with respect tp ébserved toward the Pipe nebula cores.

Source GH,P CoH HCN NpH* Cc¥ge CH3OHP Ccs ctéo

Core 06 68x 10711 427x10°10 2.28x 101 535x 10711 3.03x 1071 2.69x10°° 1.27x10°° 1.21x 1077
Core 14 ATx 1071 3.02x 1010 <537x1012 9.61x 1012 5.95x 10711 1.63x107° 3.02x10°° 357x 1077
Core20 <350x10°1! 1.01x107° 6.06x 101 <805x 1012 6.01x 10711 8.23x 10710 2.32x10°° 2.38x 1077
Core 40 2713x 10710 1.14x107° 2.41x 10710 458x 1071 276x 1071 1.20x 1079 6.74x 10710 -
Core 47 699x 10711 1.02x 1079 - 258x 1011 5.68x 10711 9.02x 10710 - 352x 1077
Core 48 <1.10x101 551x 10710 371x1010 <543%x1012 421x 101 319x 1010 217x10°° -
Core65 <870x1012 <115x101 - <441x1012 <929x1012 4.36x 10710 - -
Core 74 <242x10°1 - <843%x1012 <790x10712 3.89x 1011 4.23x 10710 1.75% 1079 215x 1077
Core 109 28x 10710 3.41x 10710 3.14x 10710 2.20x 10711 1.19%x 10711 4.43x 10710 4.02x 10710 3.99x 108

aSee Tables 8, 9, and 10 for line and dust column densities.

b Transition with no opacity measurements available, thusalfyithin emission is assumed to estimate a lower limit of therwl densities and, consequently,
of the abundances.

¢ We assume optically thin emission for some cores with no data aletection in C&34S to obtain a lower limit of the column density and, as a residg a
for the abundance.

Table 12
Abundancedof the chemical species with respect te bbserved toward the Pipe nebula cores.

Source 3co CN N,D*P DCO*P

Core 06 195x10®  916x101 <882x10  349x10°1
Core 14 531x 106 1.06x1010 <784%x1018 <183x10°°
Core 20 35x10°6 <310x101 <341x1012 <802x10°

Core 40 - £49x 10710 283x 108 <719x 101t
Core 47 532x 1076 445% 1010 <870x1013 -
Core 48 - <176x101 <433x1018 <204x1010
Core 65 - <117x101 <371x1018 -

Core 74 41x10°% <233x101 <665x10%° <750x 1071

Core109  67/6x107  872x10*  373x10%  269x 101t
2 See Tables 8, 9, and 10 for line and dust column densities.
b Transition with no opacity measurements available, thusaffyithin emission is assumed to estimate a lower limit of therwl densities and, consequently,
of the abundances.

Core 06 Core 20 Core 47 Core 65 Core 74
T T T T B

T T T
Early—time

Tmb <K>

10
Velocity (km/s)

Figure8. IRAM 30-m line spectra of the molecular transitions with hgfire components presented in Paper | toward the five new sedlectes of the Pipe
nebula presented in this work (Table Qolumns single cores named above the top panel of each colioms single molecular transition specified on the
third column. Empty panels represent non-observed molednks.| The velocity range is 16.5, 20 and 12 krh for HCN (1-0), NbH* (1-0), and CN (1-0),
respectively. Horizontal axis shows the velocity, andithes of each core is marked with a vertical dotted line. Verticasakhows thelyg of the emission, and
the zero level is marked by a horizontal dotted line.
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ABSTRACT

We use the new IRAM 30-m FTS backend to perform an unbiased ~15 GHz wide survey at 3 mm toward the Pipe nebula young
diffuse starless cores. We discover an unexpectedly rich chemistry. We propose a new observational classification based on the 3 mm
molecular line emission normalized by the core visual extinction (Ay). On the basis of this classification, we report a clear differenti-
ation between cores in terms of chemical composition and line emission properties, which enables us to define three molecular core
groups. The “diffuse” cores, Ay <15, have a poor chemistry with mainly simple species (e.g. CS and C,H). The “oxo-sulfurated”
cores, Ay =~ 15-22, appear to be abundant in species such as SO and SO,, but also in HCO, which seem to disappear at higher densi-
ties. Finally, the “deuterated” cores, Ay 2 22, have a typical evolved chemistry prior to the onset of the star formation process, with
nitrogenated and deuterated species, as well as carbon chain molecules. On the basis of these categories, one of the “diffuse” cores
(core 47) has the spectral line properties of the “oxo-sulfurated” ones, which suggests that it is a failed core.

Key words. stars: formation — ISM: lines and bands — ISM: individual objects: Pipe nebula

1. Introduction

A new generation of sensitive receivers and wideband backends
allows the detailed study of the chemistry of faint starless cores.
Several surveys have been performed toward them reporting a
rich but relatively simple chemistry consisting of essentially car-
bon with significant sulfur and nitrogen bearing molecules, in
addition to later deuteration that can be used as a chemical clock
(e.g., Turner 1994; Turner et al. 2000; Hirota & Yamamoto 2006;
Tafalla et al. 2006; Bergin & Tafalla 2007). From the theoretical
side, several papers have tried to model the starless core chem-
istry self-consistently (Aikawa et al. 2001; Garrod et al. 2005;
Keto & Caselli 2008).

The Pipe nebula is a nearby (145 pc: Alves & Franco 2007)
cloud that harbors more than one hundred low-mass (~1 M)
starless cores, most of them gravitationally unbound but con-
fined by the thermal/magnetic pressure of the whole cloud
(Alves et al. 2008; Lada et al. 2008; Franco et al. 2010). The
Pipe nebula differs from the other nearby dark cloud complexes
such as Taurus or p Ophiuchus because it has a very low star
formation efficiency (Onishi et al. 1999; Forbrich et al. 2009;
Romadn-Zuiiiga et al. 2010; Romén-Zuigaet al. 2012). Thus, the
Pipe nebula is an ideal target for studying the physical and chem-
ical conditions in a pristine environment prior to the onset of the
star formation process, as numerous studies have shown (e.g.,
Brooke et al. 2007; Muench et al. 2007; Rathborne et al. 2008).
Frau et al. (2010) presented the first results of an extensive con-
tinuum and molecular line study of a subset of a selected sample
of cores distributed in the different regions of the Pipe nebula:
bowl, stem, and B59. The cores are in general less dense and
less chemically evolved than starless cores in other star forming
regions that have been studied (e.g. Crapsi et al. 2005). We find
very different morphologies and densities, and no clear correla-
tion of the chemical evolutionary stage of the cores with their

Article published by EDP Sciences

location in the cloud. The Pipe nebula starless cores have been
shown to be more heterogeneous than expected.

In this work, we present a wide (~15 GHz) unbiased chem-
ical survey at 3 mm toward a larger sample of Pipe nebula star-
less cores, spanning a factor of six in their visual extinction (Ay)
peaks. This is a first step in characterizing their varied chemistry
before proceeding to in-depth modeling in the future.

2. FTS observations and data reduction

We performed pointed observations toward the Pipe nebula
cores 06, 08, 12, 14, 20, 33, 40, 47, 48, 56, 65, 87, 102, and 109,
following the numbering of Rathborne et al. (2008), and toward
a position with no cores. We pointed either toward the continuum
emission peak (Frau et al. 2010), if available, or toward the C'30
pointing center reported by Muench et al. (2007). We assumed
that the pointing centers were the densest region of the cores,
hence have the richest chemistry. We used the EMIR heterodyne
receiver of the IRAM 30-m telescope tuned at the Co;H (1-0)
transition (87.3169 GHz). At this frequency, the telescope deliv-
ers Oyppw = 28!1, Begg = 0.81, and F.¢ = 0.95. The observations
were carried out in August 2011, when we were the first astro-
physicists to use the FT'S spectrometer as the spectral backend.
We selected a channel resolution of 195 kHz (~0.6 km s~ at
3 mm), which provided a total bandwidth of 14.86 GHz covering
the frequency ranges from 82.01 to 89.44 GHz, and from 97.69
to 105.12 GHz. We used the frequency-switching mode with a
frequency throw of 7.5 MHz. System temperatures ranged from
~110K to ~150 K. The accuracy of the pointing was checked ev-
ery two hours. We reduced the data using the CLASS package of
the GILDAS' software. The baseline in the frequency switching
mode for such a large bandwidth (~3.7 GHz for each chunk) has

' Available at http://www.iram. fr/IRAMFR/GILDAS
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Fig. 1. IRAM 30-m EMIR+FTS full bandwidth spectrum toward core 12. The most important detected molecular transitions are labeled within
the plot. The upper and lower panels show the ~7.6 GHz lower and upper sidebands, respectively. The noise rarely exceeds 10 mK. The negative
emission are the twin negative counterparts of the positive emission due to the frequency-switching observing mode.

a complicated shape with sinusoidal-like ripples. Nevertheless,
since the observed lines are very narrow (0.5 km s~!, similar to
the effective spectral resolution), the baselines can be efficiently
removed if narrow frequency windows are used (20 MHz). The
resulting typical rms noise was ~8 mK at the 195 kHz spectral
resolution.

3. Results

The large width of the available bandwidth, 14.86 GHz, has al-
lowed us to carry out an unbiased survey, covering about a third
of the observable 3 mm window. We used the Splatalogue?® tool
to identify possible lines. We considered as tentative detections
those lines with intensities in the 3—-50 range, and fiducial de-
tections those higher than 50. We detected 53 transitions from
a total of 31 molecules (including isotopologues). In Fig. 1, we
indicate the observed bandwidth toward core 12 and the main
molecular species. Most of the detected lines were identified in
this core, the one with the highest Ay and the brightest molecu-
lar line emission of the sample. However, there are a few sulfur-
bearing molecular lines that were not detected toward core 12
but found to be present in other cores: SO; 313—202, >*SO 3,-
21, and OCS 7-6. We reported tentative detections (~40) of
HOCO* (cores 6 and 102), 1-C3H (cores 12 and 109), and
HCCNC (core 12). In all the cores, we also identified several
Earth atmospheric lines, mostly from ozone.

The cores with the brightest detected lines are those with
the highest Ay (cores 12, 87 and 109) owing to their larger gas
column densities. To avoid a column density bias (our core sam-
ple spans a factor of six in Ay), we normalized the intensity by
dividing the spectra by the Ay peak of the core. We used the val-
ues obtained by Romdn-Zuiiiga et al. (2010) from dust extinction
maps that have an angular resolution similar to our observations.
This definition is similar to that of molecular abundance for opti-
cally thin lines. Figure 2 shows a selected sample of the brightest
normalized lines toward all of the sample, with the cores ordered

2 http://www. splatalogue.net/
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by their Ay peak. In this figure, we ordered the molecules into
families taking into account their atomic composition.

In general, the 3 mm transitions of the lightest species of
most of the molecular families (blue spectra in Fig. 2) were de-
tected in all the cores of our sample: C;H, HCO™, CS, SO, and
HCN. The molecule c—C3;H, was detected in all but two cores.
The 3 mm main transitions of these molecules can be assumed
to be “ubiquitous lines” in starless cores. The molecular tran-
sitions HCO* 1-0, CS 2-1, and HCN 1-0 display little varia-
tions in normalized intensity. These molecules have large dipole
moments and high abundances, hence are likely to have large
optical depths. In addition, the HCO* 1-0 and HCN 1-0 tran-
sitions can be affected by absorption by low density foreground
gas (Girart et al. 2000). Indeed, the relative HCN 1-0 hyperfine
line intensities of cores 12, 40, and 87 suggest that this transi-
tion is out of LTE. The normalized intensities of the other three
ubiquitous lines show significant variations within the sample.
However, while C,H 1-0 and ¢c-C3H; 2, ,—1¢ tend to increase
with Ay, the SO 3,-2; line appears to have the largest normal-
ized intensities in the cores with visual extinction in the range of
15 to 22 mag.

Several molecular transitions were only detected toward
cores with Ay 15. The optically thin H*CO* 1-0 and
HC®BO* 1-0 transitions, and the transition HNCO 44-303,
have larger normalized intensities with increasing column den-
sities. The detected transitions from oxo-sulfurated molecules
(SO 2271], MSO 3272], 502 31,3720,2, and OCS 776) are de-
tected mainly toward the cores with the brightest SO 3,-2, emis-
sion, that is, mainly in the cores with Ay~ 15-22 mag. The
HCO 1-0 transition exhibits the same behavior. Despite its low
density (Ay =11.2 mag), core 47 displays emission in most of
the oxo-sulfurated molecular transitions as well as in HCO 1-0.
The H,CS 3, 3-2, » transition appears to show a similar trend to
the oxo-sulfurated molecules, although it peaks at slightly denser
cores (for which Ay ~20 mag) and clearly survives at larger
Ay values. The emission of the other two lines of this group,
HCS* 2—1 and 3C'80 1-0, is too weak to show a clear trend.
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side of the figure, ordered by its Ay peak. Columns: molecular transition, ordered by molecular families, labeled on the top of the figure. The
spectra have been divided by [Ay /100 mag] to mimic the abundance, where the Ay value is that at the respective core center (Romdn-Ziiga et al.
2010) given below the core name. Each molecular transition has been multiplied by a factor, given below its name, to fit in a common scale. Colors
are used to highlight the distinctive emission of the different core groups: blue for ubiquitous lines, green dense-medium molecular transitions,
orange molecular transitions typical in oxo-sulfurated cores (see Sect. 4), red molecular transitions typical in deuterated cores, and black mostly

undetected species.

The number of detected molecular transitions increased sig-
nificantly for the four cores with the highest column density
(Ay 222 mag) owing to either (i) excitation/column density
reasons or (ii) the length of the synthesization timescales. The
c¢—C3H; molecule is a good example of the former molecules.
Although ubiquitous in the 2 ,—1¢; transition, the 3 ,—3¢ 3 one
is only detected at these column densities. The rarer isotopo-
logic counterparts of the HCN and c—C3H, 1-0 ubiquitous lines
(H'3CN, HCPN, and c-H'*CCCH) are detected only in these
four cores. This is also the case for HN'3C and H'>NC in the
1-0 transition, which suggests that the HNC 1-0 is also likely to
be an ubiquitous line. Most of the transitions detected in these
four cores have higher normalized intensities with increasing
Ay (e.g. HC3N 11-10). The carbon-chain molecular transitions
(C4H 9-8 and 11-10, and CH3C,H 5,-4, and 6,-5,) are the
exception, displaying little variations in normalized intensity.

We also detected several transitions of three deuterated forms
of abundant species, namely C3HD 3(3-2;,, NH,D 1-1, and
DC;N in the 9-8 and 12—11 (see Fig. 2). Only the first transition
is detected in the four cores.

4. Discussion and conclusions

The chemistry detected toward the sample of fourteen starless
cores is unexpectedly rich taking into account their low temper-
atures (10-15 K: Rathborne et al. 2008) and visual extinctions.
The apparent correlation within the sample of the 3 mm molecu-
lar transition normalized intensities to visual extinction allow us
to propose an observational classification (see Fig. 2). We have
defined three groups of starless cores, which are probably re-
lated to their dynamical age: “diffuse”, “oxo-sulfurated”, and

L9, page 3 of 4
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“deuterated” cores. This classification can be useful in future
wide band 3 mm observations of molecular clouds.

The first group consists of so-called “diffuse” cores, a
set of cores with small column densities (Ay $15 mag ~
Ny, S 1.2x 10?2 cm~2) lies above the blue dot-dashed horizontal
line in Fig. 2. Their spectra is rather poor, showing only sig-
nificant normalized intensity in the transitions of the main iso-
topologues of abundant species such as C,H, HCN (and likely
HNC), HCO*, and SO. Such a simple observational chemistry
suggests that these are very young starless cores, or even tran-
sient clumps for which essentially the cloud chemistry is more
clearly detected owing to density enhancements. Core 47 is a
clear exception as we have discussed later in the main paper text.

