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ABSTRA CT

ThesisAdvisor: Alyssa A. Goodman Thesisby: H�ector G. Arce Nazario

We usenew millimeter wavelengthobservations to reveal the important e�ects

that giant (parsec-scale)out
o ws from young stars have on their surroundings.

We �nd that giant out
o ws have the potential to disrupt their host cloud, and/or

drive turbulence there. In addition, our study con�rms that episodicity and a

time-varying ejection axis are commoncharacteristicsof giant out
o ws.

We carried out our study by mapping, in great detail, the surrounding

moleculargasand parent cloud of two giant Herbig-Haro (HH) 
o ws; HH 300and

HH 315. Our study shows that thesegiant HH 
o ws have beenable to entrain

large amounts of moleculargas,as the molecularout
o ws they have producedhave

massesof 4 to 7 M� |whic h is approximately 5 to 10%of the total quiescent gas

massin their parent clouds. Theseout
o ws have injected substantial amounts of

momentum and kinetic energyon their parent cloud, in the order of 10 M� km s� 1

and 1044 erg, respectively. We �nd that both molecular out
o ws have energies

comparableto their parent clouds' turbulent and gravitationally binding energies.

In addition, theseout
o ws have beenable to redistribute large amounts of their

surrounding medium-density (n � 103 cm� 3) gas, thereby sculpting their parent

cloud and a�ecting its density and velocity distribution at distancesas large as 1

to 1.5 pc from the out
o w source.

Our study, in combination with other out
o w studies, indicate that a single

giant molecular out
o w in a molecular cloud of lessthan about 80 M� has the

potential to seriouslydisrupt its parent cloud. We, therefore, concludethat the

cumulative action of many giant out
o ws will certainly have a profound e�ect on

their cloud's evolution and fate.

Our detail study of the out
o w morphology, velocity structure, and momentum

distribution |among other properties of both out
o ws| lead us to suggestthat

they arepredominantly formedby bow-shock prompt entrainment, from an episodic

wind with a time-varying axis. Closeto the out
o w sourceof HH 315, though, the

coexistenceof a jet-lik e wind and a wide-anglewind explainsbetter the observed

out
o w properties.
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Chapter 1

In tro duction

1.1 A brief in tro duction to star formation

Stars are the celestialbodies that have beenstudied the most in history. These

small speckles of light that adorn our night sky have had an important place in all

major cultures. Throughout history stars have beenuseful tools for navigation and

agriculture. In the physical sciencesstars also have an important place, as they

are the fundamental units of astronomy. Understanding their formation not only

givesus insight into how the Sun (and the Earth) formed, but alsohelpsus better

understandthe early universeand the formation of galaxies.

Stars form in objects called \molecular clouds". Theseare the most massive

and coldest objects known in our Galaxy, reaching massesup to more than

106 M� and temperaturesof about 10 to 50 K. Molecular cloudsget their name

from the fact that they are made mainly from molecular hydrogen (H2). But,

although molecular hydrogen is the main constituent in molecular clouds, they

are detected and mapped using the secondmost abundant moleculein these

clouds, carbon monoxide (CO). This is mainly becausethe lowest energyof the

rotational transitions of the H2 moleculeis too high to be collisionally excited at

the typical temperaturesof molecularclouds(about 10 K). On the other hand, the

characteristic temperature (energy/k, wherek is Boltzmann's constant) of the �rst

rotational level (J = 1) of the CO moleculeis only 5.5 K. Thus, most large-scale

1
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molecularcloud mapsare madewith the J = 1 � 0 rotational transition line of the

CO molecule,with a wavelengthof 2.6 millimeters1.

\Clouds" are typically identi�ed in molecular line observations, appearing asa

coherent region in position-position-velocity space(e.g., Blitz & Thaddeus1980).

Like many objects in nature, molecular clouds have di�eren t shapes, structures,

sizes,and masses.The largeclouds,with masseson the order of 104 M� (or more),

and sizesof about 50 pc (or more) are generally called giant molecular clouds.

Small clouds (sometimesreferred to as dark clouds by optical astronomers,e.g.,

Barnard 1919),with masseson the order of 10 to 103 M� and sizesof 1 to 5 pc,

are usually found grouped together in molecularcloud complexes(seeFigure 1.1).

The density distribution inside molecularcloud complexesand giant molecular

clouds is highly nonuniform, or \clumpy" (e.g., Blitz & Shu 1980), with a

hierarchical structure in which the densestregionshave the smallest sizescales

(e.g., Blitz & Williams 1999). The meandensity of the gasin a molecular cloud

depends on the size scaleof the region over which the averageis taken. For

example,the meandensity of a molecular cloud complexor giant molecularcloud

over a sizeof about 10 to 20 pc, is � 100 cm� 2 (Dame et al. 1986). At smaller

sizesscalesof about 1 to 2 pc, the averagedensity is about 103 cm� 3. At these

higher densitiesthe CO(1{0) is mostly optically thick, and so theseregionsare

better mapped with the 13CO(1{0) line (e.g., Bally et al. 1987;Mizuno et al. 1995),

which is mostly optically thin at thesedensities(seeFigure 1.1). At even smaller

sizescalesof about 0.1 to 0.3 pc, the averagedensity is about � 104 cm� 3. These

high-density regions(or condensations)inside clouds,called densecores,are better

traced by the N2H+ (1-0) and NH3 lines (e.g.,Benson,Caselli,& Myers1998;Jijina,

Myers,& Adams 1999)than by the 12CO and 13CO lines.

It is insidedensecoresthat stars form. The star-formation processbeginswith

the collapseof a slowing-rotating core,onceit can no longer sustain itself against

gravit y. The collapsingmaterial quickly forms a condensation(i.e., the young

1Molecular rotational transition lines will hereafter be identi�ed by the name of the molecule,
followed (in parenthesis) by the two levels of the transition, that is the J = 1 � 0 rotational
transition line of the CO moleculewill be written CO(1{0).



The impact of giant stellar out
o ws on molecularclouds 3

-10

-12

-14

-16

-18

-20

-22
180 177 174 171 168 165 162

-13

-14

-15

-17

-18

-16

-19

-20
174 172 170 168 166176

G
al

ac
tic

 L
at

itu
de

 [d
eg

re
e]

G
al

ac
tic

 L
at

itu
de

 [d
eg

re
e]

-14

-18

-16

G
al

ac
tic

 L
at

itu
de

 [d
eg

re
e]

174 172 170 168

Galactic Longitude [degree]

5 pc

5 pc

5 pc

12CO(1-0)

13CO(1-0)

C18O(1-0)

Beam

Beam

Beam
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stellar object) in the center (Shu, Adams, & Lizano. 1987). The densestpart of

the star-forming core which surroundsthe protostar is usually referred to as the

circumstellar envelope (seea schematic picture in Figure 1.2). The vast majorit y

of the infalling material from the circumstellar envelope will not accumulate in the

central young stellar object (YSO) due to excessangular momentum, rather it

will form a disk-like structure around the nascent star (e.g., Cassen& Moosman

1981; Terebey, Shu, & Cassen1984; Yorke, Bodenheimer,& Laughlin 1993).