Our second are the “oxo-sulfurated” cores, which are denser
cores (Ay =~ 15-22 mag ~Ny, ~1.2X 10?2-1.7 x 10%2 cm™2) that
have a richer chemistry for which no significant deuteration has
been observed. In Fig. 2, this group lies between the blue dot-
dashed and red dashed horizontal lines. All the transitions de-
tected in the “diffuse” cores are also present. The SO 3,-2, tran-
sition is the main signpost as it is very bright. Many other oxo-
sulfurated molecules (**SO, SO,, and OCS), as well as HCO,
exhibit a similar trend but are not detected at higher densities.
This suggests that there has been an increase in the abundances
of these chemically related species in the gas-phase in this Ay
range, followed by a later depletion/destruction as density in-
creases. These cores might be in-the-making cores, which have
developed a richer chemistry and piled up more material, proba-
bly in a stage close to the onset of collapse (Ruffle et al. 1999).
Core 102 is an exception in this group as we have discussed later
in the text.

Our third of “deuterated” cores are the densest in our sam-
ple (Ay > 22 mag ~ Ny, > 1.7 x 102 cm™2), and shown below the
red dashed horizontal line in Fig. 2. Core 12, the densest one, sets
the upper limit at Ay = 67.2 mag (N, ~ 5.3 X 10%2 cm™2). These
cores are generally bright in the transitions typical of the other
two groups. The oxo-sulfurated molecules are the exception, be-
cause they are hardly present and probably depleted/destructed
at the densities reached. The main signpost is the emission
that is only present in this group, in rare isotopologues of
the nitrogenated ubiquitous lines (H'*CN, HC'”N, HN'*C, and
H'SNC), deuterated forms of abundant species (C;HD, NH,D,
and DC;3N), and carbon-chain molecules (C4H and CH3;C,H).
These cores might be stable starless cores with a life-time long
enough to achieve the densities needed to synthesize efficiently
carbon chains and deuterated species (Roberts & Millar 2000;
Gwenlan et al. 2000).

As we have previously noted, core 47 does not share
the chemical properties of the diffuse cores. It has a similar
chemistry to the oxo-sulfurated group, which proved to be
very sensitive to density. This suggests that it might be a
failed core that has developed a rich chemistry and is now
merging back into the cloud. This scenario is consistent with
the high abundances of oxo-sulfurated species (Garrod et al.
2005). Core 47 is located close to core 48 in the only Pipe nebula
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region with superalfvénic turbulence, as shown by optical polar-
ization observations (Franco et al. 2010). Therefore, it is possible
that an external source of turbulence is disrupting the medium in
this area and dispersing the cores.

In contrast, core 102, in the oxo-sulfurated group, has a sim-
ilar chemistry to that of the diffuse cores. Similarly, core 87,
among the deuterated cores, has similar features to the oxo-
sulfurated group. This suggests that these cores might have piled
up material so rapidly that a more complex chemistry had no
time to be synthesized. Both cores lie in the same N-S oriented
high-density structure (Romdn-Zuiiiga et al. 2010) where Franco
et al. (2010) reported a N-S magnetic field. This rapid evolution
might have been driven by magnetic fields with the surrounding
mass collapsing in this direction.

Our FTS chemical survey toward the starless cores of the
Pipe nebula has demonstrated that it has a chemistry far richer
than expected for a cloud giving birth to low-mass stars at very
low efficiency. A fully consistent interpretation of the results
would require chemical modeling to investigate the possible evo-
Iutionary tracks, and will be the purpose of a forthcoming study.
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ABSTRACT

Context. In previous works, we have conducted a molecular line antachrginuum survey of a selected sample of cores in the Pipe
nebula. When compared with most of the starless cores stutlitne literature, the selected Pipe nebula cores are difitese and
chemically young.

Aims. We want to better constrain the physical properties of tipe Rebula cores using a combination of our 1.2 mm dust emissio
continuum maps and the best available extinction mapsradaiaat a similar angular resolution.

Methods. We have performed simultaneous fits to the radial profiles®flt2 mm dust continuum maps and of the extinction maps
assuming that the physical structure of the cores is thaBaframor—Ebert sphere model.

Results. All the cores in our sample show radial profiles, both in mmsmiein and in extinction, that are compatible with the
expected Bonnor-Ebert profile. We confirm that most of thes Pigbula cores are quiteflilise and gravitationally unbound, with
central volume densities of only few times*1@n3, and a very small density contrast with respect to the cordirimbient gas.
Core 109 is the exception, since it is not only much denseiif mithe only one of the sample that it is gravitationallyubd. All the
cores are surrounded by a significarffuie molecular component with a visual extinction in the 4-s@mange, being larger in the
bowl region,~ 9 mag, than in the rest of the Pipe nebula.

Conclusions. The Pipe nebula is an ideal target to study the formation antiigon of the starless dense cores since most of the
studied objects are in an extremely early stage of evolyii@r to the onset of collapse.

Key words. ISM: individual objects: Pipe Nebula — ISM: lines and bandSM — stars: formation

1. Introduction a self-graviting, pressure-confined, isothermal gas spimeiny-
drostatic equilibrium. The density profile can be derivecbly-
ing the Lane-Emden equation

Frau et al. (2010, hereafter Paper 1), and Frau et al. (2012py db
hereafter Paper Il) present continuum and high spectral r,eéﬁd_ (fd_)
olution molecular line data of nine Pipe nebula young di S\ dg
fuse starless cores. The observations were carried outtidth where¢ is the non-dimensional radius,
IRAM 30-m telescope using MAMBO-II (continuum maps) and

1.1. The Pipe nebula cores

=e”, @

EMIR+VESPA (spectra). The authors report a clear chemical | VArGp @)
and morphological dierentiation. Frau et al. (2012a, hereafte Cs ’

Paper 1ll) analyze the wide band molecular line data towag}]dq) the logarithm of the density contrast
fourteen of the Pipe nebula starles cores. The observatieres '
carried out using the IRAM 30-m EMIRFTS combination. , . (&)
The authors propose a plausible evolutionary track basedeon ™ ~ ’

(3
chemistry detected as a function of the peak of the cores.

In this work we model our dust continuum emission mads P 3ndp.§ are the tr_adllus, _voltl:]me denglty ang c(;er;'traldvol-
(Paper I, Paper Il) simultaneously with the best availaideal ume density, respectivells is the sound speed defined as

extinction maps (Roman-Zafiga et al., 2009, 2010) ofRipe Cs = VKT/m. G, K, T, andm are the gravitational constant,

nebula starless cores assuming the density profile of a Bonnt(ﬁ'e Boltzmann constant, the temperature, and the mean molec

Ebert sphere. ular mass assumed to be 2.33. Imposing boun(_jary cqndl_ttons a
the core center, forcing the density to peand its derivative

to be 0 (i.e.o = pc anddp/dr = 0 atr = 0), Eq. 1 can be

1.2. The Bonnor-Ebert sphere model solved numerically. The last ingredient left is the outenfoo

A suitable model to fit the Pipe nebula starless cores is he pressgreE0ut,hexerted at the outer ridlugou“ Cf:r om WgCh
Bonnor-Ebert sphere (Bonnor, 1956; Ebert, 1955). It dbgsri ON€ ¢an derive thémay parameter dmax = (Rou/Cs) y4rGp)
that uniquely characterizes the Bonnor-Ebert solutiore dtit-
* Based on observations carried out with the IRAM 30-m telpsco iCal value isémax = 6.5 that corresponds t@c/p)max = 14.1.
IRAM is supported by INSUCNRS (France), MPG (Germany), andFor values larger thafimax the equilibrium is unstable to gravi-
IGN (Spain). tational collapse.
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2. Observational data map, convolved to the respective observational beamsllfina

dial profiles of the observational and synthetic maps @hb

&ﬁvelengths were created and compared simultaneously. The
! - y ality of the fit was assessed byya analysis using the two

MAMBO:-II bolometer (array diameter of 249 of the 30-m 5 elengths. Figure 2 shows the good agreement between the

IRAM telescope (see Paper | and Paper Il for details). In Eig.qpqerational and synthetic Bonnor-Ebert emission rafiad

we present the maps convolved with a Gaussian to have’a 2% o

final angular resolution, larger than the telescope beaordar Table 2 lists the input parameters of the best fitting Bonnor-

to improve the SNR, and to smooth the appearance of the m : . .
Table 1 gives the peak position of the 1.2 mm emission aft@r ert profiles g, Rou, andT), t?]e physl,(lcal parametelrs danvad
convolution, the dust temperature (Rathborne et al., 2a08) > pe/pr: Pou, and mass), the background visual extinction

’ - ; rising from the surrounding ambient mediuAy £9), the grav-
RM.S noise of the emission, the flux den_S|ty and th‘? value of t Stiongal stability status ang an estimate ofm/g Zlge (\Nga(&t
emission peak. Additionally, we also give the derived FWH !

equivalent diameter, the4tolumn and volume density, as well I., 2005). For the cores with the temperature derived from a
a ' Ys .~ maonia observations (Rathborne et al., 2008), we found teat t
as the mass for each core (see Papers | and Il for details

. X Y3fies derived from Bonnor-Ebert are in fair agreement. tMos
further d|scu53|on_). f the core show temperatures around 10 K, except for core 48
The flux density §,) of the cores ranges between 0.40 a ' '

. 4 . hich can only be fitted with a temperature of 18 K.
2.77 Jy, while the intensity peak,] ranges between 21.4 and . .
105.3 my bea Note however, hat he exincton maps, LN, [0 2l he ores e backoroud anbiet
show that the studied cores are surrounded byfasf medium highest in thdsowl (~ 9 mag). This iar e amount of surrour’1din
(Lombardi et al., 2006; Roman-Zufiga et al., 2009, 20410 9 9)- 9 9

Roman-Zafiga et al. (2012) show, by comparing visuainext r_nolecular gas is important since it may yield to an overestim
tion maps to MAMBO-II maps toward B59, flux accuracy probt_|0n of the volume and column density of the core from mm dust

lems for the diuse material due to the MAMBO-II reductionCONtinuum maps and specially from extinction maps. Indte,
algorithms (as discussed in Papers | and II) volume densities derived directly from the 1.2 mm continuum

. . maps is, in most of the cases, roughly a factor 2 higher than th
Corgshznrg?rse |Or: pFé%;ei f:gor\get;eef&ﬁm \Tg&g?gig%it?ésgﬁavalues deri_ved using the Bonnor-Ebart fit. This does not bapp _
s clearly in the computed mass, since this also depend- sensi

(Lombardi et al., 2006; Roman-Ziiiga et al., 2009, 201 | : .
; i ; y to the derived outer radius of the core. Thus, we found tha
Following the results of Alves et al. (2008), it is interesfito for some cores the mass obtained from the Bonnor-Ebert fit is

compare the shape of the cores with their location in the dif-_: ; ,
ferent regions of the Pipe nebula. The most evolved regiz]cimllar to the value estimated from the 1.2 mm continuum maps

B59, harbors cores 06 and 14. Core 06 Iocated'ir) shows ahgg;i:r?bggsﬁgrg:dagg;‘a/:/:?()erria(i;?erssgzqgn%og)eé the discrep-
?g;hnig;?igﬁ;:&lﬁ?g}gﬁﬁ&qﬁ%érs&ef iilltorlssccr)rr;%)m _ Excl_uding core 109 (see _following paragraph for a specific
cores. Core 14 belongs to a clumpy and filamentary st_ructtﬂjg\:lli]t?i'ggsfjEzgﬁ%n;ﬂ tglhsitg(fgﬁ:fs?éﬂ::i/ei%otrjeesnlsnit?eusr gl?gﬁ\g

iosf ;;gg({,/é:;) 'dsesngg)aenlgnc%?;epdagO-rll-ft;sjeﬂ’]\leEéngxnd&iﬁtﬂ]' %om only 6x 10° cm® up to 7x 10* cn3. More interestingly,
termediate magnetic properties, hosts cores 20, 40, 474&ndthese difuse cores show a strikingly small density contrast with

The maps show very fluse structures and elliptical morpholo-reSpeCt to the surrounding molecular ambient gas: frorh4

gies. The physical properties derived are very similar imteof gég?ergasg ﬁgs&cores up te: 4 for more compact cores such
size (1.8-2.410* AU), density (2.2-5.910* cm™#), and mass : . . -
(©8-27M.) Theboui th egon i ho atietstage arbor, 1 S912e5 20, 109 Ak i rghes e rovnos
cores 65, 74,an .Cores 65an show a defined mor < ) Ry . . .
ogy, and are very compact and dens&@® cm-3). On the otherpﬁé'e observed visual extinction profile can be fitted reaslynab
hand, Core 74 do not show a defined morphology and is simil4f!l: Put the 1.2 mm continuum data show some departure with
to thestemcores. The sizes, densities and masses of these cdRSPECt to the Bonnor-Ebert profile.
are very dfferent.

We have also used the high angular resolution extinction o . .
maps by Roman-Zafiga et al. (2009, 2010). These maps wérd>reliminary discussion
constructed from a concerted deep near-infrared imaginggu . . - .
using several telescopes (ESO-VLT, ESO-NTT and CAHA 3 e Bonnor-Ebert radial profile fits at both wavelengths ftev
m) as well as the 2MASS data. These maps have a resolutm

three times higher than the previous extinction map of thisc Bonnor-Ebert sphere. Furthermore, the fact that the fit &tahb

by Lambardl et al. (2006), allowing to resolve structures/do wavelengths uses the same physical parameters allow td avoi
to 19" or 2600 AU. degeneracies of some of them. Thanks to the combined fit we
find an evidence that these objects are isothermal, giventba
dust emission depends critically drwhile the visual extinction
does not.

In order to fit the observational data, a synthetic 3D sourae w A different case is core 109, which shows a good fit for the
generated with a density profile obeying the numerical irteg Ay map but non-negligible éierences in the dust emission pro-
tion of a Bonnor-Ebert sphere (Egs. 1, 2, and 3) with a givdite. This can be interpreted as a departure from the isothlerm
set of parameters. Then, ray tracing was performed as descriapproximation. Previous studies in starless cores (ea@psCet

in Frau et al. (2011). Two maps were simultaneously gengratal., 2007) show that those witky,>10° cm~3 may have an inner

a visual extinction map and a 1.2 mm dust continuum emissitemperature gradient. These cores are colder at the cexgieh-

We mapped the dust continuum emission of cores 06, 14,

3. Results



PHYSICAL STRUCTURE OF THE PIPE NEBULA STARLESS CORES [T

P. Frau et al.: Physical structure of th

107

) BE SUBMITTED TO A&A]

édse starless cores in the Pipe nebula

ing temperatures as low as 6 K, than at the outer shells whetert, R. 1955, ZAp, 37, 217

they may be heated by the interstellar radiation.

Core 48 is also a special case. It is impossible to fit both prfd
files without a temperature of 18 K, high as compared to the typ

ical values for dense cores. Onishi et al. (1999) fiad~15 K
from CO data in the surroundingflise medium. Such a high
temperature, together with the low density contrast of tbie,
can be explained in an scenario with external radiation patm
ing the core and heating the internal material up to tempegat
comparable to the cloud.