The matter in the circumstellar disk will move inward, as angular momentum is

moved outward. This inward-moving matter will eventually reach the edgeof the

circumstellar disk, and accreteon the protostar, thereby feedingits growth.

At the sametime that stars gather matter from the circumstellar disk, they

energetically spurt out massin a bipolar 
o w (seeFigure 1.2). This process

of massout
o w was never imagined by star-formation theorists before it was

actually discoveredthrough optical (and later millimeter wavelength) observations.

It apparently never occurred to anyone that a processthat was supposedto

be dominated by gravitational infall of gas onto a forming star would also be

accompaniedby powerful massout
o ws. Even though there is no consensuson the

exact mechanism that launchesand collimates the out
o w from a young stellar

object, it is now clear that most (if not all) youngstarsundergoperiods of energetic

masslossand that it is an important part of the star formation process(Richer et

al. 2000).

The massout
o w phaseis important to the star-formation processfor two

principle reasons.First, out
o ws serve as a way to get rid of the excessangular

momentum transferred from the circumstellar disk onto the forming star, which

would otherwise break the protostar apart (Hartmann & MacGregor 1982).

Secondly, massout
o ws can terminate the YSO accretion phaseby clearing the

surroundingsof the forming star, so that there is no material left to infall onto the

star-disk system(e.g., Velusamy & Langer 1998).

It is this massout
o w stage,of the star-formation process,which is the focus

of this thesis. In particular, we study the e�ects giant (parsec-scale)out
o ws have
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Fig. 1.2.| Schematic picture of a star-forming region. The di�eren t components of the region

are identi�ed. The protostar and the circumstellar disk and envelope are not to scale.
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on their surroundings.

1.2 The out
o w stage

The massout
o w from a youngstar may reveal itself in di�eren t ways. Herbig-Haro

(HH) objects, and molecular (CO) out
o ws are among the most important

manifestationsof a nascent star's masslossprocess.An \HH object" is a nebulous

knot, seenmainly at optical wavelengths,which delineatesthe shock arising from

the interaction of a high-velocity 
o w of gas ejectedby a young stellar object

and the ambient medium. A chain of theseHH objects (or knots) is usually

referred to as an \HH 
o w". One or more shocks associated with an HH 
o w

can accelerateentrained gas to velocities greater than those of the quiescent

cloud, transferring momentum and energyinto the host molecular cloud, thereby

producing a molecularout
o w.

1.2.1 Herbig-Haro 
o ws

The study of collimated bipolar massout
o ws from young stellar objects started

in the 1950'swith the discovery by Herbig (1951) and Haro (1952) of two nebulous

objects with emissionline spectra. Although the nature of thesenebulousobjects

|whic h were later named\Herbig-Haro objects" by Ambartsumian (1954)| was

not known for a coupleof decadesafter their discovery, it was clear from the start

that they were associated with the processof star formation. Several yearsafter

their discovery, Herbig suggestedthat HH objects could be associated in some

way with winds from young stars (Herbig 1958). A detailed study of the spectra

of several HH objects by Schwartz (1975) led him to suggestthat HH objects are

shocks due to highly supersonicswind interacting with the ambient medium.

At the time that Schwartz's idea was put forward it was thought that the

winds from young stars werespherically symmetric, but as more observations were

taken it was realizedthat HH objects do not delineatea sphericalout
o w. Proper
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motion studiesof several HH objects [i.e., HH 28 and HH 29 (Cudworth & Herbig

1979); HH 1 and HH 2 (Herbig & Jones1981)]showed that they move at highly

supersonicvelocities (� 200 km s� 1 or more) away from an embeddedyoung star

(the presumedpowering sourceof the wind). In the caseof the HH 1{HH 2 system,

Herbig & Jones(1981) showed that each of thesetwo HH objects were moving

away, each in a di�eren t direction, from a deeplyembeddedinfrared source.None

of theseearly observations showed that HH objects had a sphericaldistribution

around their pressuredpowering source,thus the increasingobservational evidence

pointed towardsHH objects asbeing the high surfacebrightnessknots of collimated

out
o ws. Theorists then started to suggestsdi�eren t mechanismswhich could

producesuch collimated bipolar winds (e.g., K•onigl 1982;Cant�o et al. 1988).

The deepCCD imaging surveysof YSO and previously known HH objects by

Mundt & Fried (1983) and Mundt et al. (1984) showed that HH objects are very

commonaround young stars and that someof the previously known HH objects

were really the knots with the highest surfacebrightnessof a highly collimated

chain of knots emanatingfrom a youngstar. TheseHH 
o ws, which are observed to

have a very collimated and apparent continuousmorphologyare normally referred

to as \HH jets". HH jets (see,Figure 1.3) are always found to originate very close

to their power source(lessthan 102 to 103 AU from their source),and they usually

extend lessthan 0.2 pc in length. Thesejets are composedof many tightly packed

knots, which have velocities from about 100km s� 1 up to 600km s� 1.

5000 AUoutflow source
 region

Fig. 1.3.| Mosaic image of the inner region of the HH 111 jet, from space-basednear-infrared
(left) and optical (right) images(from Reipurth et al. 1999). The out
o w source is on the left.
This is an excellent exampleof an HH jet with inner shock structures, and a leading (wider) bow
shock at the head. The linear scaleis shown, assuminga distance of 470 pc to the source.



8 H�ector G. Arce Nazario

The knotty appearanceof HH jets and the spatially discreteappearanceof

someHH 
o ws led someto believe that HH 
o ws arenot a continuousphenomenon,

as it was originally thought. A continuous jet, with variable out
o w velocity can

produce the multiple emissionknots observed in HH jets (e.g., Raga et al. 1990),

like the inner section of HH 111 shown in Figure 1.3. But, HH 
o ws with an

intermittent appearance,in which there is no HH-like emissionbetweencontiguous

knots are harder to explain with variable-velocity models. In particular, when

two contiguous HH objects have a clear bow shock-like appearanceit is very

probable that each is produced by the interaction of a massout
o w episode (a

suddenincreasein the stellar wind's massloss) and the ambient medium (e.g.,

Reipurth 1989;Hartmann, Kenyon, & Hartigan 1993), rather than just velocity

variations in the wind. In this \discontinuous" picture, the �rst HH object in the

chain (that is, the HH object furthest away from the source)is produced by the

�rst massejection episode.