Falle, S. A. E. G., & Hartquist, T. W. 2002, MNRAS, 329, 195

ower, D. R., Pineau Des Foréts, G., Walmsley, C. M. 2008AA456, 215

rbrich, J., Lada, C. J., Muench, A. A., Alves, J., Lombaktli2009, ApJ, 704,

292

Franco, G. A. P, Alves, F. O., & Girart, J. M. 2010, ApJ, 72361

Frau, P, Girart, J. M., Beltran, M. T., Morata, O., MasgdéM., Busquet, G.,
Alves, F. O., Sanchez-Monge, A., Estalella, R., & Francd).8. 2010 ApJ,
723, 1665 (Paper 1)

Frau, P., Galli, D., Girart, J. M. 2011, A&A, 535, Ad44

Frau, P., Girart, J. M., & Beltran, M. T. 2012, A&A, 537, L94per I1I)

Frau, P., Girart, J. M., Beltran, M. T., Padovani, M., Busg.G., Morata, O.,

(]

The coresin B59 (06 and 14) show larger confining pressuredvasqué, J. M., Alves, F. O., Sanchez-Monge, A., Franc, i, & Estalella,

probably due to thefeect of the nearby star-formation. Core 6

at the center of a three core structure, also show a largeeval

5 R. 2012, Submitted to ApJ (Paper II)

Garrod, R. T., Williams, D. A., Hartquist, T. W., Rawlings, M. C., Viti, S.
2004, MNRAS, 356, 654-664

These three cores might have formed by compression of thé logonzalez-Alfonso, E. & Cernicharo, J. 1993, A&A, 279, 506
material. The rest of the cores show confining pressures abmpie Gregorio-Monsalvo, I., Gomes, J. F., Suarez, O., KuipeB. H., Rodriguez,

ible with the estimates of the cloud weight (Lada et al., 2008

Regarding the general properties of the best fitting Bor.mn#;

Ebert spheres to the Pipe nebula cores, the central densite

L. F., Jiménez-Bailon, E. 2006, ApJ, 642, 319
eitsch, F., Ballesteros-Paredes, J., & Hartmann, L. 2809, 704, 1735
ine, W. M., Goldsmith, P. F., Hjalmarson A. 1987, in Haileach D. J.,
Thronson H. A. (eds), Interstellar Processes. Reidel, i2ofd, p. 561

of the order of~10* cm™3, typical values in literature of starlesskandori, R., Nakajima, Y., Tamura, M., Tatematsu, K., Ailaw., Naoi, T.,

dense cores but lower than the values of those studied iil sieta
far. The density contrast agghax values are very low in general
>2 for five cores in both parameters, what brings up the ques
of whether these are real cores or just transient densitgrezgh
ments due to the cloud internal turbulence. Four of thesesco
(47, 48, 65, and 74) are located in the the transition regiom f

Sugitani, K., Nakaya, H., Nagayama, T., Nagata, T., Kufifa, Kato, D.,
Nagashima, C., Sato, S. 2005, AJ, 130, 2166

' Kauffmann, J., Bertoldi, F., Bourke, T. L., Evans, N. J., Il, & L&z, W. 2008,
110 agA, 487, 993

Keto, E., & Caselli, P. 2008, ApJ, 683, 238
Keto, E., & Caselli, P. 2010, MNRAS, 402, 1625
Kim, K.-T., & Koo, B.-C. 2003, ApJ, 596, 362

thestemand thebowl, where the homogeneous filament and the, ., s Harju, J., Heikkila, A., & Haikala, L. K. 2008&A, 361, 704
ring-like structure described by Muench et al. (2007) c@l@c | ada, C. 3., Muench, A. A., Rathborne, J. M., Alves, J. F., &rihardi, M. 2008,

probably generating turbulence in the local environment.

ApJ, 672,410

The age estimate using Kandori et al. (2005) simulatiofhgmbardi, M., Alves, J., & Lada, C. J. 2006, A&A, 454, 781

may sufer from high uncertainties. The densities of these cor

are very close to the inital conditions adopted by the sitiria

illar, T., Herbst, E. 1990, A&A, 231, 466
orata, O., Girart, J. M., & Estalella, R. 2003, A&A, 397, 181

Morata, O., Girart, J. M., & Estalella, R. 2005, A&A, 435, 113

(10* cmr3). A prove of this is that for three of the cores (47, 48yiuench, A. A., Lada, C. J., Rathborne, J. M., Alves, J. F., &ibardi, M. 2007,

and 74) it was impossible to estimate the age because d=ns
are below the initial value. The densities achived by thé oés
the cores are not significantly higher and, at these evalatip
stages, its variation with time is very slow causing a higbarn
tainty in the age estimate.
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Fig. 1. IRAM 30-m MAMBO-II maps of the dust continuum emission at infh toward nine cores of the Pipe nebula presented in Papedslil.a
In the bottom left corner of the bottom right panel the comedl beam and the spatial scale for the maps are sh@vayscale levels are common
for all the maps and range from 3 to 18 times 5.75 mJy béa@ontour levels3 to 10 timeso in steps of 1s for all the cores but core 109,
for which the contour levels are 3 to @1in steps of 3. 1o is 4.0, 4.5, 4.5, 5.0, 4.9, 3.5, 4.4, and 4.3 mJy béafor cores 06, 14, 20, 40, 47,
48, 65, 74, and 109, respectiveRed thin contourhalf maximum emission level of the source (see TableBlgck or white filled circlesline
observation pointing positions of Paper | and Paper Il, \woge to the dust continuum emission maximBtue vectorspolarization vectors
found by Franco et al. (2010Red crosscenter of the concentric rings used to calculate the iitiepsofile. Red thick ellipseexternal boundary
of the best fitting Bonnor-Ebert profile.

Table 1. 1.2 mm Dust Continuum Emission Parameters

@(J2000)*  §(J2000)  Tqust RMS S, | Peak Diameter N, ° Ny, Mass®
Source hms o (K)  (mJybeam') (Jy) (mJybeam)) (pc) (1G*cm?)  (A0cm) (M)
Core 06 171031.8 -272551.3 100 4.0 0.58 42.6 0.051 16.18 15.44°¢ 0.88°¢
Core 14 1712315 -272141.0 120 4.5 1.23 51.6 0.073 12.28 8.14 1.39
Core 20 1715115 -2734479 152 4.5 1.52 42.6 0.088 7.33 4.04 1.20
Core 40 1721147 -265247.8 10'3 5.0 1.85 42.0 0.101 12.44 5.96 2.69
Core47 1727243 -2657222 126 4.9 0.73 28.5 0.093 4.17 2.18 0.76
Core48 172557.3 -2644223 10.0 35 1.41 27.9 0.115 7.66 3.23¢ 2.14¢
Core 65 173121.1 -263042.8 10.0 4.4 0.48 36.1 0.053 12.39 11.38° 0.73¢
Core74 1732353 -261554.0 10.0 4.3 0.40 21.4 0.097 3.1 1.56¢ 0.61°¢
Core 109 1735477 -2532529 95 4.5 2.77 105.3 0.062 57.93 45.69 4.62

@ Pointing position of the chemical observations which lieside the same beam area of the dust continuum emission peak.

b Assumingk,so cr=0.0066 cm g~* as a medium value between dust grains with thin and thick iaeties (Ossenkopf & Henning, 1994). See
Appendix 1 in Paper | for details on the calculation.

¢ No kinetic temperature estimate, therefore we assumed IdsEdon the average temperatures of the other cores in theé&tpla (Rathborne
etal., 2008).

4 Adopted to be equal to the kinetic temperature derived fog hthborne et al., 2008).
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Fig. 2. Radial intensity profiles of the Pipe nebula starless coresgmted in Papers | and Ueft column intensity profile from the 1.2 mm dust
continuum emission maps (Papers | and Right column Ay profile from the dust extinction maps (Roman-Zifiga et2009, 2010)Rows
each row corresponds to a single core labeled on left paBlelsk dots represent the observed values with vertical bars depittie+1-0- range.
Empty circlesrepresent the value of the fitted Bonnor-Ebert profile. Gehdaft panel, the best fitting central densjty, and dust temperature,
T, are shown. The core boundary radiBs,,, andAy value of the surrounding mediur,,®9, are labeled on right panels and shown as a vertical
dashed line and horizontal dotted line, respectively. kHuial dashed line represent the-3evel (left panels) or the cufbAy (right panels).

Table 2. Bonnor-Ebert fit parameters.

Source a/b PA Pe Rout T &max  Pc/Pr Pout Mass A" Stable?  Agé
°  10cm?® 1CCAU K 1®°Kem?® M, mag yr
Core 47 1.15 -30 9 16 126 1.6 1.46 1.1 0.8 6.3 Yes -
Core 48 1.15 - 6 21 18.0 1.4 1.35 1.1 1.1 5.9 Yes -
Core 74 1.41 45 15 8.7 10.0 1.2 1.25 1.7 0.2 9.5 Yes -
Core 20 2 0 30 15 10.0 3.1 3.05 1.4 1.3 4.3 Yes x1@
Core 40 1.15 -60 30 18 10.3 3.7 4.15 1.0 1.9 8.8 Yes A14P
Core 65 1.41 -37 33 7 11.0 1.4 1.35 3.7 0.2 9.1 Yes $18P
Core 14 1 - 50 7 95 19 167 4.0 0.3 8.6 Yes 0P
Core 06 2 60 70 115 9.0 3.8 4.36 2.0 1.1 5.6 Yes xI®
Core 109 1 - 200 18 105 95 36.88 0.8 2.7 9.5 No Q18P

@ Based on Aikawa et al. (2005) results following the evolutid a marginally unstable Bonnor-Ebert sphefe-{0 K, a=1.1).
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ABSTRACT

The dense molecular clump at the center of the Barnard 59 (B59) complex is the only region in the Pipe Nebula that
has formed a small, stellar cluster. The previous analysis of a high-resolution near-IR dust extinction map revealed
that the nuclear region in B59 is a massive, mostly quiescent clump of 18.9 M. The clump shows a monolithic
profile, possibly indicating that the clump is on the way to collapse, with no evident fragmentation that could lead
to another group of star systems. In this paper, we present new analysis that compares the dust extinction map with
a new dust emission radio-continuum map of higher spatial resolution. We confirm that the clump does not show
any significant evidence for prestellar fragmentation at scales smaller than those probed previously.

Key words: infrared: ISM — ISM: clouds — radio continuum: ISM — radio lines: ISM — stars: formation

Online-only material: color figure

1. INTRODUCTION

The formation of a stellar cluster proceeds when a molec-
ular cloud clump hosts multiple dense fragments capable of
collapsing independently. Cluster-forming clumps populate the
high-end bins of the mass and density distributions in a cloud
(Williams et al. 1995; Di Francesco et al. 2010), but very few
details are known about the process of fragmentation, since
cluster-forming clumps in very early stages of evolution are
relatively rare.

The recently popular Pipe Nebula (see Alves et al. 2008b
and references therein) has become a prototype case for a cloud
in a very early stage of evolution. The Pipe Nebula hosts only
one star-cluster-forming clump, Barnard 59 (B59), and one core
hosting a single young source in a nearby filament (Forbrich
etal. 2009). The rest of the cloud contains more than 130 starless
cores that resemble stars in the way their masses are distributed
(Alves et al. 2007; Rathborne et al. 2009) and how they are
distributed spatially (Romén-Zuiiiga et al. 2010). Dense cores
in the Pipe appear to be still mostly quiescent and stable against
collapse (Lada et al. 2008), despite some of them being already
chemically evolved (Frau et al. 2010; Frau et al. 2011a, 2011b).
Currently, the best candidate for a mechanism that supports cores
in the Pipe against collapse is the magnetic field that appears to
permeate the cloud (Alves et al. 2008a; Franco et al. 2010).

The B59 complex hosts one of the less massive and less distant
(d = 130 pc) young stellar clusters observable. During the last
2.6 Myr, B59 has formed 14 stars, all below 3 M, (Covey et al.
2010, hereafter CLR10). The analysis of a high-resolution (24”)
near-infrared dust extinction map of the B5S9 region (Roman-
Zupiga et al. 2009, hereafter RLAQ9) revealed that B59 is a
complex group of dense cores and filamentary structures, in
which the central clump, B59-09, hosts most of the cluster
members. The analysis of the dust extinction map suggests
that the central clump has a smooth profile that compares well
with that of an isothermal sphere, with no evidence of internal
fragmentation. Moreover, pointed NHj3 observations inside the
core show that the thermal-to-non-thermal kinetic energy ratio
averages well over unity, suggesting that B59-09 remains mostly
quiescent despite having formed a star cluster. The main goal of

this study is to confirm such a scenario by showing that a radio
continuum dust emission map with higher spatial resolution also
lacks evidence for fragmentation in the central core.

The paper is divided as follows: in Section 2, we describe the
observations and data reduction process. Our results are detailed
in Section 3 and, to conclude, we elaborate a discussion about
their significance in Section 4.

2. OBSERVATIONS
2.1. MAMBO-II

We mapped B59 at 1.2 mm (250 GHz) with the MAMBO-II
bolometer at the 30 m IRAM telescope atop Sierra Nevada
(Spain). MAMBO-II features a 117-receiver array that covers
240” in diameter. The observations were carried out in 2009
November in the framework of a flexible observing pool. The
weather conditions were good and zenith optical depth remained
within 0.1-0.3. A total of five usable on-the-fly maps were
completed and combined. The beam size of the telescope is
11" at the effective frequency of 250 GHz; we used a constant
scanning at a speed of 8” s~! in the azimuthal direction for up to
65 s. This strategy resulted in average integration times per map
of ~1 hr. Each map was performed with a different secondary
chopping, which varied between 30” and 80", parallel to the
scanning direction of the telescope. This procedure assured that
we had a different OFF position for each ON position within the
map. The scanning direction was also changed for each map,
giving a different zero emission level, which helped to avoid
spatial filtering effects. The zenith optical depth was measured
with a skydip at the start and end of a map. Pointing and focus
were checked also at the start and end of a map, with corrections
below 3” and 0.2 mm, respectively. Flux density calibrators were
observed every few hours. The data reduction was done with
standardized routines from MOPSIC software included in the
GILDAS package.*

4 GILDAS and MOPSIC are available at
http://www.iram.fr/IRAMFR/GILDAS.
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2.2. Near-infrared Dust Extinction Map and
Additional Radio Data

‘We make use of the dust extinction map of RLA09 constructed
with the NICER technique (Lombardi & Alves 2001) and a com-
bined photometric catalog obtained from ground- (ESO) and
space-based (Spitzer) observations. In addition to the infrared
data, we also make use of a series of pointed observations made
with the Green Bank 100 m telescope to determine the vari-
ation of the emission of the (1,1) and (2,2) rotation—inversion
transitions of ammonia (NH3) across the central clump B59-09.
These data were also used and described in RLAOQ9. Finally,
we also make use of a C'80 (2-1) line emission map obtained
with the detector HERA at the IRAM 30 m telescope (C. G.
Romadn-Zuiiiga et al., in preparation).

3. DATA ANALYSIS AND RESULTS

In the top panel of Figure 1, we show our MAMBO-II
map toward B59. The map detected mostly the emission from
the clump 09ab’ and, less prominently, the core 09¢c at the
northwestern end. Five young stellar objects were detected
with very high signal-to-noise ratios (S/Ns). They correspond
to sources 6, 7, 9, 10, and 11 in the list of (Brooke et al.
2007, hereafter BHBO7). The 250 GHz continuum emission
properties of these sources are listed in Table 1. Note that
sources BHBO7-6 and BHBO7-7 lie very close together and
they are not resolved as separated sources in the MAMBO-II
map. As our main purpose is to study the emission of the core,
we subtracted out the contribution of the young stars. For this
purpose, a two-dimensional Gaussian profile was fit to each of
the sources, using a background emission level corresponding to
the average in the vicinity region of the clump. The fit parameters
are listed in Table 1. The smoothness of the resulting map (see
the central panel in Figure 1) seems to confirm that most of the
subtracted emission arises from the YSO warm circumstellar
material rather than from the core cold dust.

After subtracting the contribution from the YSOs, we trans-
formed the dust emission maps to column density and then into
visual extinction for a direct comparison with the NICER map
of RLAO9. The conversion was done following the method de-
scribed in Section 4.1 and Appendix A of Frau et al. (2010).
We note that the conversion is very sensitive to the assumed
value for gas temperature, 7} (see Appendix 1 of Frau et al.
2010), and also the dust emissivity (k,) and the dust temper-
ature assumed. Following Ossenkopf & Henning (1994), we
assumed «, = 0.007 cm? g~! for grains in a dense medium
(n ~ 10° cm™3). Then, we computed visual extinction maps for
gas/dust temperatures in the 10-12 K range in steps of 0.25 K
(ammonia observations yield Tx = 11.3 K £ 0.7 K; Rathborne
et al. 2009). We selected a temperature of 10.25 K as this value
showed the best agreement with respect to the previous extinc-
tion map, and we made the assumption that this temperature
is constant within the entire clump. The derived radius, mass,
and average density of the clump are listed in Table 2. Given
the high S/N achieved, we restricted analysis to the region sat-
isfying 1, > 0.2, max (~4.50). The total mass of the clump
09ab in B59 estimated from the MAMBO-II map is about half
of that estimated from the NICER map (i.e., cores 09ab and
09c sum about 21 My according to RLA09). This difference
is mostly because MAMBO-II maps are not as sensitive as the
near-infrared excess method in detecting the diffuse gas at the

5 We follow the nomenclature of RLA09, see their Table 1.
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Figure 1. Top: MAMBO-II dust emission map of Barnard 59 from our
observations. For purposes of clarity, the flux scale has been clipped from
0 mJy beam™! to 100 mJy beam~!. Numbers refer to YSO sources identified
and listed in Table 1. The circle at the bottom right corner indicates the beam
size. Middle: MAMBO 1I dust extinction map after conversion of the flux and
subtraction of the YSO’s emission. The extinction level has also been clipped
from 0 to 100 mag. The circle at the bottom right corner indicates the beam
size. Bottom: NICER dust extinction map, as in RLAQ9, also scaled from 0 to
100 mag. The circle at the bottom right corner shows the size of the Gaussian
filter used to construct the map. In all panels, the cross symbol marks the center
around which radial profiles were constructed, at J2000 («, §) = (17:11:23,
0, —27:25:59.3).

(A color version of this figure is available in the online journal.)
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Table 1
Properties of YSOs Counterparts
Gaussian Fit
1D? Class® Spectral Type® Peak Flux Mass® Aa, AS© Deconvolved Sized
(mJy beam™") (Mo) @ (), (deg)

BHBO07-11 I e 270.0 —11.0,55.5 18.0 x 17.0, —68.0

BHBO07-10 0/1 65.0 65.0, —24.0 16.0 x 16.0, 0.0

BHBO07-09 Flat K5 115.0 0.77-0.79 —29.4, —133.0 13.7 x 12.1, —89.5

BHB07-06 I M2 15.0 0.24-0.62 15.0, —80.0 14.0 x 12.0,79.4

BHBO07-07 Flat K5 15.0 0.75-1.16 15.0, —80.0 14.0 x 12.0,79.4

Notes.

2 From Brooke et al. (2007).

b From Covey et al. (2010).

¢ Offsets from center of map at («, §) = (17:11:24.0, —27:25:30.0).

4 Indicates major and minor axes, and position angle.

Table 2 Barnard 59. Central Core
Barnard 59: Dust Emission Map 100~ "l T T T T T T T

Parameter Value L ]
Ti* 1025 K H 1
rms 4 mJy beam~!
Total flux 8.28 Jy
Peak flux 90.7 mJy beam ™!
Diameter® 0.11 pc
Ni,© 2.96 x 10?2 cm™2
nm,* 1.30 x 10° cm™3
Mass 9.19 Mo
Notes.

@ Corresponds to our best fit to the Ay profile, not to
a measured value.

b Size of region with emission above I, > 0.21, max.
¢ Average value over region with emission above
I, > 0.21, max.

external parts of dense cores (Ay < 25 mag in this case), rather
than a technical effect. The partial detection of cores 09cd and
04a seems to confirm the good quality of the emission maps
despite their lack of sensitivity. The NICER technique relies
on having enough sources per beam to average reddening, and
background sources toward the edges of B59 are abundant. On
the other hand, the continuum emission relies on the amount of
dust that contributes to the signal, which decreases at lower col-
umn densities (see Frau et al. 2010, for additional discussions
on this effect). Also, the assumption of a constant temperature
for the entire region is less accurate toward the core boundaries
that might be heated by external sources.

Morphologically, the MAMBO-II dust extinction map shows
features that are equivalent features to those found in the
NICER map of RLAQ9, which is shown in the bottom panel
of Figure 1. Both maps show a relatively flat central region
toward the clump 09ab with a shallow “dent” near the location
of source BHB07-10, discussed in Section 5.1 of RLAOQ9.
A radial profile of the MAMBO-II map was constructed by
averaging flux in circular, concentric rings centered on J2000
(o, 8) = (17:11:23,0, —27:25:59.3), as in RLA09. Figure 2
shows that observed profiles compare well with each other and
trace equivalent structures within ~10* AU (Ay > 35 mag).
Below Ay = 35 mag, the MAMBO profile plunges and appears
to be truncated below an average radius of 2 x 10* AU, while the
NICER profile continues until it reaches the background level
near 5 x 10* AU.

1000 10000
Radius from center (AU) at D,,=130 pc

Figure 2. Open circle symbols show the radial profile of the NICER extinction
map. The black diamond symbols show the radial profile of the MAMBO-II
dust emission map. The profiles were constructed by averaging flux in circular,
concentric rings centered on J2000 («, §) = (17:11:23, 0, —27:25:59.3). For the
MAMBO-II profile, the data were convolved to the resolution of the NICER
map (20”) and re-gridded to match pixels in both maps.

We used our pointed NHj3 observations (RLA09) and the
C'30(2-1) map to categorize the variation of the LSR velocity
near the center of the clump. Twelve NH3 pointed observations
were made within the central 10* AU of B59. All of them
indicate variations of v sg smaller than 0.088 km s~! from
the central value of 3.485 km s~!. Moreover, these variations
are below the average velocity dispersion (o,) = 0.210 £+
0.0498 km s~ and below the sound speed in a 10 K gas (¢, =
0.12km s~ !). The C'®0 (2-1) map reveals variations below
0.05 km s~! from the central velocity value. The linewidths,
although being significantly wider than those of the NHs,
also show very small variations (less than 0.08 km s~') from
the average value of 0.87 km s~!, indicating very uniform
kinematics near the center of B59-09ab. Rathborne et al. (2009)
discussed how kinematically independent cores in the Pipe
Nebula must show radial velocity differences larger than c;.
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Following this prescription, the differences we observe are too
small to suggest the presence of kinematically independent
substructure.

4. DISCUSSION

The radio continuum map has twice the resolution of the
NICER map (11”7 FWHM beam versus 24” FWHM Gaussian
filter), resolving a projected size of 1420 AU (assuming a
distance of 130 pc to the Pipe Nebula). We could safely say that
the MAMBO-II map should resolve structures with minimum
sizes of 2000-5000 AU. Our map, however, does not reveal
any significant substructure (other than the sources or the dent)
below ~1.5 x 10* AU. This result is in good agreement with
those of Roman-Ziiiiga et al. (2010), who reported a possible
limiting scale of fragmentation in the Pipe Nebula of about
1.4 x 10* AU. As also noted there, this scale agrees with
the results of Schnee et al. (2010) who found no evidence of
fragmentation in cores of the Perseus Molecular Cloud at scales
of 10°-10* AU.

The column density estimations made from near-IR extinction
and dust emission are very similar near the center. Both maps
fail to show evidence of substructure suggestive of significant
fragmentation in R09ab. The dust emission map confirms that
the dent is real and thus it suggests that source BHB07-10 is
possibly affecting the material surrounding it. The decrement of
column density near source BHB07-10, however, is equivalent
to a decrement of only 3% in the total mass of the clump
(RLAO09). Also, CLR10 showed that BHB07-10 is not embedded
at the level at which it is projected against the map. In contrast,
source BHBO7-11 has been suggested to be the origin of a
moderate gas outflow (Onishi et al. 1999) that seems to be
carving the northern part of the clump, forming core 09c. Thus,
the feedback effect near BHB07-10 may not account for a bona
fide fragmentation process as in core 09c.

The young stellar cluster in B59 is likely too small to hold
itself together dynamically. Following Adams & Myers (2001),
for the B59 cluster to remain stable, its relaxation timescale,
t1x, should be at least larger than its formation timescale, which
in turn should be comparable to the age of the cluster. The age
of the B59 cluster is estimated as being 2-3 Myr (CLR10).
The relaxation parameter, Qyiy, i.e., the number of crossings per
relaxation time, can be estimated in terms of the star-forming
efficiency, €, and the number of stars, N,, approximately as
N,/(10€*In (N, /€)). Using the present-day value, ¢ = 0.3
(CLR10) and, for 10 sources projected within B59-09ab, we
obtain Qux = 3.2. Therefore, given the crossing time of the
clump, t; = 0.06 Myr, then f;;x = Quxter & 0.2 Myr, which
is much shorter than its formation time. It is thus very unlikely
that the B59 stellar cluster will remain together longer than a
few more crossing times.

Experimental fits of isothermal sphere profiles, particularly
Bonnor-Ebert and Dapp & Basu (2009) to the NICER profile,
suggest that the core is already out of equilibrium, although it
is not possible to estimate its state of evolution toward collapse
(see also RLA09). The velocity dispersion from the NH; data
and the parameters from Table 2 yield a virial parameter
value ayi; = 0.25, which suggests that the B59-09ab clump
is gravitationally bound. Thus, we should expect the clump to
be presently moving toward collapse. As shown in RLA09, B59-
09ab remains mostly quiescent. Moreover, our data show that
the clump has been able to amass between 9 M and 19 M, of
gas (the latter if we consider the whole dust extinction structure)
in an apparently monolithic structure, and we know from the age
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of the cluster that the period of mass aggregation could be as
long as about six crossing times long (CRL10). What is the
mechanism that held the clump together, retarding collapse and
fragmentation for a relatively long period?

Feedback in the form of outflows could serve as a turbulent
energy injection mechanism that could provide the non-thermal
support required to maintain the clump against collapse. Sev-
eral authors have provided evidence of one and possibly two
outflows from embedded sources BHB07-09 and BHB07-11
(Onishi et al. 1999; Brooke et al. 2007; Riaz et al. 2009), and
RLAOQ9 discussed how these could be carving structures at the
outer regions of the clump. The presence of at least four YSOs
located at projected distances larger than the Jeans length of the
core (see below) could suggest that B59-09ab is more likely a
remnant of dense gas after an episode of multiple source for-
mation within a much larger structure. Even source BHB07-10
could also be affecting the core at a shallow level, as discussed
above. The numerical experiments of Krumholz et al. (2007)
and Offner et al. (2010) have shown that radiative feedback
can be a strong agent against fragmentation. For instance, feed-
back from protostars can inhibit the formation of binaries in
a fragmenting disk scenario. These models, however, require
stars with masses above 3 M, and the mechanisms work best
at spatial scales about one order of magnitude smaller than the
observed size of B59. Since sources in B59 have too low of
masses and are not numerous, it is thus very unlikely that they
can either provide non-thermal support against collapse or do
not provide enough feedback energy to inhibit fragmentation
(see, e.g., Longmore et al. 2010).

The other plausible candidate for a mechanism that can
prevent further collapse and fragmentation of cores in B59
(as well as other regions of the Pipe Nebula) is the magnetic
field. Numerical studies like those of Nakamura & Li (2011)
concluded that for an initially magnetically subcritical cloud,
a strong magnetic field is able to slow down gravitational
collapse and fragmentation, decreasing the star formation rate
significantly. Also, Price & Bate (2007) showed that support
by magnetic fields may deter density perturbations and the
fragmentation of disks in the case of binary formation. The
optical polarization studies of Alves et al. (2008a) and Franco
et al. (2010) strongly suggest that the Pipe is permeated by a
magnetic field. Moreover, Frau et al. (2010) have shown that
chemically evolved cores in the Pipe are possibly associated
with a strong magnetic field, which is suggestive of significant
magnetic support.

Following the formulation of Mouschovias (1991), we find
a Jeans length scale of A7 = 0.12 pc, which is about twice
as large as the radius of the clump in the dust emission map,
within which have demonstrated the monolithic behavior of
the clump (although this length is very close to the radius
estimated from the dust extinction map). The data of Franco
et al. (2010) indicate that B59 may be sub-Alfvénic, so in the
overall region the magnetic field is dynamically more important
than the turbulence.

From the Jeans length scale and the critical magnetic length
scale, Ay = 0.91(B/ [uG])(1 x 103 [cm_3]/n) (Mouschovias
1991), and considering both the visual extinction and dust
emission map derived values of the clump radius, we can
infer that a magnetic field strength in the range of 0.1-0.2 mG
would be enough to support the clump. These values are larger
than those calculated from optical polarization data of the
diffuse surrounding gas. However, magnetic field is expected to
strengthen toward denser regions as the collapse process evolves
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(e.g., Fiedler & Mouschovias 1993) and these estimates are not
unreasonable compared to other dense cores (see Crutcher 1999;
Crutcher et al. 2004).

While the profile of BS9 suggests that the core is out of
equilibrium (C. G. Romdn-Ziiiga et al., in preparation), our
continuum map shows that it has not finished collapse for a
time comparable to the age of the stellar cluster. Magnetic
field support (or an equivalent combination of supporting
mechanisms) could have been active during such a timescale.
The age of the cluster suggests that B59-09ab has survived
for a period longer than 10 #; without completely collapsing
or fragmenting, and it is unlikely that it will fail to evolve
toward protostellar collapse. Experiments by Galvan-Madrid
etal. (2007) suggest that pre-stellar core survival can be assured
for at most 3—10 # for cores with densities above 10° cm™3,
independently of mass to magnetic flux ratio. Despite the lack
of fragmentation in B59-09ab at present, we cannot assure
from our data only that the clump will not fragment later. We
think, however, that further fragmentation is unlikely because
fragmentation tends to proceed quite rapidly. For instance, some
numerical studies, like those of Boss (2009), show that oblate
cores with magnetic fields can form binaries in timescales of less
than 24 ;. Also, the models of Price & Bate (2009) show that
fragmentation in a core with initial mass of 50 M and initial
radius of 0.375 pc—possibly not that much different from a
low-mass star-cluster-forming core like BS9—proceeds within
1-2 t independently of the amount of magnetic and radiative
feedback support added to their models.

Our analysis confirms the hypothesis that B59-09ab does not
show significant fragmentation at the present time. We speculate
that the clump is likely on its way to collapse, but it will not form
multiple sources to increase the population of the small stellar
cluster. The efficiency of formation in the cluster B59 after the
collapse of the B59-09 clump will increase only modestly. B59
probably will remain as a small, low-mass star cluster with too
few stars to survive disintegration by evaporation (Lada & Lada
2003).
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ABSTRACT

Context. Observations of dust polarized emission toward star forming regions trace the magnetic field component in the plane of the
sky and provide constraints to theoretical models of cloud collapse.

Aims. We compare high-angular resolution observations of the submillimeter polarized emission of the low-mass protostellar source
NGC 1333 IRAS 4A with the predictions of three different models of collapse of magnetized molecular cloud cores.

Methods. We compute the Stokes parameters for the dust emission for the three models. We then convolve the results with the
instrumental response of the Submillimeter Array observation toward NGC 1333 IRAS 4A. Finally, we compare the synthetic maps
with the data, varying the model parameters and orientation, and we assess the quality of the fit by a y? analysis.

Results. High-angular resolution observations of polarized dust emission can constraint the physical properties of protostars. In the
case of NCC 1333 IRAS 4A, the best agreement with the data is obtained for models of collapse of clouds with mass-to-flux ratio
>2 times the critical value, initial uniform magnetic field of strength ~0.5 mG, and age of the order of a few 10* yr since the onset
of collapse. Magnetic dissipation, if present, is found to occur below the resolution level of the observations. Including a previously
measured temperature profile of IRAS 4A leads to a more realistic morphology and intensity distribution. We also show that ALMA
has the capability of distinguishing among the three different models adopted in this work.

Conclusions. Our results are consistent with the standard theoretical scenario for the formation of low-mass stars, where clouds
initially threaded by large-scale magnetic fields become unstable and collapse, trapping the field in the nascent protostar and the

surrounding circumstellar disk. In the collapsing cloud, the dynamics is dominated by gravitational and magnetic forces.

Key words. magnetohydrodynamics (MHD) — polarization — stars: formation — ISM: magnetic fields —

ISM: individual objects: NGC 1333 IRAS 4A

1. Introduction

Magnetic fields play an important role in the star formation
process. Molecular clouds are expected to form dense cores
through a combination of loss of magnetic and turbulent support.
Eventually, a molecular cloud core overcomes magnetic support
(“supercritical” stage), and collapses gravitationally. The mag-
netic field is then pinched and strengthened in the central re-
gions of the core, and is expected to assume an hourglass shape
(Fiedler et al. 1993; Galli & Shu 1993a,b; Nakamura & Li 2005).

Aspherical spinning dust particles tend to align their small
axis parallel to the direction of the magnetic field. Thermal emis-
sion from such elongated grains is thus partially linearly po-
larized, with the polarization vector perpendicular to the mag-
netic field. Consequently, the polarized emission is a good tracer
of the magnetic field. To test the influence of magnetic fields
we compare high-angular resolution observations of the polar-
ized emission measured at submillimeter wavelengths toward
the low-mass protostar NGC 1333 IRAS 4A with non-turbulent
magnetohydrodynamic (MHD) models of molecular cloud cores
threaded by an initial uniform magnetic field. This first step will
help to (i) select the best models to describe the structure and
evolution of low-mass cores, and, (if) to better understand the

* Based on observations carried out with the SMA telescope.