Recent optical and near-infrared surveys with wide-�eld CCD cameras

(Eisl•o�el & Mundt 1997; Devine et al. 1997; Reipurth, Bally, & Devine 1997;

Mader et al. 1999;Eisl•o�el 2000;Stanke, McCaughrean,& Zinnecker 2000)have

shown that parsec-scaleHH 
o ws from young stars are a commonphenomenon.In

many casesthesewide-�eld CCD observations have revealedthat HH 
o ws that

were thought to extend lessthan about 0.5 pc, really extend 2 to 3 pc (or even

more) on the sky. Most giant HH 
o ws have sizesabout an order of magnitude

larger than the cloud coresfrom which they originate, and many are found to

extend to distanceswell outside their parent cloud (e.g., Reipurth et al. 1997c).

Theseparsec-scaleHH 
o ws do not have a continuousbright emissionappearance

(like HH jets), instead they are madeof long chains of HH objects that presumably

have a commonorigin. The distancebetweendi�eren t HH knots of a giant HH


o w might range from 0.1 pc to 2 pc. Therefore, the discovery of thesegiant HH


o ws has addedmore evidenceto the generalbelief that out
o ws are intermittent

or episodic.
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1.2.2 Molecular Out
o ws

While optical astronomersand theorists were trying to understand the nature of

HH objects in the mid 1970's,radio astronomersbeganmaking discoveriesthat

turned out to be very important in the study of young stellar massout
o ws.

With the help of mm-wavelength telescopes, broad lines of CO emissionwere

discoveredtowards di�eren t star-forming regionsinside molecularclouds. The CO

lines showed widths of 6-8 km s� 1, when the typical molecularcloud CO linewidth

is 1-3 km s� 1. Originally the excessin the CO linewidth was interpreted to be

the result of gravitational collapseof the cloud around forming-stars (e.g., Lada,

Dickinson, & Pen�eld 1974;Goldreich & Kwan 1974). Later, the high-sensitivity

observations of a regionof known active star formation in Orion (the Kleimann-Low

nebula) yielded CO gaswith velocities of up to � 60� 70 km s� 1 away from the

ambient cloud velocity (Kwan & Scoville 1976; Zuckerman, Kuip er, & Kuip er

1976). Theseextremely high velocities are too fast to be due to gravitational

collapseor to any gravitationally bound motion, and so it was immediately realized

that such extremely high velocities are due to an energeticout
o w in the region.

With the �rst spectral line maps of the high-velocity CO around several

young stars (of di�eren t masses),such as L1551-IRS5(Snell, Loren, & Plambeck

1980), and Ceph A (Rodr��guez,Ho, & Moran 1980), astronomersrealized that

molecular (CO) out
o ws around young stars could have a bipolar (anisotropic)

spatial structure. In particular the study of L1551-IRS5(Snell et al. 1980)showed

that the axis of the blueshifted CO out
o w lobe approximately coincideswith the

direction of the proper motions of HH 28 and HH 29, which also have blueshifted

radial velocities with respect to the cloud's velocity (seeFigure 1.4). Tracing the

motion of thesetwo HH knots backward, Snell et al. observed that the HH objects

and the CO out
o w most probably had a commonorigin. Thus, it was established

that HH objects and CO out
o ws have somekind of relationship. Soon thereafter,

studies of the gasaround YSOs found that bipolar CO out
o ws are a common

phenomenonamongstyoung stars (e.g., Edwards & Snell 1982;Bally & Lada 1983;

Levreault 1988).
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0.8 pc

Fig. 1.4.| Image showing the L1551-IRS5molecular out
o w (from Snell et al. 1980), the �rst
molecular out
o w to be mapped. The dashedcontours show the 12CO(1{0) redshifted integrated
intensity emission, and the solid contours show the 12CO(1{0) blueshifted integrated intensity
emissionof the out
o wing gas. The crossbetweenthe two lobesindicates position of the presumed
out
o w source, IRS5. The direction of the proper motions of HH 28 and HH 29 are shown, and
they both trace their motion backward to a region close to IRS5, suggestinga common origin
among the HH knots and the molecular out
o w (Snell et al. 1980). The beamsizeof the telescope
usedis shown. Also shown is the linear scaleassuminga distance to the L1551 cloud of 140 pc.
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1.3 Out
o w-Cloud in teraction

Early on in the study of young stellar winds, it was realizedthat out
o ws have the

potential to have major e�ects on the dynamicsand structure of their parent cloud

(e.g., Norman & Silk 1980). The large-scale(unbiased)molecular out
o w surveys

of Margulis & Lada (1985), Fukui et al. (1986), and Armstrong & Winnewisser

(1989) were important in estimating the molecularout
o w energyin whole clouds,

and acknowledging that out
o ws have a signi�cant impact on the dynamical state

of their host cloud. Thesestudies concentrated on comparing the total out
o w

energywith the energyneededto sustain the turbulence in the cloud, and support

it against gravitational collapse. Back then it was thought that molecular clouds

lived (in a state of quasi-equilibrium) for about 30 Myr (Blitz & Shu 1980),about

an order of magnitude larger than the free-fall collapsetimescaleof the cloud.

If the timescaleof turbulent energydissipation in a molecular cloud is lessthat

the cloud's supposedlifetime, then an approximately constant sourceof energy

is neededto maintain turbulence in the cloud, in order to support it against

gravitational collapse.Out
o ws make a very attractiv e sourceof energyfor feeding

the turbulence inside clouds. Therefore,most of the early work on the e�ects of

out
o ws on their parent cloud concentrated on the potential role of out
o ws as the

leading mechanism for cloud support.

There is currently increasingevidencewhich suggestthat molecularcloudsonly

live for 5 to 10 Myr (e.g., Ballesteros-Paredes,Hartmann, & V�azquez-Samadeni

1999; Elmegreen2000; Hartmann, Ballesteros-Paredes,& Bergin 2001). But,

although it seemsthat molecular clouds can be formed in short (�< 3 Myr)

timescales(Ballesteros-Paredeset al. 1999), it is not yet clear how they might

quickly disperse. Is easyto understand the rapid dispersal of molecular gas in

regionscontaining high-mass(O type) stars, which destroy clouds rapidly due to

photoionization and strong stellar winds. But, the dispersal of clouds or cloud

complexescontaining only low- and/or intermediate- massstars is much more

di�cult to understand. In such cases,giant out
o ws from youngstarsaresuspected

to be the leading disruptive agent which could hinder the life of a molecular
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cloud. Although there is strong evidencefor the disruptive e�ects of out
o ws

on \star-forming core scales"(� 0.1-0.5pc), as we will discussbelow, there has

not beenmuch work on the out
o w-cloud interaction at \molecular cloud scales"

(� 1 pc or more).