Article published by EDP Sciences

importance of the physical processes involved in their formation
and evolution. In a subsequent paper we will consider models of
magnetized molecular cores formed in a turbulent environment.

The low-mass protostar IRAS 4A is an ideal test site for
models of magnetized cloud collapse and star formation. BIMA
spectropolarimetric observations at 1.3 mm have detected and
partially resolved the polarization in both the dust and CO (2—
1) emission (Girart et al. 1999), showing hints of a hourglass
morphology of the magnetic field. Recent polarimetric observa-
tions with the SMA at 877 um with a resolution of 173 (390 AU)
have shown that the magnetic field associated with the infalling
envelope has a clearly “pinched” morphology on a scale of a few
hundreds AU (see Fig. 1 in Girart et al. 2006). This morphology
resembles the hourglass shape that is predicted by the standard
theory of low-mass star formation in a collapsing core with a
regular magnetic field dominating the irregular (turbulent) one
(Fiedler & Mouschovias 1993; Galli & Shu 1993a,b; Nakamura
& Li2005). Applying the Chandrasekhar-Fermi equation, Girart
et al. (2006) derived a magnetic field strength in the plane of
the sky (POS) of Bpos = 5 mG, corresponding to a mass-to-flux
ratio of ~1.7 times the critical value.

Gongalves et al. (2008) compared the position angles in
the plane of the sky of the polarization vectors determined by
Girart et al. (2006) with the inclination of magnetic field lines
of ideal (Galli & Shu 1993a,b) and non-ideal (Shu et al. 2006)

Ad44, page 1 of 13
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MHD collapse models. They found a good qualitative agreement
for a source with <1 M, and a mass-to-flux ratio of ~2 times the
critical value. The present work is a step forward in the mod-
elization and methodology with respect to that of Goncalves
et al. (2008).

This paper is organized as follows: in Sects. 2 and 3 we de-
scribe the target source IRAS 4A and the selected MHD models,
respectively. In Sect. 4 we describe the synthetic map generation.
General results are detailed in Sect. 5. In Sect. 6 we present the
MHD models prediction convolved with the SMA interferome-
ter and compare them with IRAS 4A observations. In Sect. 7 we
present the ALMA maps of the MHD model prediction. Finally,
in Sect. 8 we summarize the results and list the conclusions.

2. NGC 1333 IRAS 4A

The Perseus molecular cloud is an active low-mass star form-
ing region, located at a distance ranging from 230 pc to 350 pc
(Ridge et al. 2006). For this work, we adopt the value of 300 pc
(Girart et al. 2006). In the southern part of the reflection nebulae
NGC 1333, Jennings et al. (1987) were the first to identify the
protostar NGC 1333 IRAS 4. Sandell et al. (1991) resolved the
system into two different components, IRAS 4A and IRAS 4B,
separated by ~31”. They measured a luminosity of ~28 L, (at
350 pc, 11 Ly at 220 pc) equally shared between the two com-
ponents. Subsequent interferometric observations have revealed
further multiplicity: IRAS 4A is itself a binary system. The two
components IRAS 4A1 and IRAS 4A2 are separated by 540 AU
(178, Lay et al. 1995; Looney et al. 2000; Girart et al. 2006).

This low-mass stellar system is in a very early stage of evo-
lution. IRAS 4A and 4B are still embedded in a dense molec-
ular and dusty envelope. Sandell et al. (1991) derived from
submillimetric continuum single-dish observations a mass of
~9 M. Subsequent interferometric observations derived a mass
of 1.2 My (Girart et al. 2006) for the compact component.
Di Francesco et al. (2001) detected infall motions from inverse
p-Cygni profiles observed in H,CO (31,—2;;) and N,H" (1-0).
Single-dish CO (3-2) observations revealed a NE-SW well-
collimated outflow arising from IRAS 4A (Blake et al. 1995).
Choi (2005) reports, through interferometric SiO (1-0) obser-
vations, a highly collimated NE-SW outflow with a projected
position angle of ~19°, and hints of a N-S outflow. The author
proposes that IRAS 4A2 is powering the main outflow while
IRAS 4A1 would power the secondary one.

2.1. New data

For this work we generated new observational maps of IRAS 4A
combining compact (Girart et al. 2006), and sub-compact and
extended (Ching & Lai, priv. comm.) configuration SMA data
(see left panel of Fig. 1), consisting of 8 h tracks in polariza-
tion mode at 880 um. The data reduction was performed us-
ing MIRIAD, while the imaging was done using GREG from
the GILDAS package. To obtain the maps we used a weight-
ing robust parameter of 0.5 (Briggs 1995) corresponding to a
beam of 1724 x 1712, slightly smaller than that of Girart et al.
(2006). Adding the sub-compact configuration improved the
map with respect to that of Girart et al. (2006): the sampling
of the larger scales is better and allows a better characterization
of the circumbinary envelope. In addition, the extended config-
uration data help in separating the emission arising from either
the embedded compact sources or the circumbinary envelope.
The combined continuum (Stokes /) map is in good agreement
with that of Girart et al. (2006), although the emission is more
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extended and has a sharper morphology. Furthermore, the po-
larized intensity map covers a larger area, has a slightly higher
intensity peak and a more defined morphology.

The dust emission of IRAS 4A arises from the cold circumbi-
nary envelope and from the warm circumstellar material around
each protostar. Since the focus of this paper is on the morphol-
ogy of the magnetic field in the circumbinary envelope, we have
subtracted the contribution from the circumstellar component to
the SMA visibility data. To do so, we first derived a map of
the longest baselines (100—-260 k1) corresponding to a beam of
0770 x 0746. At these u, v-distances, the emission from the cir-
cumbinary envelope is resolved out, and the only contribution
from the dust emissions arises from the circumstellar material
(see central panel of Fig. 1 and Sect. 5.3). Then, the clean com-
ponents of this map were subtracted from the original visibilities.
Finally, we obtained a new map of the circumbinary envelope us-
ing the resulting visibilities (see right-hand side panel of Fig. 1).

Table 1 shows the main parameters of the emission associ-
ated only with the circumbinary envelope: peak position, Tqyst,
ms, S, I, FWHM, Nu,, nu, and mass. The integrated flux is
4.1 Jy, corresponding to a mass of 0.8 M, both slightly smaller
than those of Girart et al. (2006) as we were able to isolate the
envelope. The optical depth of the dust emission at 880 ym imply
that the observations trace very deep into the source. Therefore,
neglecting scattering (see Sect. 4.1) and assuming an anisotropic
radiation field, the polarized dust emission is probably origi-
nated in the alignment of dust grains to the magnetic field (see
Lazarian 2003, for a comprehensive review on this topic). The
envelope hourglass morphology of the magnetic field is more
evident than in earlier data. A new feature is the double peak
in polarized intensity. The map also shows a significant depo-
larization toward the source main axis, which was not as clear
in the Girart et al. (2006) map. This feature can be explained in
terms of projections effects intensified by beam smearing (see,
e.g., Gongalves et al. 2005).

3. Theoretical models

We compare the dust polarization map of IRAS 4A described in
the previous section with the predictions of three models of mag-
netized cloud collapse. The models of Galli & Shu (1993a,b)
and Allen et al. (2003a,b) give the density profile and mag-
netic field distribution of an infalling envelope surrounding a
low-mass star, the two models differing mainly in the choice of
the initial conditions. The Shu et al. (2006) model is similar to
the previous two, but contains a parameter representing the spa-
tial scale where the diffusive effects associated to an electric re-
sistivity (assumed uniform) dominate the evolution of the mag-
netic field. Therefore, our analysis is not able to test the theory
of core formation from iniatially subcritical conditions by am-
bipolar diffusion. This can only be accomplished by spatially re-
solved Zeeman observations of molecular cloud cores and their
surroundings (see e.g., Crutcher et al. 2009). In a following pa-
per (Frau et al., in prep.) we will analyze synthetic polarization
maps of protostellar cores extracted from numerical simulations
of turbulent clouds.

3.1. Galli & Shu (1993a,b)

This model follows the collapse of a singular isothermal sphere
threaded by an initially uniform magnetic field. The cloud is
assumed to be non rotating. This initial condition is a highly
idealized representation of a non-equilibrium state. Inside the
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Fig. 1. Left panel: IRAS 4A combining SMA sub-compact, compact and extended configurations with robust parameter set to 0.5. The stars mark
the two compact sources (see central panel). Top-right corner shows the u, v range used. The synthesized beam is 1724 x 1”12. Contours show the
dust emission at 880 um in steps of 60, from 60 to 960, where o~ = 0.02 Jy beam™". The pixel map shows the polarized intensity (see scale on the
right-hand side). Blue bars show the observed magnetic field direction. Central panel: IRAS 4A compact components. Legends are the same as in
the left panel. The u, v range is restricted to the longest baselines. The synthesized beam is 0770 x 0”46. Contours range from 60 to 360. Right
panel: IRAS 4A envelope emission (see Sect. 2.1). Legends are the same as in the left panel. Contours range from 60 to 48c-.

Table 1. IRAS 4A: envelope continuum emission at 880 ym and derived
parameters® .

(J2000)" 3h29m10.520°
8(J2000)" 31°13'31712
TduslC 50K

rms; 20 mJy beam™!
rmsq 2.5 mJy beam™!
rmsy 2.5 mJy beam™!
St 4.1+041Jy

Iy 1.03 +0.02 Jy beam™!
FWHM? 1156 AU (3785)
N 160 + 16 mly
e 38.2 +2.5 mJy beam™'
peal

Qpole 14 arcsec?

T 0.07

Ny, 1.2x 10** cm™
np,” 1.1 x 108 cm™
Mass/ 0.8 My,

Notes. @ See Appendix A of Frau et al. (2010) for details. ’ From a
2D Gaussian fit to the source. © Girart et al. (2006).  Diameter of the
circle with the same area as the region of the source with intensity above
half of the peak. * Solid angle of the region with polarized intensity
above 30~ ) Assuming kyso gn, = 1.5 cm? g~! and a gas-to-dust ratio
of 100 (Girart et al. 2006).

collapse region, bounded by an outward propagating slow mag-
netosonic wave, the magnetic field dragged by the flow (even
in the presence of ambipolar diffusion) deflects the infalling gas
towards the midplane, forming a large pseudodisk. The initial
state depends on two dimensional quantities, rp = 24%/\G B
and 7y = 2a/\/530, defining the characteristic spatial and tem-
poral scale of the collapse. These depend on the sound speed
a, the gravitational constant G and the initial (uniform) mag-
netic strength By. For given ry and #y, the time evolution depends
on the non-dimensional parameter T = #/fy, where ¢ is the time
elapsed since the onset of collapse. Fixing ¢ = 0.35 km s~!, the
model thus depends only on By and 7.

3.2. Allen et al. (2003a,b)

This model is similar to that of Galli & Shu (1993a,b) with some
important differences: (i) being fully numerical, it overcomes the
spatial and temporal limitations of the semi-analytical approach
of Galli & Shu (1993a,b); (ii) the initial state is a magneto-
static unstable equilibrium configuration (a “singular isothermal
toroid” see Li & Shu 1996), already flattened in the direction
perpendicular to a magnetic field possessing a hourglass mor-
phology from the start; (iii) the cloud can rotate around an axis
parallel to the axis of the magnetic field. As in the Galli &
Shu (1993a,b), magnetic field lines internal to a “separatrix’ are
dragged into the accreting protostar.

The initial configuration is specified by the sound speed, a
(as in the Galli & Shu 1993a,b model), and the level of magnetic
to thermal support, Hy, which represents the fractional overden-
sity supported by the magnetic field above that supported by the
thermal pressure, and the rotational speed, vy. The parameter Hy
is related to the mass-to-flux ratio of the cloud.

The flattening of the mass distribution (the “pseudodisk™)
and the magnetic field geometry are little affected by rotation.
Conversely, the angular velocity of the infalling gas is strongly
influenced by the magnetic braking associated to the strong field
created by accretion, assuming ideal MHD. This effect has im-
portant implications for the formation of rotationally supported
disks around young stars (see Galli et al. 2006).

3.3. Shu et al. (2006)

To overcome the difficulties associated to catastrophic magnetic
braking and to the huge magnetic flux of the protostar, Shu et al.
(2006) consider the consequences of non-ideal MHD effects dur-
ing the accretion phase of low-mass star formation. In steady
state, magnetic dissipation occurs inside a region of radius equal
to the so-called “Ohm radius”, ropm = 172 /2GM,), where n is
the Ohmic resistivity (assumed uniform), G is the gravitational
constant, and M, is the mass of the accreting protostar. Outside
ronm, the accreting gas is in free fall along radial field lines, that
become straight and uniform inside rop,. The magnetic flux ac-
creted by the central protostar is zero at all times.
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4. Synthetic map generation
4.1. Assumptions

To compare the intensity and the polarized intensity predicted
by the models with the observed data, it is important to consider
the effects of a temperature gradient, since the sub-mm emis-
sion is roughly proportional to the temperature. In this work, we
have assumed both a uniform temperature profile (UTP) and a
radial temperature profile (RTP) derived for IRAS 4A by Maret
et al. (2002) from water emission. Although the theoretical mod-
els considered here are computed assuming an isothermal equa-
tion of state, the IRAS 4A observed temperature gradient does
not significantly affect the dynamics of collapse, because the ki-
netic energy due to thermal motions is more than one order of
magnitude smaller than the kinetic energy of the infalling parti-
cles. For example, the temperature expected at 600 AU is 50 K,
which leads to a thermal broadening of oherm ~ 0.4 km s7!,
whereas the infall velocity expected is vy ~ 1.7 km s,

We consider optically thin emission with no absorption or
scattering effects, in agreement with the sub-mm emission prop-
erties (Hildebrand 1983; Novak et al. 1989) and with the opacity
derived in IRAS 4A (see Table 1). We have assumed uniform
grain properties, represented by the polarizing efficiency param-
eter @ which includes the absorption cross section and the align-
ment efficiency. Following Fiege & Pudritz (2000), the maxi-
mum degree of polarization is

a
Pres = T o (1)
We assumed pmax = 15%, corresponding to @ = 0.15. Despite
the high value of a used, and the fact that the grain properties
may change with density (Fiege & Pudritz 2000), we find that
the absolute polarized intensities derived in the models match
reasonably well the observed values in IRAS 4A. Lower values
of @ (e.g., @ = 0.1) did not reproduce the data equally well.

We performed the numerical integration using an equally
spaced regular cubic grid and uniform step in the line-of-sight
direction.

4.2. Method

We improved the technique developed by Gongalves et al. (2008)
to compare theoretical models with observed data, including in
the process the instrumental effects. In practice, we simulated all
the steps of a regular observing run with both SMA and ALMA,
generating synthetic maps with the same filtering and process-
ing as the observed maps. With this technique we avoid any
possible misinterpretation due to the effects of the instrumen-
tal response and filtering, as well as the data modification be-
cause of the Fourier transform of the observed visibilities and
the subsequent application of the dirty map cleaning algorithm.
The process consists of a series of 5 consecutive steps for each
realization:

1. For any given model we generated three-dimensional (3D)
data cubes of density and magnetic field components. The
orientation in space of the 3D source models were defined
by two viewing angles: the position angle ¢ of the projec-
tion of the polar axis in the plane of the sky with respect to
the north direction, and the inclination angle w of the polar
axis with respect to the plane of the sky (w = 0° for edge-on
view). Since the models used have axial symmetry, the op-
tically thin emission assumption allowed us to explore only
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half of the inclination angle space (0° < w < 90°). We re-
stricted ¢ to the range 0° < ¢ < 90° (the observations fix the
magnetic axis of IRAS 4A at ¢ ~ 50°, see Girart et al. 2006).

. In the plane of the sky we simulated a square area with side

length of 5172 (~1.5 x 10* AU at the distance of IRAS 4A).
The map size was chosen to be about twice the SMA primary
beam to better process the sidelobes in the final maps. In this
plane we used a grid of 512 x 512 pixels with a pixel size
of 01 (~30 AU), enough to oversample the smallest beam
used in this work (~0.4"” ~ 120 AU for ALMA). With this
choice we ensured, in the final convolved maps, the indepen-
dence of points separated more than a beam distance due to
beam convolution. In the line-of-sight direction we covered
a length of 6 x 10’ AU (equivalent to 20”) sampled with
60 cells. A larger integration length or a larger number of
steps did not affect significantly the details of the final maps.