1.3.1 Out
o w-cloud in teraction in the immediate vicinit y
of the out
o w source

Out
o ws from young stars have a major e�ect on the out
o w source'simmediate

surroundings. Several studies of young low- and high-massstars have found

kinematical evidencefor accelerationof densecore gas by an out
o w. These

include studies of L1228 (Tafalla & Myers 1997), IRAS 12553(Olmi, Felli, &

Cesaroni1997), Mon R2 (Tafalla et al. 1997), IRAS 3282(Tafalla et al. 1993),

L1221 (Umemoto et al. 1991), IRAS 16293(Mizuno et al. 1990), L1251 (Sato &

Fukui 1989),CepheusA (Torrelleset al. 1987),L1551-IRS5(Moriart y-Schieven et

al. 1987a). In particular, the in-depth study of Tafalla & Myers (1997) concludes

|from the large velocity shifts observed in the densegas(seeFigure 1.5) and a

comparisonof the out
o w and core energetics| that the L1228 out
o w has the

potential to dispersethe coregasoncethe out
o w phaseis over.

Out
o ws also have dramatic e�ects on the environment just outside their

host core. Optical and/or near-infrared observations often reveal the presenceof

re
ection nebulaecoincident with one (or both) molecular out
o w lobes (e.g.,

Figure 1.6). The nebular emissionis the result of the scattering of photons, from

the young star which powers the out
o w, o� of cavit y walls createdby the out
o w.

Most cavities are seen(in the optical or infrared) to extend lessthan 0.3 pc from

the out
o w source,and only a few extend more than 0.5 pc (and are only from

high-masssources),even though the out
o w that producedthe cavit y has a linear

extent (in CO) on the sky, much larger than the cavit y. Low and high-masssources

which have out
o ws that have created cavities revealedby re
ection nebulae

include B5-IRS1 (Yu, Billawala, & Bally 1999, and referencestherein), B335

(Hodapp 1998),G192.16(Shepherdet al. 1998),BHR 71 (Bourke et al. 1997)L483
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Blueshifted Ambient Redshifted

C3H2(212-101) velocity maps

C3H2(212-101)

12CO(1-0)

Position-Velocity Diagram
L1228

(a)

(b)

0.25 pc

Fig. 1.5.| L1228: example of core disruption by an out
o w through kinematical evidence.
(a) Position-Velocity of the 12CO(1{0) (top) and C3H2(212{110) (bottom) emissionin the L1228
molecular out
o w region from Tafalla & Myers (1997). Notice how the densecore gas, traced
by the C3H2(212{110) emission, shows shift in the line center in the samesenseas the 12CO(1{
0) out
o w. The vertical dashedlines in the C3H2 panel represent the blueshifted, ambient, and
redshifted velocity regimes. (b) C3H2(212{110) velocity maps of the L1228 out
o w region from
Tafalla & Myers (1997). The three panels represent the blueshifted, ambient, and redshifted
velocity regimes. The velocity range of integration is shown on the bottom right corner of each
panel. The densecore gas traced by the C3H2(212{110) emissionshows a bipolar distribution in
the samesenseas the 12CO(1{0) out
o w. The black star symbol at (0,0) represents the position
of the out
o w source.
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0.3 pc

Fig. 1.6.| L43: exampleof an out
o w-createdcorecavit y revealedby the presenceof a re
ection
nebula. 12CO(1{0) integrated intensity contours of the L43 molecular out
o w are superimposed
on a CCD I band imageof the L43 cloud surrounding the out
o w source(RNO 91), from Mathieu
et al. (1988). The solid line contours represent the blueshifted gas, and the dashedline contours
represent the redshifted gas. Notice how the blueshifted lobe coincideswith the nebulosity. We
show a dashedwhite line (and arrow) to guide the eye.
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(Fuller et al. 1995), L43 (Mathieu et al. 1988), L1551 (Moriart y-Schieven 1987),

and GL 490(Campbell et al. 1986).

Cavities in dark cloudsmay alsobe seenas regionsof lower extinction (where

background stars are seenclearly) outlined by the heavy extinction of the cavit y

walls. When out
o w gasis found in such cavities, it is then presumedthat they

were formed by the clearing of gas and dust by the out
o w. The HH 56/57

region (Reipurth et al. 1997a)is a good exampleof this (Figure 1.7). In addition,

out
o w-createdcavities can also be detectedthrough molecular line observations

of optically thin, medium- and high-density, tracers (Figure 1.8). Examplesof

out
o ws that coincidewith cavities revealedthrough molecular line observations

include L1551-IRS5(Moriart y-Schieven & Snell 1988),V366 Cas (i.e., LkH� 192)

(Hajjar & Bastien2000),Mon R2 (Tafalla et al. 1997),HH 34(Anglada et al. 1995),

HH 83 (Bally, Castets, & Duvert 1994), HH 81 (Nakano et al. 1994), SS88-B

(White & Fridlund 1992),NGC 1333(Warin et al. 1996;Langer,Castets,& Le
o ch

1996),L1221(Umemoto et al. 1991)HH1/2 (Mart��n-Pintado & Cernicharo 1987).

Moreover, out
o w-createdcavities may also be detectedthrough millimeter dust

continuum emissionobservations (seeFigure 1.9), like the onesdetectedin NGC

1333(Sandell & Knee 2001;Le
o ch et al. 1998),and Serpens(Davis et al. 1999).

The recent study of Harvey et al. (2001) shows yet another way of observing

the e�ects of out
o ws on their environment. Harvey et al. usethe near-infrared

color excessof reddenedbackground stars (Lada et al. 1994)to investigatethe dust

distribution of the B335 densecore,which harbors a young stellar object powering

a molecularout
o w. They �nd that there is lessdust column density (background

stars are, on average,lessreddened)towards lines-of-sight through the position of

the molecularout
o w. They concludethat the decreasein extinction towards these

lines-of-sights is best described by a hollowed-out cone,which hasbeenclearedout

of gasand dust by the out
o w.

The interaction of out
o ws from young stellar objects and the ambient cloud

just outside the high-density coredoesnot reveal itself only through cavities. The

kinematics of the medium-density (� 103 cm� 3) gas,traced by the 13CO emission,
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V326 Nor

HH 57

HH 56

HH 56S

Re 13

cavities

~ 0.5 pc

Fig. 1.7.| HH 56/57 region: example of a core cavit y created by an out
o w, revealed as a
region of lower extinction in a dark cloud. The CCD image is from Reipurth et al. (1997a). White
(parabolic) lines delineate the two cavities in this region. Each cavit y coincideswith a molecular
out
o w. The out
o w sources,V326 Nor and Re 13 are identi�ed. The HH knots HH 56 and
HH 56Sare associated with the out
o w from Re 13, and HH 57 is associated with V326 Nor.
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1 pc

Mon R2

Fig. 1.8.| Mon R2: example of an out
o w-created cavit y revealed through molecular line
observations. Here we show a grey-scalemap of the 13CO(2{1) integrated intensity emissionfrom
Tafalla et al. (1997). The dashedline indicates the direction of the out
o w. The valley in 13CO
emission is coincident with the path of the out
o w. The out
o w has cleared the densegas near
the source,resulting in a decreasein the 13CO(2{1) intensity in the region.
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1 pc

Fig. 1.9.| NGC 1333: example of a region where out
o w-created cavities are observed in
millimeter continuum emission. The map shown is a 850 � m image from Sandell & Knee (2001).
The solid black line delineatesthe region mapped in 12CO(3{2) by Knee & Sandell (2000). The
direction of the out
o ws (Knee & Sandell 2000) which could be producing the di�eren t cavities
observed are shown by the dashedlines. The spatial coincidenceof out
o ws and cavities, and the
energyof the out
o ws are consistent with the cavities being formed by the out
o ws.
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may also reveal important aspects of the out
o w-cloud interaction. For example,

observations of 13CO gasin the regionof the L1228(Tafalla & Myers1997)and the

HH 1-2 (Moro-Mart��n et al. 1999)out
o ws shows that in both casesthe 13CO has

a bipolar distribution with respect to their respective out
o w sources,in the same

senseas the 12CO out
o w (e.g., Figure 1.10). In both caseseach 13CO \out
o w

lobe" extendsabout 0.3 pc from the source. This indicates that the out
o w has

beenable to acceleratemedium-density gasat distancesof up to 0.3 pc away from

the source.

Statistical studies also show out
o ws' in
uence on their host cores. Using

a sampleof 12 low-massstar coreswith out
o ws Myers et al. (1988) show that

there is a high degreeof correlation betweenthe out
o w momentum and the \core

momentum" (the massof the core times the velocity dispersion of the core gas).

This correlation suggeststhat the out
o w might be a critical sourceof energy

feedingthe non-thermal core motions of the coresin their samples. In addition,

Myers et al. (1988) comparea sampleof 12 coreswith CO out
o ws with a sample

of 31 coreswithout CO out
o ws and �nd that the velocity dispersion in the cores

with CO out
o ws is signi�cantly (a factor of two) greater than for coreswithout

out
o ws. The millimeter studiesof Anglada, Sep�ulveda, & G�omez(1997) |of 15

sourceswith a range of masses| and Fuente et al. (1998) |of 14 medium-mass

sources| suggestthat young stars (both low-massand intermediate-mass)

progressively dispersethe densegasaround them. For low-massstars, out
o ws are

the primary candidate responsible for core gasdispersal (Myers et al. 1988). On

the other hand, is possiblethat intermediate-massstars dispersetheir surroundings

with the help of both out
o ws and UV photons from the young stars (e.g., Fuente

et al. 2001).

Thus, it is abundantly clear that out
o ws strongly interact with the immediate

surroundingsof their powering source. It is seenthat the out
o w-ambient gas

interaction may changethe spaceand velocity distribution of the star-forming core

and its closeenvirons. By acceleratingand moving the gassurrounding the forming

stars, out
o ws could gravitationally unbind the gas in the densecore, stop the

stellar massaccretion phase,and help the embeddedyoung star becomea naked
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13CO velocity maps of L1228

1 pc

Blue Red

Fig. 1.10.| L1228: example of a 13CO bipolar out
o w. Each panel shows a 0.5 km s� 1-wide
13CO integrated-intensity map (from Tafalla & Myers 1997). The velocity range of integration of
the leftmost panel is � 9 < v < � 8:5 km s� 1 and that of the rightmost panel is � 7 < v < 6:5 km s� 1.
Notice the nice bipolar structure of the 13CO emission. The out
o w has been able to accelerate
medium-density gas,traced by the 13CO emission,at distances0.3 to 0.5 pc from the source. The
star symbol represents the out
o w sourceand the squaresrepresent the HH knots.
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main-sequencestar.

1.3.2 Out
o w-cloud in teraction at parsec scales

The facts that: 1) out
o ws disrupt their parent core; 2) extend an order of

magnitude in scalebeyond the core from where they originate; and 3) are very

common,make out
o ws from young stellar objects excellent candidatesfor being

the leading disruptive agent shortening life span of molecular clouds. Yet, even

though out
o ws have the potential to greatly a�ect their surrounding environment,

there is a lack in the study of out
o w-cloud interactions at parsec(molecularcloud)

scales.

As stated above, the large-scale(unbiased) out
o w surveys of Margulis &

Lada (1986) and Fukui et al. (1986), were crucial in estimating, for the �rst

time, the kinetic energyinput by out
o ws on whole clouds. Also, they presented

the �rst observational evidencethat out
o ws potentially have an impact on the

dynamical state of their host cloud. But, they did not focus their study on the

possibledisruptive e�ects of the out
o ws on the cloud. In addition, the low spatial

resolution of the observations (2-30) could have hampered the possibledetection of

any out
o w-inducedchangein the cloud structure (i.e., shellsand cavities).

Among the �rst studies of a giant molecular out
o w with high-resolution

observations is the study of RNO 43 by Bence,Richer & Padman (1996). They

studied in great detail the morphology, and kinematicsof the out
o w, aswell asthe

e�ects this 5 pc out
o w cloud have on its parent cloud. Even though the RNO 43

molecular out
o w is highly collimated, the fact that its ejection axis changesover

time (presumably due to precession)enablesit to a�ect a large fraction of its

parent cloud's volume. Benceet al. concludethat by acceleratingand moving gas

over such great volume, the RNO 43 
o w will surely help disperseits host cloud.

Another interesting out
o w-cloud study is that of Fuente et al. (1998b). Their

observations of the atomic and molecular gassurrounding the B3 star HD 200775

reveal that the star is located in a biconical cavit y of about 1.5 by 0.8 pc. Although
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there is no evidenceof high-velocity molecular gasin the cavit y, the shape of the

cavit y and the distribution of the molecular gassuggeststhat it was excavated

by a bipolar out
o w. Thus, the observations of Fuente et al. (1998b) reveal

fossil evidencefor the disruptive e�ects an out
o w may have even at parsec-scale

distancesfrom its source.

Other high-resolutionstudiesof giant molecularout
o wsexist (e.g.,Cernicharo

& Reipurth 1996;Lada & Fich 1996;Yu et al. 1999),but they mainly concentrate

on studying the molecular out
o w morphology and kinematics, and scarcelydeal

with the large-scalee�ects on the cloud.

The lack of large-scaleout
o w-cloud interaction studies with moderate

resolution (lessthan 5000) is mostly due to the time-consumingobservations needed

to conduct a thorough out
o w-cloud interaction investigation, which includes

mapping not only the out
o w, but also a large areasurrounding the out
o w. The

study shouldalsobe conductedin more than onemolecularline, and good signal to

noiseratio. Technologicaladvancesin the last 10 yearshave changethis, and now

it is possibleto map large areasof the sky, with a relatively high spatial resolution,

in a reasonableamount of time.

With this thesiswe plan to provide a signi�cant contribution in understanding

the e�ects of giant HH 
o ws on their surroundings. One of our central goalsis to

quantify just how well out
o ws can contribute to the turbulent energyof their host

cloudsand/or contribute to cloud disruption.