. Through a ray-tracing scheme, we integrated the emission

of the cells along the line-of-sight ¢ generating 2D raw syn-
thetic maps for the Stokes parameter /, O, and U. We fol-
lowed a method developed by Lee & Draine (1985), and
elaborated by Wardle & Konigl (1990), Fiege & Pudritz
(2000), and Padoan et al. (2001). One can calculate the
Stokes Q and U intensities as Q = Cq and U = Cu, where C
is a constant that includes all the terms assumed to be con-
stant (polarization efficiency and polarization and absorption
cross sections) that can be interpreted as a polarized inten-
sity scale factor. g and u are the “reduced” Stokes parameters
defined as

<
I

f pB. (Tq) cos 2y cos®y de, ®))

<
Il

f pB,(Ty) sin2y cos? y de, 3)

where p is the density, B,(74) is the Planck function at the
dust temperature Tq, ¢ is the angle between the north direc-
tion in the plane of the sky and the component of B in that
plane, and v is the angle between the local magnetic field and
the plane of the sky. Stokes / is given by I = (C/a)(Z — aX,)
(Fiege & Pudritz 2000) where « is the maximum polarizing
efficiency assumed to be 15%, the C/« factor can be inter-
preted as a total intensity scale factor, while X and X, are
defined as

>

f pB,(Ty) de, €]

2 1
f B, (Ty) (c"; r_ —) de, )

% 3

and represent the emitted Stokes / intensity and the polariza-
tion absorption losses respectively. As for Stokes Q and U,
one can define the “reduced” Stokes / parameter as

. Z—G’ZQ
= —"

(6)

[

. Once the synthetic Stokes 2D maps were generated, the flux

was rescaled so that the total flux in the region of the map
with 1, > 60 (see Sect. 2.1) matched that of the synthetic
map. A Gaussian noise was added to match the noise of the
observations for each Stokes map. These maps were con-
verted to visibilities using the same visibility coverage in the
u, v plane as the real observations. In this step we mimicked
the effects of the observation noise and the instrumental fil-
tering. This allowed us to be sensitive to the same spatial
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Fig. 2. Pixel map: standard deviation of the difference of the synthetic
polarization vectors with respect to the observed ones for the Galli &
Shu (1993a,b) model with radial temperature profile. White pixels rep-
resent excluded models (see text). Grayscale is on the right-hand side
of the figure.
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scales and to similar emission levels. Then, the final model
maps for the Stokes /, Q and U were obtained from the syn-
thetic visibilities in the same way as the combined SMA
maps presented in Fig. 1.

5. The process described in points 1 to 4 is repeated a large
number of times for both temperature treatments using dif-
ferent values for (i) the position angle ¢ and the inclination
angle w, and (ii) the model parameters.

For ALMA, we used the task simdata from the CASA package
to predict the expected maps for the models with the ALMA
capabilities. At the source distance, the cells of the simulations
had a typical length of ~30 AU. We chose the full ALMA con-
figuration 09, which provides a synthesized beam of (/7 x 0”4
(210 x 120 AU) thus ensuring that the final synthetic maps were
not affected by resolution issues. We simulated a 2 h run at
345.8 GHz in polarization mode. As good weather is required for
polarization measurements, we assumed 1 mm of precipitable
water vapor. The elevation of the source ranged between 30°
and 40°.

4.3. Selection

At this point, one has to select the “best” procedure for com-
paring the synthetic maps with the observational data. This
can be accomplished in several ways: (1) using the method
of Gongalves et al. (2008) based on the minimization of the
difference between the observed and predicted position angles
of the polarization vectors (hereafter simply “angle difference
method”); (2) performing a y” analysis of the synthetic Stokes Q
and U maps with respect to the observed maps. In the latter case
(hereafter simply “y?> method”), we positioned the peak of the
synthetic map on the peak of the IRAS 4A envelope (see Fig. 1),
and we compared the synthetic map with all the region of the
observed map with intensity larger than 30~ (see Table 1). As we
focus on the polarized emission, we define the best fitting mod-
els as those which minimize the sum y? = )(ZQ + X%]. Stokes 1
was excluded since it shows considerable dependence on the as-
sumed temperature profile.

We illustrate the results for the two selection methods for
the Galli & Shu (1993a,b) models with RTP (see Figs. 2 and 3).
Figure 2 shows the standard deviation of the distribution of dif-
ferences in position angles as function of the viewing angles w

Galli et al. (1993) - Radial T profile
By =0.43 mG

B, =0.86 mG By=029mG  B,=024mG B, =0.17mG

7=

Inclination Angle ()

%15 30 45 60 75 90
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Fig. 3. Pixel map: sum of the y* of the Stokes Q and U maps for the
Galli & Shu (1993a,b) model with radial temperature profile with re-
spect to the data. Contours: 10, 10"/, 10%°, ..., 10° y? levels.

and ¢ for the Galli & Shu (1993a,b) models described be-
fore. Only runs with average difference value of the position
angles with respect to those of IRAS 4A lower than 15° are
shown. Best-fitting models are characterized by the smallest val-
ues of the standard deviation. The uniform distribution of results
makes evident the low discrimination power of the angle dif-
ference method. Conversely, the y*> method allows to perform
a more significant selection of the best-fitting models. Figure 3
shows a difference of more than one order of magnitude between
bad- and well-fitting runs thus providing a higher discriminating
power among all the runs. Therefore, in the rest of this paper, we
adopt the y? selection method.

5. Results
5.1. Orientation angles

Stokes Q and U maps show a significant dependence on the
orientation angles of the source, and can be used to constrain
the viewing geometry. Figure 4 illustrates the different emis-
sion patterns arising from an Allen et al. (2003a,b) source, with
Hp = 0.125,v9 = 0, and ¢ = 2 X 10* yr, after varying the orienta-
tion angles. Stokes Q and U maps are shown for all the combi-
nations of position (¢) and inclination (w) angles of 0°, 30°, 45°,
60°, and 90°. Conversely, Fig. 5 shows Stokes / maps which
depend marginally on the position angle, and only for small in-
clination angles.

As can be seen in Fig. 4, Stokes Q is specially sensitive to the
position angle for small inclination angles, while Stokes U ap-
pear to vary more with inclination angle at non-extreme position
angles. From a practical point of view, one could identify with
relatively high precision, by pure comparison with Figs. 4 and 5,
both position angles of a source with a magnetic field with hour-
glass morphology and an inclination angle smaller than ~60°.
For inclination angles 260° the expected magnetic field tend to
be mostly radial and the Stokes Q and U maps show very sim-
ilar morphologies independently of w. Therefore, polarization
observations have shown to be a powerful tool to determine both
position angles of a sources with respect to the LOS direction.
Figures 4 and 5 could be used as templates for future observa-
tions of the dust polarized emission toward star forming cores.
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Fig. 4. Dependence of the synthetic Stokes Q and U maps on the orientation angles. The maps shown corresponds to the Allen et al. (2003a,b) model with Hy = 0.125, vy = 0 and t = 2 x 10* yr.
Thick contours: correspond to a single combination of position and inclination angle. Individual panels: inside thick contours two panels are shown. Stokes Q and U map are shown in the left-
and right-hand side panels, respectively. Common color scale for each Stokes map is shown below the first column. The angular scale is shown in the bottom right-hand side panel. Map contours:
represent steps of 3-0 starting at 3--, where o = 2.5 mJy beam™~'. Columns: correspond to a position angle, ¢, shown on the top. Rows: correspond to an inclination angle, w, shown on the left-hand
side of the figure.
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Fig. 5. Same as Fig. 4 but for Stokes / maps. Each panel show the total emission (contours), the polarized emission (pixel map) and the magnetic
field direction (segments). Map contours: for Stokes I represent steps of 6-0- starting at 6-0, where o = 0.02 Jy beam™'.

5.2. Temperature profiles

Figure 6 shows the differences in Stokes / u,v amplitude be-
tween both temperature treatments. The models show more re-
alistic amplitudes using the RTP. The models with UTP show
lower intensities than IRAS 4A in the 25 kA range (<4”), while
the models with RTP fit the observations up to 15-20 kA ($575).
Note that this is remarkable for either temperature treatment as
the intensity rescaling was done in the /, > 60 which covered
radii $3” (35 kA). Figures 7 and 8 show the same information
in the image domain for UTP and observed RTP, respectively,
for cases with realistic model parameters and orientation angles.
UTP maps show more extended emission (larger u, v amplitudes
at short baselines) than IRAS 4A and a lower emission peak evi-
dent from the residual maps. On the other hand, RTP maps show
a slightly more extended morphology than IRAS 4A and real-
istic intensity peak values. Note that RTP residual maps tend
to show zero emission at short radii and slightly negative emis-
sion at large ones due to the more extended sources predicted by
the models. More realistic fluxes, intensity peaks and masses are

derived from the RTP treatment. However, even using the ob-
served temperatures, the radial intensity profile from models is
steeper than that of IRAS 4A, which lead to smaller FWHM for
model synthetic maps and, consequently, higher densities than
those observed.

The RTP treatment also predicted more realistic Stokes Q
and U maps, shown in the middle left-hand side and middle
right-hand side panels of Figs. 7 and 8. Although peak values are
similar for both treatments, RTP map show roughly the same po-
larized flux over the same solid angle with similar morphology to
IRAS 4A. On the other hand, UTP map showed roughly twice as
much polarized flux over twice the solid angle of IRAS 4A (see
Tables 2 and 3). An immediate consequence was the unrealistic
UTP vector map whereas the RTP one reasonably match that of
IRAS 4A.

Summarizing, RTP maps reproduced with higher fidelity the
observed IRAS 4A emission, in the three Stokes parameters, bet-
ter than UTP maps in the same conditions. Consequently, the
physical parameters derived from RTP maps were more realistic.
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Fig. 6. Stokes / visibility amplitudes vs. u, v distance averaged in bins of
2kA. Top panel: uniform temperature profile. Bottom panel: radial tem-
perature profile. Red and black dots: IRAS 4A full data and envelope
data, respectively, with their statistical error bars. Vertical dashed line:
u, v distance threshold used to derive the compact components map (see
Fig. 1). Starting at ~90 kA the emission seems to match with an un-
resolved source of ~1 Jy. Red, green, and blue solid curves: visibility
amplitudes derived after convolving the Galli & Shu (1993a,b), Allen
et al. (2003a,b), and Shu et al. (2006) models, respectively, used to gen-
erate the maps of left-hand panels of Figs. 7 and 8.

5.3. Visibility amplitudes

Solid curves in Fig. 6 show the total u,v amplitude as a func-
tion of the u,v distance for the models using realistic model
parameters and orientation angles (¢ = 50° and w = 45°, see
Sects. 5.1 and 6). The oscillations in the synthetic visibilities are
due to the added noise. The intensity rescaling of synthetic data
was performed in the image domain as it is the output of the
simulations. However, a good agreement in the u, v data is im-
portant given that it is the output from the telescope. Red and
black dots in Fig. 6 show, respectively, the resulting u, v ampli-
tudes before and after subtracting the two circumstellar compact
components. We assumed that only emission from the envelope
remained after subtraction. To test the goodness of the rescaling
method we compared the observed u,v data of IRAS 4A with
the synthetic u,v data derived from the models. A remarkable
agreement (specially using the observed temperature profile, see
Sect. 5.2) is achieved for u,v distances ranging from ~20 kA
up to the maximum baseline with significant envelope emission
(~90 k). None of the envelope models showed significant emis-
sion at u, v distances 2100 kA (equivalent to a radius of 1” or
300 AU) reinforcing the hypothesis that no envelope emission
is detected from the IRAS 4A envelope in this u,v range. At
u, v distances shorter than ~20 kA the models show larger emis-
sion than the IRAS 4A envelope. At a distance of 300 pc this
scale is equivalent to emission with a radius of 21500 AU (%5"),
which is larger than the radius of IRAS 4A at a 3-0 level (~3”,
~900 AU). This excess has its origin in the fact that the models
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predict a more extended source than the observed one, with typ-
ical radius of ~4”(~1200 AU) at a 3-0 level.

6. SMA synthetic maps

In general, synthetic intensity maps obtained from theoretical
models tend to be less concentrated than the observed sources.
The flux scaling based on the real data, combined with less com-
pact synthetic sources, cause the synthetic maps to show more
extended emission than the observed ones, and also a lower flux
intensity peak. In the following subsections (6.1, 6.2, and 6.3) we
determine the best fitting parameters for each individual model
(see Figs. 3, 9, and 10) and perform a direct comparison of
IRAS 4A with all the models (see Figs. 7 and 8, and Tables 2
and 3).

6.1. Galli & Shu (1993a,b)

We selected 5 values of the initial magnetic field (By = 0.86 mG,
0.43 mG, 0.29 mG, 0.24 mG, and 0.17 mG, corresponding to
to = 10% yr, 2 x 10* yr, 3 x 10* yr, 4 x 10* yr, and 5 x 10* yr) and
3 values of the non-dimensional time 7 (z = 0.3, 0.5 and 0.7).
The mass-to-flux ratio of the initial configuration is not spatially
uniform as in the models of Allen et al. (2003a,b) described in
Sect. 5.3. A spherical region centered on the origin and enclosing
a mass M has a mass-to-flux ratio M/¢ = ncf/(BoGzM). With
the values of By listed above, and for a region enclosing a mass
M =1 M, this corresponds to a mass-to-flux ratio, in units of
the critical value, of 1.0, 2.0, 3.0, 3.6 and 5.1.

For each choice of By and 7 we ran 70 cases corresponding
to 10 different values of the position angle ¢ and 7 values of the
inclination angle w. We considered both an isothermal source
and a radial temperature profile (see Sect. 4.1). For each of the
2100 maps generated, the model Stokes Q and U were compared
with the observed values, and the sum of individual y*> was eval-
uated (see the radial temperature profile results in Fig. 3). The
results show that the best fit to the data is given by the models
with the highest values of the initial magnetic field By. In all
cases, intermediate values of ¢ and w are selected. Note also that
for smaller values of By, the best fit is achieved for lower val-
ues of w. This is due to a zooming effect: a larger By implies a
smaller ro. For large By smaller angular distances mean larger
radii, where the magnetic field configuration of the outermost
parts of the model are naturally pinched in an edge-on view. On
the other hand, for small By (large ry), the innermost region the
magnetic field tend to be radial, and a larger inclination angle
combined with the line-of-sight emission integration is needed
to produce the pinched morphology.

The fit is not sensitive to the value of the non-dimensional
time 7. Thus, the time elapsed since the onset of collapse is not
well constrained by these models. For example, for models with
By = 0.29 mG (third column in Fig. 3) the time corresponding to
the three values of 7is 8.7 x 103 yr, 1.5x 10* yr, and 2.0 x 10* yr,
whereas for models with By = 0.17 mG (fifth column), the time
range corresponding to the three values of 7 is 1.5-3.5 x 10* yr.

Figures 7 and 8 show the predicted Stokes /, Q, U maps
and the Stokes [ residuals (second row) compared to the ob-
served maps (first row) for this model, for the case with uni-
form temperature and temperature gradient, respectively. Both
realizations shown have By = 0.43 mG, 7 = 0.7 (corresponding
to r = 1.4 x 10* yr after the onset of collapse), ¢ = 50° and
w = 45°. The derived physical parameters are shown in Tables 2
and 3 for the case with uniform temperature and temperature
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Fig.7. Comparison of selected models with data assuming a uniform temperature of the gas. The orientation angles are fixed to ¢ = 50° and
w = 45° for a better model comparison. Rows: IRAS 4A (first row); model Galli & Shu (1993a,b) with By = 0.43 and 7 = 0.7 (second row); model
Allen et al. (2003a,b) with Hy = 0.125, vy = 0 and # = 10* yr (third row); and model Shu et al. (2006) with ron, = 75 AU (fourth row). Columns:
in each row, the panels show: intensity (first panel, contours), polarized intensity (first panel, pixel map) and magnetic field vectors (first panel,
segments); map of Stokes Q (second panel, pixel map and contours); map of Stokes U (third panel, pixel and contours); residuals models-data for
Stokes I (fourth panel, pixel map and contours). The color scale is shown on the top of each column. Contours: contours for the Stokes / maps
(left panels) depict emission levels from 60 up to the maximum value in steps of 607, where o = 0.02 Jy beam™!. Coutours for the Stokes Q and
U maps depict levels from the minimum up to the maximum in steps of 30- where o= = 2.5 mJy beam™'. The solid red contour marks the zero
emission level, solid white contours mark positive emission and blue dotted contours mark negative emission. Contours for the residual Stokes /
follow the same rule of Stokes Q and U but with steps of 607, where o= = 0.02 Jy beam™". The top right panel shows the beam and the angular and
spatial scale.