1.4 What driv es molecular out
o ws?

Soon after the discovery of CO out
o ws it was establishedthat they must be

produced by the entrainment of the ambient cloud gasby an underlying stellar

wind. Many molecularout
o ws have masseslarger than their powering young star,

by a factor of a few up to an order of magnitude (e.g., Wu, Huang, & He 1996).

Thus, it is highly unlikely that the massin CO out
o ws comesdirectly from the

forming star and/or the circumstellar disk. Moreover, in monopolar molecular
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out
o ws (and bipolar out
o ws with a lobe much weaker than the other) it is usually

possibleto trace the lack or weaknessof a lobe on onesideof the sourcedue to the

de�cit of ambient molecularmaterial on that side (e.g., Bally et al. 1994;Chernin

& Masson1995a). Hence,there is little doubt that molecular out
o ws consist of

swept-up material, rather than stellar ejecta.

There are several models which try to explain how a wind emanating from

a forming star sweeps-upthe ambient gas to form a molecular out
o w. The

�rst observations of molecular out
o ws were limited by poor spatial resolution,

and so these early observations suggestedthat molecular out
o ws had small

length-to-width ratios (i.e., were very poorly collimated). Therefore, the �rst

models that were proposedto explain the nature of molecular out
o ws useda

wide-angleprotostellar wind as the driving mechanism (e.g., Barral & Cant�o 1981;

K•onigl 1982;Boss1987;Shu et al. 1991).

Among the di�eren t wide-anglewind models, that of Shu et al. (1991) stands

out for its simplicity and the fact that it naturally explainsthe velocity distribution

of certain molecular out
o ws. In this model, the out
o w is produced when a

momentum-conservingwide-anglewind from a YSO interacts with the ambient

gas(seeFigure 1.11). The wind power is dependent on polar angle,hasa constant

velocity and blows into a corewith a prescribed radial/angular density pro�le. The

ambient medium is swept up into a shell by a shock in the wind bubble-ambient

cloud interface. The molecular out
o w is then identi�ed as the molecular gas in

the entrained shell.

Masson& Chernin (1992) cast doubts on the Shu et al. (1991) model. They

argued that, for \non-extreme" choicesof the angular dependenceof both the

wind power and the core massdistribution, the wide-anglewind model of Shu

et al. (1991) would produce too much massat high velocities, and CO spectra

inconsistent with those observed. Masson& Chernin (1992) found that in order

for the wide-anglewind model to match observations, the stellar winds neededto

be very poorly collimated and the coresneededto be highly 
attened with nearly

evacuatedpolar regions,contrary to usual expectations (as shown, e.g., by the
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Wide-angle wind Jet bow shock Turbulent jet 

Fig. 1.11.| Schematic illustration of the three most popular entrainment models: wide-angle
wind, jet bow shock, and turbulent jet.
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study of core shapesby Myers et al. 1991). Also around this time, new models

of out
o ws created by collimated jets (seebelow) were being proposed,and so

astronomersstarted to pay lessattention to the wide-anglewind models. Thus, for

sometime, the wide-anglewind model becamelesswidely acceptedthan before.

Later, Shu & Li (1996) found that what Masson& Chernin (1992)had consid-

ered\extreme" wasnaturally encounteredin modelsof magenotocentrifugally-driv en

stellar winds interacting with a self-similar magnetizedcores. Shu & Li (1996)

show that indeed the expected molecular out
o w cavit y shape, the expected

mass-velocity and position-velocity relations, and the expectedline pro�le from the

wide-anglewind model are consistent with observations. Furthermore, Matzner

& McKee (1999) showed that magnetohydrodynamic (MHD) protostellar winds

will sweepambient cloud material into momentum-conservingshellswith features

commonly observed in molecularout
o ws, independent of ambient density.

Thanks to recent theoretical and numerical simulation studies (Matzner &

McKee 1999; Lee et al. 2000; 2001), the wide-anglewind model has regained

its popularity as a possibleexplanation for the formation of molecular out
o ws.

Wide-anglewinds producewider molecular out
o w lobesthan bow shock models,

and thuscanhelp explain the poor collimation observed in somemolecularout
o ws.

The position-velocity distribution predicted for wide-anglewind-driven molecular

out
o ws follows a \Hubble law" |where the out
o w velocity is proportional to the

distance from the out
o w source| which is observed in a number of molecular

out
o ws. And, wide-anglewind models reproduce the out
o w mass-velocity

relation observed in many molecularout
o ws (seeChapter 3).

During the 1980'sand 1990's,optical and millimeter observations of the

environment surrounding YSOs revealedthat HH objects and HH jets are, in

many cases,coincident with molecularout
o ws. The positional coincidenceof CO

out
o ws and HH 
o ws virtually forcedastronomersto considercollimated HH jets

as the driving agent of molecular out
o ws. In principle, a jet could entrain and

accelerateambient gasthrough a turbulent mixing layer along the edgesof the jet

(e.g., Cant�o & Raga 1991;Stahler 1994;Lizano & Giovanardi 1995), or through
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the leading bow shock (e.g., Raga& Cabrit 1993;Stone& Norman 1993a;Masson

& Chernin 1993; Stone & Norman 1994; Suttner et al. 1997; Zhang & Zheng

1997;Smith, Suttner, & Yorke 1997;Downes& Ray 1999;Lee et al. 2001)and/or

internal bow shocks (e.g., Raga et al. 1993;Stone & Norman 1993b;Suttner et

al. 1997;Downes& Ray 1999;Lee et al. 2001).

Turbulent entrainment (seeFigure 1.11) is produced by Kelvin-Helmholtz

instabilities along the jet-environment boundary which lead to the formation

of a turbulent mixing layer that grows into the surrounding ambient gas and

into the jet (Cabrit,Raga, & Gueth 1997). The turbulent entrainment models

(e.g., Cant�o & Raga 1991; Stahler 1994; Lizano & Giovanardi 1995) have not

gained popularity as they fail to reproduce important characteristics of many

observed out
o ws. Speci�cally, turbulent entrainment producesout
o ws that

are highly collimated (length-to-width ratio of more than 10). And, the velocity

and momentum distribution of molecular out
o ws formed through turbulent

entrainment is drastically di�eren t from what is usually observed. But, even though

turbulent entrainment doesnot seemto be a good model to explain most molecular

out
o ws, it might still be an attractiv e model for certain peculiar highly collimated

CO out
o ws (e.g., HH 211,Gueth & Guilloteau 1999;NGC 2024,Richer, Hills, &

Padman 1992).

In the bow shock model (seeFigure 1.11) a highly-supersoniccollimated wind

or jet propagatesinto the ambient medium, forming a bow shock surfaceat the

headof the jet. The jet will carve its way into the cloud, and the bow shock will

move away from the star, interacting with the ambient gas, thereby producing a

molecularout
o w around the jet. Velocity variations in the jet producebow shocks

along the body of the jet, alsoreferredto as \in ternal working surfaces"(e.g., Raga

et al. 1990;Raga& Kofman 1992;Cant�o, Raga,& D'Alessio 2000),which can also

help entrain ambient gas.

Observational �ndings havemadethe bow shock (a.k.a. \prompt") entrainment

model a very attractiv e one. In many casesbow-shaped HH knots are observed

along the axis of the molecular out
o w (e.g., Benceet al. 1996;Davis et al. 1997;
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Yu et al. 1999;Davis et al. 2000). In such cases,the CO shows a local acceleration

at the position of the HH knots (seeFigure 1.12) which suggeststhat this is

where the entrainment is taking place. Also, in somecasesthe morphology of the

CO out
o w and that of shock-enhancedmolecules,like SiO, resembles that of a

bow-shock (seeFigure 1.13;Gueth, Guilloteau, & Bachiller 1998). Moreover, bow

shock entrainment modelscan easily reproduce the mass-velocity relation and the

velocity distribution observed in many molecularout
o ws ( e.g.,Leeet al. 2001).

Recent high spatial resolution studiesof molecularout
o ws (e.g., Richer, Hills,

& Padman 1992;Bence,Richer, & Padman 1996;Cernicharo & Reipurth 1996;

Lada & Fich 1996;Davis, Smith, & Moriart y-Schieven 1998;Shepherdet al. 1998;

Gueth & Guilloteau 1999;Yu et al. 1999;Davis et al. 2000;Lee et al. 2000)have

made it possibleto start testing the di�eren t models with the observations. In

addition, they have provided signi�cant constrainson the physical parametersof

out
o ws and the entrainment mechanism. Yet, there is still no consensuson which

entrainment mechanism best describesall molecular out
o ws or even if a single

mechanism can or shouldexplain all out
o ws.

There exist the possibility that a stellar wind could interact with the ambient

cloud through more than one entrainment mechanism during the young star's

massout
o w stage. The e�ciency with which one or another mechanism can

entrain the ambient gas may depend on the ratio of the wind density to the

ambient density (e.g., De Young 1986). It has beensuggestedthat the interaction

betweena stellar wind and the ambient medium might changeover time, so the

entrainment mechanism might depend on the evolutionary stageof the out
o w

(e.g., Bachiller 1996;Richer et al. 2000). Or, more than one mechanism might

be working at the sametime. For example,Shanget al. (1998) demonstratethat

the density enhancement in the axis of magnetohydrodynamic (MHD) wide-angle

winds (in the X-wind model of Shu et al. 1995) may be interpreted as a \jet".

Thus, it could be that both a wide-anglewind and a jet coexist, and that they

both contribute to the entrainment process.If multiple mechanismsoperate, then

the detection of di�eren t mechanismsdependson the nature of the observations,

and the entrainment e�ciency of onemechanism over the others.
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Fig. 1.12.| RNO 43: Example of a bow-shock entrained molecular out
o w, inferred from the
out
o w kinematics and morphology. Left. Grey-scale map showing the 12CO(2{1) integrated
intensity, with solid white patches representing the H� knots. The out
o w sourceis also shown.
Right. 12CO(2{1) position-velocity diagram of the marked region surrounding the northernmost
H� knot. Notice the \Hubble-lik e" wedge(or spur) in the p� v diagram, with the peak in velocity
coincident with the head of the H� knot. Figures and data from Benceet al. (1996), and Richer
et al. (2000).
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 CO outflow (grey-scale) + 

shock-enhanced SiO emission 

L1157

Fig. 1.13.| L1157: Example of a bow-shock entrained molecular out
o w, inferred from the
out
o w chemistry. In both panelsthe grey-scalemaps represent the 12CO(1{0) out
o w integrated
intensity. Left. We highlight, in thick black lines, selectedcontours of the SiO integrated emission.
Here the SiO is integrated over all velocities. Right. Blueshifted SiO emission in thick black
contours. The thick straight white lines trace the tra jectory of two massejection episodes which
produced the two bow shocks. Figure basedon data from Gueth et al. (1998).
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Clearly, high-resolutionstudiesof more molecularout
o ws are neededin order

to better understand the entrainment mechanism(s), and further constrain the

theoretical and numerical models!

1.5 Brief discussion of shocks

As described above, molecular out
o ws are mainly driven by shocks formed by

the interaction of a highly supersonicstellar wind and the surrounding ambient

molecularcloud. Thus, it is worthwhile to include a brief discussionof shocks here.

For a more thorough and in depth discussionof interstellar shocks seeMcKee &

Hollenbach (1980), Shull & Draine (1987), Draine & McKee (1993).

1.5.1 Prop erties of shocks

A shock wave in the interstellar medium is formed when a violent event produces

a local increasein the pressurelarge enoughto generatea supersoniccompressive

motion (McKee & Hollenbach 1980). Such a disturbancein the interstellar medium

could be causedby, for example,a fast stellar wind or a supernova explosion. The

supersonicdisturbance travels at a velocity larger than the signal velocity of the

medium (i.e., the sound speed) and so the region in front of a shock does not

know of the existenceof the shock until the shock arrives. Upon the arrival of the

supersonicdisturbance, the a�ected region will be compressed,acceleratedand

heated.

Following we discussthe basic physical properties of shocks. For purposeof

simplicity we assumea plane-parallel \stationary" shock (where stationary means

that we can choosea frame of referencein which the shock is stationary). Further,

we assumethat the shock is purely hydrodynamic (i.e., no magnetic �elds present).

The physicsof the 
o w in and out of a shock (seeFigure 1.14) are governed

by conservation principles. The equationsrelating the upstream and downstream


o w variablesare given by the integrated time-independent mass,momentum and
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Shock

P1, r 1, v1 P2, r 2, v2

pre-shock gas
 post-shock gas


Fig. 1.14.| Variables on either side of a plane-parallel shock in a referenceframe where the
shock is stationary.

energyconservation equations(also known as the \jump" conditions):

� 1v1 = � 2v2 (mass
ux conservation) (1.1)

P1 + � 1v2
1 = P2 + � 2v2

2 (momentum 
ux conservation) (1.2)
1
2

v2
1 +




 � 1

P1

� 1
=

1
2

v2
2 +




 � 1

P2

� 2
(conservation of speci�c total energy) (1.3)

Here v, � , P, and 
 are the velocity, density, pressureand ratio of speci�c heatsof

the gas. Variableswith a subscript of 1 are for gasaheadof the shock front, and

thosewith a subscript of 2 are for gasbehind the shock front (seeFigure 1.14). In

Equation 1.3 we assumethat the internal energyof the gas(u) is related to the gas

pressureby u = P=(
 � 1).