Table 2. Models with uniform temperature profile: 880 ym continuum emission and derived parameters® .

Unit Galli & Shu (1993a,b)  Allen et al. (2003a,b)  Shu et al. (2006)
St Jy 8.92 +0.25 7.73 £0.25 8.35+0.25
Ill,eak Jy beam™! 0.77 £ 0.03 0.79 + 0.03 0.98 +0.03
FWHM" AU () 919 (3.06) 1015 (3.39) 892 (2.84)
N mlJy 390 + 40 301 + 30 328 + 30
IE mJy beam™' 312 342 43+2
Qpole arcsec? 28 30 23
T - 0.27 0.18 0.30
Nsz 10 cm™ 4.61 3.14 5.11
ny, 108 cm™? 5.03 3.10 6.02
Mass? M, 1.92 1.60 1.82

Notes.  See Appendix A of Frau et al. (2010) for details.  Diameter of the circle with the same area as the region of the source above the half
peak intensity. © Solid angle of the region with polarized intensity above 3¢-.  Assuming k»so g, = 1.5 cm? g~! and a gas-to-dust ratio of 100
(Girart et al. 2006).
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Fig. 8. Same as Fig. 7 for the case with the Maret et al. (2002) observational temperature gradient.

Table 3. Models with radial temperature profile: 880 pm continuum emission and derived parameters” .

Unit Galli & Shu (1993a,b) _ Allen et al. (2003a,b) _ Shu et al. (2006)

s! Iy 6.59 +0.25 637 £0.25 6.90 +0.25
B Jy beam™! 1.08 + 0.03 1.02 +0.03 1.28 +0.03
FWHM" AU (") 693 (2.31) 744 (2.48) 693 (2.31)
s mly 239 +24 173 = 17 230 + 23
T mJy beam™' 32x2 302 68 £2
Qpole arcsec? 16 12 12

T - 0.37 0.30 0.39
N, 10* cm™ 6.28 5.12 6.64
i, ? 10° em™ 9.09 6.91 9.61
Mass? M, 1.47 1.39 1.57

Notes.  See Appendix A of Frau et al. (2010) for details. ¢’ Diameter of the circle with the same area as the region of the source above the half
peak intensity. ) Solid angle of the region with polarized intensity above 30-. ) Assuming k»s0 g, = 1.5 cm? g~! and a gas-to-dust ratio of 100

(Girart et al. 2006).

gradient, respectively. The radial temperature profile realizations
show a better match to the observational maps for all the Stokes
maps, as well as physical parameters closer to the observed to-
ward IRAS 4A. The general morphology of the magnetic field
could be reproduced, as well as the depolarization toward the
source axis and the double peak in polarized emission.

6.2. Allen et al. (2003a,b)

For the models of Allen et al. (2003a,b) we selected 3 non-
rotating models with different values of the parameter H
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defining the mass-to-flux ratio of the initial state (Hy = 0.125,
0.25 and 0.5, corresponding to a mass-to-flux ratio in units of the
critical value of 8.38, 4.51, and 2.66), and one rotating model,
with Hy = 0.125 and uniform rotation velocity vy = 0.125 (in
units of the sound speed). For each case, we considered 5 evolu-
tionary times, t = 10* yr, 2 x 10* yr, 3 x 10* yr, 4 x 10* yr and
5 x 10* yr. As before, the position angles ¢ and w were varied
over a grid of 10 X 7 values, in both uniform and radial temper-
ature profiles, generating a total of 2660 maps (due to numerical
problems it was impossible to simulate the case Hy = 0.5 with
t = 10* yr). The resulting y> of the comparison with the observed
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Allen et al. (2003) - Radial T profile
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Fig. 9. Same as Fig. 3 for the Allen et al. (2003a,b) model with radial
temperature profile.

Stokes Q and U maps for the radial temperature profile cases is
shown in Fig. 9.

It is evident from the figure that better fits are obtained with
lower values of the time elapsed since the onset of collapse, a few
10* yr. The results are not very sensitive to the mass-to-flux ratio
nor to the rotation of the initial configuration. There is a clear
degeneracy between time and inclination angle with respect to
the plane of the sky: a more concentrated field (a more pinched
hourglass) can be obtained by letting the model evolve, or by a
larger inclination of the magnetic field axis. For this reason, the
region of minimum y? moves towards lower values of w at later
times.

Figures 7 and 8 show the predicted Stokes /, O, U maps and
the Stokes / residuals (third row) compared to the observed maps
(first row) for this model, for the case with uniform temperature
and temperature gradient, respectively. Both realizations shown
have Hy = 0.125,v9 = 0, t = 10* yr, ¢ = 50° and w = 45°. The
derived physical parameters are shown in Tables 2 and 3 for the
case with uniform temperature and temperature gradient, respec-
tively. As for the Galli & Shu (1993a,b) models, radial tempera-
ture profile realizations show a better match. For this model, the
magnetic field morphology, source axis depolarization, and dou-
ble peak in polarized emission could be reproduced like with the
Galli & Shu (1993a,b) models, although the polarized intensity
derived was smaller in this case.

6.3. Shu et al. (2006)

To test this model, we varied the Ohm radius from 5 AU to
150 AU. This parameter controls the size of the region where
magnetic dissipation takes place and the magnetic field lines are
almost straight. A total of 980 maps were generated, for 7 values
of the Ohm radius, 10 x 7 values of the position and inclina-
tion angles, and both isothermal and radial temperature profiles.
Figure 10 shows the y? of the comparison with the observed Q
and U maps for the radial temperature profile case. The best-fit
models tend to have ropy in the range 10—100 AU, as also found
previously (Gongalves et al. 2008).

Figures 7 and 8 show the predicted Stokes /, Q, U maps
and the Stokes / residuals (fourth row) compared to the ob-
served maps (first row) for this model, for the case with uniform

Shu et al. (2006) - Radial T profile

Ropn =005 AU Ropn =010 AU Ropa =025 AU Ropn =050 AU

N

ohm =100 AU Ropm =150 AU

Inclination Angle

00 15 30 45 60 75 90
Position Angle (°)

Fig. 10. Same as Fig. 3 for the Shu et al. (2006) model with radial tem-
perature profile.

temperature and temperature gradient, respectively. Both real-
izations shown have ropm = 75 AU, ¢ = 50° and w = 45°.
The derived physical parameters are shown in Tables 2 and 3
for the case with uniform temperature and temperature gradi-
ent, respectively. As shown by the figure, this model fails to
reproduce the double-peaked distribution of polarized intensity.
This feature is associated to strongly concentrated, almost radial
magnetic field lines in the central region, at variance with the
almost uniform field morphology produced by magnetic dissi-
pation. Another characteristic of this model is the relatively high
degree of polarization, not supported by the observations.

7. ALMA synthetic maps

The ALMA resolution used (077 x 074 ~ 210 x 120 AU?)
was chosen to have several projected cells of the simulations
(~30 AU) inside each beam, allowing the best comparison
possible with the models avoiding resolution effects. The ALMA
sensitivity and u, v coverage is far much better than that of the
SMA and, thus, allows (i) to map with a much higher fidelity the
polarized emission, and (ii) to detect emission from a larger and
fainter region.

Figure 11 shows the ALMA maps for the models shown in
Fig. 8 using the radial temperature profile. The level of detail of
the convolved maps was very close to the original maps thus an
almost perfect morphology reconstruction is possible for all the
Stokes maps with the ALMA capabilities. Furthermore, the com-
bination of sensitivity and resolution achievable with ALMA
makes possible to extract usable information from the maps in
a spatial range ~10 times larger than the resolution. We derived
large and accurate polarization maps for all of the models. As
Fig. 11 states, it will be possible with ALMA to reach resolu-
tion and detail levels which will allow to differentiate among
different models, and to select those matching better the observa-
tions. In order to make this result more evident we marked in the
left-hand side panel of each model a red circle depicting impor-
tant distances related to the models. In the case of Galli & Shu
(1993a,b) and Allen et al. (2003a,b) red circles depict the loci of
the isothermal collapse wave (r = cgf) which can be compared
directly to Figs. 2 and 6 of the original papers, respectively. For
the Shu et al. (2006) model, red circle depict the 10 ronm dis-
tance, comparable with Fig. 4 of their paper. The high power of
reproduction of ALMA encourages polarization observation to-
ward all of the sources as a detailed modeling will be possible
with the onset of this powerful instrument.
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Fig. 11. Same as Fig. 8 for ALMA configuration 09. Contours: contours for the Stokes I maps (left panels) depict emission levels from 5o up to
the maximum value in steps of 500, where o = 0.2 mJy beam™". Positive contours for the Stokes Q and U maps depict levels from 5¢ up to the
maximum in steps of 100, where o = 0.02 mJy beam™!. Negative contours follow the same rule. Red circles: for the Galli & Shu (1993a,b) and
Allen et al. (2003a,b) models depict the loci of the front of the isothermal collapse wave (r = ¢, see Fig. 2 of Galli & Shu 1993a and Fig. 6 of
Allen et al. 2003a). For the Shu et al. (2006) model it marks the 10 rony distance (see Fig. 4 of Shu et al. 2006).

8. Summary and conclusions

The new data used in this work allowed to obtain a much better
u, v coverage for the IRAS 4A region than in previous works,
and, therefore, more reliable maps. In addition, the data added
from different telescope configurations provided larger base-
lines, to resolve the compact components, as well as shorter
baselines, to better trace the extended envelope emission. This
significant improvement allowed to separate the embedded com-
pact sources from the diffuse envelope. A good u, v coverage was
essential to perform reliable comparisons with models. To this
goal, we developed a selection method, the so-called Xz method,
with larger discriminating power than in previous studies (e.g.,
Gongalves et al. 2008).

The new data confirm that the source emission is optically
thin, with no absorption or scattering, as expected for sub-mm
emission. The opacity derived from the Stokes / map of the en-
velope is negligible, implying that the maps trace very deep into
the source. As the scattering appear to be negligible, the origin
of the alignment of the dust grains is expected to be due to the
magnetic field.

Despite the complexity of the NGC 1333 star form-
ing region, MHD models of single star formation assuming
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quasi-static initial conditions and a uniform (or nearly uniform)
magnetic field show remarkable agreement with the observed
characteristics of IRAS 4A, like intensity, polarized intensity,
and polarization distribution. These facts suggests that the dust
polarization pattern resulting from the density and magnetic field
distribution of non-turbulent models may apply even in less ide-
alized initial conditions than normally assumed. Once the ori-
entation angles are consistently determined, the comparison of
the data with models of magnetized collapse indicate that a
strong initial field is required (B larger than a few tenths of
mG, see Sect. 3.1), that the source is very young (a few 10* yr,
see Sects. 3.1 and 3.2), and that the scale where magnetic dis-
sipation occurs is below the resolution of current observations
(see Sect. 3.3). However, with the current level of sensitivity and
u, v coverage it is not possible to clearly discriminate among dif-
ferent collapse models. The Galli & Shu (1993a,b) and Allen
et al. (2003a,b) models fit better than the Shu et al. (2006) model,
but no selection can be done between the former two models.

In general, the models predict sources with a more cen-
trally peaked core and a larger less dense envelope with po-
larized emission less concentrated. A more refined dust grain
treatment could help in a more realistic emission treatment.
Current SMA observations of IRAS 4A clearly favor models
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with a temperature gradient. The total emission maps derived
from models with a temperature gradient show the right peak
value but larger fluxes, steeper profiles and more extended mor-
phologies than IRAS 4A. On the other hand, they predict the
right fluxes and morphologies of polarized emission but lower
peaks and softer profiles. Conversely, polarization maps ob-
tained with uniform temperature profiles are more extended than
IRAS 4A maps (see Sect. 5.2). Therefore, the inclusion of a
realistic temperature profile cannot be ignored in modeling the
sub-mm emission of low-mass protostars.

An important result from the simulations of protostellar en-
veloped threaded with an hourglass magnetic field is the pos-
sibility of deriving the orientation angles of real sources from
polarization measurements. Figures 4 and 5 show that up to
inclination angles of ~60° it is possible to estimate both po-
sition and inclination angles from the Stokes Q and U maps.
For larger inclinations the magnetic field tends to be radial and
the Stokes maps do not show significant differences. Therefore,
Figs. 4 and 5 can be used as templates for future observations of
the dust polarized emission toward star forming cores.

Another remarkable result is the good agreement in the
u, v-plane of the observed and synthetic visibility amplitudes ob-
tained assuming a temperature gradient, except for the shortest
baselines (520 kA). The observed deficit of emission in IRAS 4A
with respect to the models suggest a sharper density decrease at
scales of ~1500 AU than predicted by theoretical models.

The ALMA simulations have shown the capability of this
new instrument to distinguish fine details even between mod-
els of the same family. The methodology used in this work has
proved to be a powerful tool to compare observations directly to
theoretical models in a consistent way and avoiding instrumen-
tal effects. Future polarization measurements with the ALMA
will provide real power to select the best models to describe
the structure and evolution of low-mass cores and, consequently,
to disentangle the medium conditions and the physics ruling
the process. Upcoming radiative transfer codes like ARTIST
(Padovani et al. 2011) will facilitate this kind of studies. ALMA
data, together with powerful radiative transfer codes, may be
used together with the technique developed in this work to ex-
tract as much information as possible from the data and to con-
strain the models.
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Summary and conclusions

The ultimate goal of the thesis is to deepen into the knowledge of the first stages of low-
mass star-formation through the study of dense cores. In order to achieve our goal, we
observed a set of young starless dense cores embedded in the Pipe nebula, which has a
very low star-formation rate and has been suggested to be in a very early evolutionary
stage. In addition, we observed the central clump of the [B59] complex, in the NW end
of the Pipe nebula. This object shares most of the physical properties of the dense cores
of the cloud, but it is more massive and is forming a small cluster. Finally, and from
a different approach, we compared theoretical models of magnetized cloud collapse to
the more evolved low-mass Class 0 source NGC 1333 TRAS 4A. We sought for the best
suited theoretical scenario to find the initial conditions that allow to achieve the present
configuration.

The work presented in this thesis is mostly based on observations. All the data toward
the Pipe nebula were obtained during the thesis period submitting original proposals of
which I was the [P1] I performed most of the observations, data reduction, analysis, and
paper writing related to our set of young starless dense cores, which were very useful and
allowed me to achieve an important observational background. The project is also
an observational work. I was not the [PI] in this case but I was on charge of the technical
part (observation, data reduction, and analysis). Finally, the IRAS 4A project is based on
archival interferometric data and theoretical models from the literature. As a[PI, my work
was to move a step forward with respect to previous efforts to perform reliable comparisons
between observational data and models. This last project provided a different approach
to the thesis aim and served to enrich the theoretical background.
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136 Chapter 10: SUMMARY AND CONCLUSIONS

10.1 Summary of results and conclusions

We proceed to summarize the main results and conclusions for each of the topics tackled
and presented in this thesis:

1. On the young starless dense cores in the Pipe nebula

The Pipe nebula is a massive, nearby, filamentary dark molecular cloud with a low
star-formation efficiency. The cloud is threaded by a uniform magnetic field perpen-
dicular to its main axis, which is only locally perturbed in a few regions, such as
the only active cluster-forming core It harbors more than a hundred, mostly
quiescent, very chemically young starless dense cores that appear to be gravitation-
ally unbound and pressure confined. The cloud is, therefore, an ideal laboratory to
study the very early stages of the star formation process. The aim of the study was
to investigate the primordial conditions in low-mass starless dense cores and the re-
lation among physical, chemical, and magnetic properties within them. We observed
nine selected Pipe nebula cores with the [RAM)| 30-m telescope and carried out a
molecular survey at 1 and 3 mm of selected early- and late-time molecules. We also
mapped the 1.2 mm dust continuum emission of the cores. In addition, we carried
out an unbiased ~15 GHz wide chemical survey at 3 mm of fourteen dense cores. For
the sake of simplicity, we describe the main results separating physical and chemical
properties. Finally, we studied the physical properties of the central clump of the
complex by mapping the 1.2 mm dust continuum emission.

(a) Physical properties. For the nine cores, we derived an average diameter of
0.08 pc, a density of ~10° cm™3, and a mass of ~1.7 M, very close to the
prototypical dense core values. We found a good agreement between the 1.2 mm
dust continuum emission maps and previous extinction maps (Roman-Ziniga et
al., 2009} 2010), although the latter ones seem to trace better the diffuse gas. We
derived an NH2 factor of (1.2740.12) x10~2! mag cm?, close to the standard
value. However, we found the dust emission maps to underestimate the column
density by ~6.7 mag, possibly arising from the cloud diffuse material filtered
out in our MAMBO-II maps. We found several trends related to increasing
core density: (i) diameter seems to shrink, (77) mass seems to increase, and (i)
chemistry tends to be richer. Furthermore, we found no correlation between the
direction of the surrounding diffuse medium magnetic field and the projected
orientation of the cores, suggesting that the large scale magnetic fields have
no significant influence shaping the core morphology. These facts motivated
simultaneous fits to the radial profiles of the 1.2 mm dust continuum maps and
of the extinction maps assuming the physical structure of a [BE] sphere model.
All the cores in our sample show radial profiles compatible with the model. Eight
of them are gravitationally unbound, with central volume densities of only few
times 10* cm™3, and a very small density contrast. Core 109 is the exception,
since it is the only one that is gravitationally bound. The combination of the
two mapping techniques yields values for the temperature in the 9-12.6 K range
except for core 48 (18 K). All the cores are surrounded by a significant diffuse
molecular component with a visual extinction in the 4-9 mag range, being larger
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in the bowl region (~ 9 mag) than in the rest of the Pipe nebula, compatible
with the previous observational estimate.

Chemical properties. Our results confirm that the studied Pipe nebula star-
less cores are in a very early evolutionary stage. We performed an unbiased
~15 GHz wide survey at 3 mm toward fourteen cores and discovered an unex-
pectedly rich young chemistry. We proposed a new observational classification,
in terms of chemical composition and line emission properties, based on the
clear chemical differentiation among the cores in the 3 mm molecular line emis-
sion normalized by the core We defined three molecular core groups. The
“diffuse” cores 15) have a poor chemistry with mainly simple “ubiquitous”
species (e.g. CO, CS, and CoH) similar to the parental cloud composition. The
denser “deuterated” cores 22 mag) show weaker normalized intensities for
“ubiquitous” lines and present emission in nitrogen- (NoH™) and deuterium-
bearing (C3HD) molecules, and in some carbon chain molecules (HC3N), sign-
posts of a prototypical chemistry prior to the onset of the star formation process.
Finally, “oxo-sulfurated” cores 15722 mag) are in a chemical transitional
stage between cloud and evolved dense core chemistry. These cores appear to
be abundant in species such as CH3OH and oxo-sulfurated molecules (e.g. SO
and SO2) that disappear at higher densities. On the basis of these categories,
one of the “diffuse” cores (core 47) has the spectral line properties of the “oxo-
sulfurated” ones, which suggests that it is a failed core. An analysis of the [LTE]
status showed that optically thinner cores present smaller departures from
than the optically thicker ones. The analysis of the linewidths reports two be-
haviors: (7) a roughly constant value of subsonic turbulent broadening for all the
cores (e.g. in C'0O (1-0) and CH30H (2-1)) that may trace the outer shells,
and (4i) a roughly constant slightly narrower subsonic turbulent broadening
(e.g. in CoH (1-0) and NoH™ (1-0)) for cores with 20 mag and supersonic
values otherwise (e.g. toward the failed core 47). These results confirm that the
main internal pressure has thermal origin. The chemical evolutionary stage is
not correlated with the location of the cores in the Pipe nebula and, therefore,
with the magnetic field of the diffuse medium. However, the chemically richer
cores are the denser ones, and thus, it seems to exist a correlation with the
physical properties of the cores (density and size).

The quiescent core in the cluster-forming complex Barnard 59. The
dense molecular clump at the center of the complex is the only region in the
Pipe nebula with active star formation. It has formed a small, stellar cluster of
low-mass stars in a 2-3 Myr period. However, the previous analysis of a high-
resolution near{[R] dust extinction map and of our dust continuum emission
map revealed that the central region is a massive, mostly quiescent clump of
18.9 My,. It shows no evidence of fragmentation at scales of a few 103 AU. In
contrast, it has a smooth profile compatible with a single, isothermal, centrally
peaked structure. This profile may resemble a [BE] sphere like that of the other
less massive, smaller dense cores in the Pipe nebula at a much larger scale.
However, Kandori et al.| (2005) showed that a collapsing sphere resembles an
unstable for a long time, and therefore, the central clump might be in a
collapsing state. In fact, a [BE| fit suggests that is out of equilibrium and
the core itself is sub-virialized (owir = 0.25). Subsonic non-thermal linewidths
and the fact that it has survived ~10 tg, seem to point to extra supporting
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sources. Stellar feedback is likely to be too weak for such a small cluster. An
estimated magnetic field strength of 0.1-0.2 mG could support the clump and,
although it is larger than the estimates of Alves et al. (2008) for the diffuse
environment, it is a reasonable value for this kind of objects and it is expected
to increase toward the densest regions. Summarizing, the central clump of
shows properties comparable to those of the rest of the cores in the Pipe nebula
but with a larger scale and older age. The most plausible scenario is that of a
massive core that has been supported against global collapse for several tg by
non-thermal sources, probably magnetic fields, while forming a small cluster of
low-mass stars. Numerical simulations show that such object will not hold for
more than a few tg. The lack of present fragmentation points to the formation
of a single central source or, at most, a binary. This scenario is suggestive of
what the evolution of the other low-mass Pipe nebula cores could look like.

2. On the collapsing magnetized Class 0 NGC 1333 IRAS 4A

We compared high-angular resolution observations of the submillimeter polarized
dust emission, which traces the magnetic field direction in the [POS] of a low-mass
protostellar source, with the predictions of three different models of collapse of
isothermal magnetized molecular cloud cores to constrain their parameters. IRAS 4A
is a perfect source to test low-mass magnetized cloud collapse models because it is
a young low-mass Class 0 source with an infalling dusty envelope exhibiting a mag-
netic field with a clear pinched morphology. We computed synthetic Stokes I, @,
and U maps for the dust emission of the three models varying their parameters and
orientation. Then, we convolved the results with the instrumental response of the
[SMA] observations toward IRAS 4A, compared the synthetic maps with the data,
and assessed the quality of the fit by a x? analysis. We obtained the best agreement
with the data for models of collapse of clouds with A>2, initial uniform magnetic
field of strength ~0.5 mG, and age of the order of a few 10% yr since the onset of col-
lapse. IdealqMHD] models provided better fits and magnetic dissipation, if present,
is found to occur below the resolution level of the observations (~350 AU). This
suggests that flux-freezing holds for most of the collapse process. Including an obser-
vational temperature profile (Maret et al., 2002) of IRAS 4A led to a more realistic
morphology and intensity distribution so, although small departures from isother-
mality do not affect the collapse process, temperature variations must be considered
when estimating the dust emission. An exploration of the possible orientation angles
showed that the Stokes maps are very sensitive to different projections and could be
used, assuming a given magnetic field topology, to determine the orientation of mag-
netized sources. We also showed that the Atacama Large Millimeter Array
has the capability of distinguishing among the three different models adopted in
this work and, therefore, it represents a huge potential to be used to select the best
theoretical approaches. Our results show that the standard theoretical scenario for
the formation of low-mass stars is consistent with, at least, IRAS 4A. In this sce-
nario, as explained in Chapter [3| clouds initially threaded by large-scale magnetic
fields become unstable and collapse. The field is then dragged in and trapped in the
nascent protostar and the surrounding circumstellar disk. In the collapsing cloud,
the dynamics is dominated by gravitational forces and, even if the cloud is initially
supercritical, by magnetic forces.
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10.2 General conclusions

The studies undertaken toward the Pipe nebula provide us with more information to
understand the low star-formation efficiency within the cloud.|Alves et al.| (2008)) discovered
an uniform magnetic field perpendicular to the cloud main axis, and Franco et al.| (2010)
showed that turbulence in the cloud is sub-Alfénic. These results point to a cloud formation
scenario through infall of material along the field lines in a quiescent way. However, the
bordering region between the stem and the bowl appears to be quite turbulent, as the
linewidth of some tracers evidence (Frau et al., 2012b)). This turbulence could be the
cause of the shattering of the failed core 47 (Frau et al., 2012a)), which may indicate that
star formation is unlikely to happen in this region. In addition, the extinction maps prove
the stem as the least dense region, and thus, with less matter to achieve the high densities
needed. The northeast end of the cloud, the [B59|region, is believed to be the oldest region
with an estimated age of 2-3 Myr (Covey et al., 2010)). It is already forming a small
cluster of low-mass stars and distorting the uniform large scale magnetic field, but still
showing nearly sub-Alfvénic turbulence. However, at the bowl, in the other end of the
cloud, the magnetic field still remains well ordered and the chemistry of the most evolved
core 109 points to an age of ~1 Myr (Aikawa et al. 2008; Frau et al.l 2010} 2012a). The
age estimates for and the bowl are one order of magnitude shorter than those for
other active star-forming clouds such as Orion or Taurus. In fact, Palla & Stahler| (1999,
2000)) showed for the former clouds that star formation begun ~107 yr in the past, and
then accelerated to produce most of the stars during the last few Myr. Therefore, the Pipe
nebula is likely to be itself in an extremely young stage of evolution, with no sufficient
age to host efficient star formation. The pristine conditions of the Pipe nebula could have
been the initial conditions of the other more evolved star-forming clouds, now in a more
turbulent stage due to the star-forming activity.

In this thesis, we have faced the study of the earliest stages of star formation. We have
mapped dense cores with densities < 10° cm™ (Frau et all, 2010, 2012b), far below
the densities generally reported in literature for these objects. We have also found these
cores to be compatible with spheres with extremely low density contrasts (Frau et
al., [2012c), not reported in the literature either, thus suggesting these sources to be in
hydrostatic equilibrium. In addition, we have discovered a rich and varied chemistry toward
these very young cores (Frau et al., 2012a)), absolutely unexpected taking into account the
previous chemical studies focused on denser cores. Even in such young and diffuse objects,
it is possible to differentiate characteristic chemical features, and to propose from them a
chemical evolutionary sequence related with the central density of the object. Some of these
cores present chemical features compatible with ages of ~1 Myr, but the lack of signpost
of collapse or gravitational instability points to non-thermal sources of support. The lack
of spherical symmetry demands a dynamically important anisotropic force as well. The
sub-Alfénic turbulence favors magnetic fields as the most likely non-thermal supporting
agent, which may cause the cores to acquire flattened morphologies. The apparent lack of
correlation between the magnetic field direction and the core main axis could be an effect
of projection and needs further investigation.

Finally, the study of IRAS 4A confirmed that its properties can be explained satisfactorily
with the standard theoretical scenario of low-mass star-formation (Frau et al., 2011)). Ideal-
[MHD] models provided better results for the collapse of the dusty envelope, and the use of
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the temperature profile improved the agreement with the data. The initial conditions of
these models, with core sizes of ~0.1 pc and centrally peaked density profiles, are in good
agreement with our Pipe nebula dense cores studies. The initial magnetic field strength of
the used models, ~0.5 mG at outer densities of ~10° cm ™3, can be scaled to the values
obtained by |Alves et al. (2008]) for the Pipe nebula diffuse gas, up to ~65 puG at cloud
densities of ~3x10% cm ™3, with a B o p'/2 law typical of magnetized clouds. In a more
technical point of view, the method used can set up a benchmark in the way the [ALMA]
data will be analyzed in future. The high quality data expected will allow this kind of
studies to be performed, and forecast a vast improvement in our understanding of the
star-formation process.

10.3 Future prospects

Pipe nebula dense cores: In order to follow up our study of the Pipe nebula dense cores,
several options deserve attention. First of all, and focusing on the physical properties of
the dense cores, to provide a more robust explanation of their structure is necessary to
derive the magnetic field strength within them. The fit throws promising results but
the lack of spherical symmetry demands a better physical model. It is not possible to study
magnetic fields from Visual/@ polarimetry due to the high extinction in these cores. It is
not possible either to perform dust continuum polarization observations with the current
interferometers due to the low density and large scale of the starless cores. The option left
is to derive by Zeeman effect the [LOS| component of the magnetic field using intense lines
with hyperfine components, such as CoH. We successfully submitted a proposal to the
TRAM}30m to address this question meant to be observed in April, 2012. A determination
of the internal magnetization will provide a better starting point for future modeling and
will serve as a direct link with the initial conditions currently used in simulations. In a
near future, will be able to trace angular scales ranging from 2” to 18” at band 6
(1.3 mm) in its most compact configuration. Its high sensitivity makes it possible to achieve
the required in short integrations even in polarization mode. As a consequence, it will
be a powerful tool to explore the interior of dense cores seeking for compact structures. In
addition, it will be possible to trace the direction of the magnetic field in the [POS| This is
essential to determine its importance and test the hypothesis that the Pipe nebula cores
are partially supported by magnetic fields.

Regarding the interesting chemical properties discovered, it is important to assure that
they are not an effect of the low statistics. To address this, we submitted a proposal to
the 30m to extend the Fast Fourier Transform Spectrometer (F'TS) study toward
all the Pipe nebula cores with significant [AyJnot observed yet, which will provide a source-
unbiased chemical study. Moreover, it is also important to check whether this trend is a
particularity of the Pipe nebula cores or it is the general trend of starless dense cores. To
unveil the answer we submitted an[I[RAM}30m [F'TS|proposal to study cores located in other
low-mass star-forming clouds. Besides that, no ionization fraction estimate exists toward
the Pipe nebula cores. We plan to undertake a chemical survey to derive their ionization
level using simultaneous observations of “normal” and deuterated species together with
chemical models. Finally, and making use of the now extended chemical database in hand,
the next natural step is to chemically model the young dense cores. Little has been done
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up to now on this field for such diffuse objects. The relatively well known physical and
chemical properties of the cores, together with the large statistics and the polarimetric
studies, allow now for proper modelling.

Comparison of collapsing magnetized clouds with theoretical models: Our first
approach to model a prototypical magnetized collapsing Class 0 source threw promising
results. The next step is to compare the observations with models on which the magnetic
field is not dominant. We already have a paper in preparation comparing the results of
magnetized turbulence-dominated simulations of sources comparable to IRAS 4A. This
study will serve to check whether a turbulent environment is able to reproduce their
physical properties. Up to now, we could not reproduce the “hourglass” morphology, and
thus, it seems to be a signature of magnetic field dominance. We also plan to extend
the analysis to other magnetized Class 0 sources, such as W51 (Tang et al., 2009) and
16293 (Rao et al., [2009), to check wether the standard model can explain most of
the present observations or a revision is needed.

[ALMA] will trigger a huge advance on this field according to our findings. As we showed
in Chapter [9 will have enough resolution and sensitivity to distinguish among
models. Furthermore, the resolution of our maps (0”7x0”4) was limited by the resolution
of the original simulations given that can resolve up to ~0”014 at 345 GHz. There-
fore, we plan to observe IRAS 4A with in polarimetric mode. By using different
configurations, we will be able to resolve in great detail the physical structure and mag-
netic field topology of the envelope, and to overcome the current resolution limitations. In
addition, the high-angular resolution will allow us to probe the innermost regions of the
protostar to study the disk. Several magnetized models have been proposed for these deep
regions. A major role is given to disks in important processes such as the jet launching
mechanism, which remains yet to be proven. Our analysis technique can be used in such
regions because it works independently of the kind of model and data used, and thus, a
huge increase in our understanding of the protostar phase will be within reach.
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