Solving the jump condition equations(seeDyson & Williams 1997for a simple

step-by-step example)shows that shocks are compressive (seeFigure 1.15). That

is, the gasjust behind the shock front (the post-shock gas) has a higher pressure,

density, and temperature, than the gas in front of the shock (the pre-shock

gas). This suddenchangein density, temperature and pressure(seeFigure 1.15)

is refereedto as a \J-shock" (jump shock). Another generalresult is that the

post-shock gascompressionincreaseswith Mach number (M ), whereM = v1=cs1

(and cs1 is the pre-shock gassound speed). In the special caseof a strong shock

wave, whereM >> 1, then:
� 2

� 1
=

v1

v2
=


 + 1

 � 1

(1.4)
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Fig. 1.15.| Plots showing the schematic behavior of the temperature, density and velocity of
gasin
uenced by a strong shock wave. T2 is the temperature just behind the shock wave, � 1 is the
density of the pre-shock gas,and v1 is the pre-shock gasvelocity (in the rest frame of the shock).
This �gure is basedon Figure 1 of Draine & McKee (1993).
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P2 =
2� 1v2

1


 + 1
(1.5)

And, assumingwe are dealing with an ideal gas,whereP = �k T=� s, then:

kT2 =
2(
 � 1)
(
 + 1)2

� sv2
1 (1.6)

where k and � s are Boltzmann's constant and the mean massper particle just

behind the shock front, respectively. In the (typical) caseof gaswith 
 = 5=3, then

Equations 1.4, 1.5, and 1.6 result in 4, 3� 1v2
1=4, and 3� sv2

1=16, respectively.

In the casewhere the shock is producedby the interaction of a young stellar

wind and the ambient medium it is usually more convenient to considera frame

of referencewhere the star is stationary and the shock is moving. To obtain the

desiredquantities in the rest frame of the star one only has to make the proper

simple transformations:

v1 = vo;1 � Vs (1.7)

v2 = vo;2 � Vs (1.8)

wherevo;1, vo;2 are the pre-shock and post-shock gasvelocities in the rest frame of

the star, and Vs is the shock velocity. Usually, vo;1 � 0, or Vs >> vo;1. So, from

equation 1.4 (and using 
 = 5=3), then vo;2 � (3=4)Vs. Hence,it can be seenthat

(if Vs >> vo;1) the post-shock gaswill move in the samedirection as the shock and

will be acceleratedto 0.75times the shock velocity.

In a strong shock, most of the kinetic energy of the gas is converted to

heat. The heated gaswill radiate, and thus it will eventually cool. As the gas

cools behind the shock, its density will increasefurther (seeFigure 1.15). If the

post-shock gascools by radiation emissionon a short timescalecomparedto cooling

by adiabatic expansion,the shock is said to be a \radiativ e shock". Shocks formed

by the interaction of a collimated stellar wind from a young star (i.e., the shocks

that produceHerbig-Haro objects) fall under the categoryof radiative shocks.

From Equations 1.6 and 1.7, and the fact that Vs >> vo;1, we can seethat

the temperature of the post-shock gas depends mainly on the shock velocity.

The temperature of the post-shock gas will determine the radiation process
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which will dominate downstream of the shock front. For example,a shock with

Vs � 100 km s� 1 will be more than enoughto heat the gasto temperatureshigh

enoughto ionize hydrogen (i.e., 3kT2=2 > 13:6 eV). And so the post-shock gas,

as it cools will radiate hydrogen recombination lines. Similarly, a strong shock

(Vs �> 100km s� 1) could, for example,double-ionizeoxygenatoms. In such case,as

the post-shock gascools and becomesdenser,di�eren t oxygen ion specieswill lie in

\w ell-de�ned cooling zones"(Hartigan et al. 2000),that is: OII I lines will be found

right behind the shock, followed by OII lines, which will be followed by OI lines.

Even though soundwaveswill not alert the pre-shock gasof the incoming shock,

the radiation from the post-shock gaswill. This radiation (also called a radiative

precursor)will excite, and could even ionize someof the pre-shock gas,depending

on the shock velocity.

1.5.2 Shocks with Magnetic Fields

If we now add a magnetic �eld to the shocked medium, our previoussimple picture

is slightly modi�ed. In the interstellar medium, magnetic �elds are coupled (or

\frozen") to the gas. So, when interstellar gasis compressedby a shock wave, the

magnetic�eld is alsocompressed.This disturbancein the magnetic �led will create

magneticwaveswhich may propagateaheadof the shock (i.e., magneticprecursor)

and excite ions present in the pre-shock gas. The ions will then collide with the

neutral components of the gas, and so the pre-shock gascould be heated even

before the shock front arrives. If the shock is strong enough,then the magnetic

precursorcould eliminate the sudden(\discontinuous") jump in temperature and

density (the J-shock) and instead could producea smooth increasein density and

temperature (also known as a C-shock). In addition, if magnetic �elds are present

then someof the energy that would otherwisehave gonesolely to increasethe

temperature of the post-shock gaswill be usedto compressthe magnetic �eld.

Thus, for a given shock velocity, when magnetic �elds are present the post-shock

gastemperature will be lower than for purely hydrodynamic shocks.
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1.5.3 Bow shocks in collimated winds from young stellar

ob jects

The region where a collimated wind from a YSO interacts with the ambient

medium (also known as a working surface)has two shocks (seeFigure 1.16). One

is the jet shock (also known as the Mach disk), where the fast jet material is

deceleratedas it impacts the slower shocked material. The other shock is the

ambient shock, wherethe shocked material impacts, and accelerates,the quiescent

gas. The shocked gaswill 
o w (or squirt) towards the sidesof the jet shock and

someof the energyreleasedwill be transformed into thermal energy(Masson&

Chernin 1993). The exact amount of thermal energywill depend on the cooling

e�ciency of the post-shock gas(e.g., Chernin et al. 1994). The \squirted" shocked

gaswill push the ambient material, forming a low-density cocoon (seeFigure 1.16).

The cocoon walls will then form a bow-like shell around the jet headmadeup of

swept-up ambient material.

Jet Beam

Jet shock

(Mach disk)

cocoon swept-up

shell

Ambient 

medium

Ambient shock

squirted shocked gas

Fig. 1.16.| Schematic illustration a bow shock formed by the interaction of a jet from a young
stellar object and the ambient medium.
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1.6 Wh y this Thesis?

It hasbecomeclear that giant (parsec-scale)HH 
o ws are commonamongstyoung

stars of all di�eren t masses.As explainedabove, the prevalenceand properties of

the 
o ws give young stars the potential to inject energyinto their parent molecular

cloudsevenat parsec-scale distancesand/or to disrupt cloudson large scales.The

speci�c e�ects that giant HH 
o ws have on their cloudsneedfurther, moredetailed,

investigation. The goal of this thesis is to study the giant out
o w-cloud interaction

in order to better understand the e�ects that thesegiant HH 
o ws have on their

parent clouds.

Most of the out
o w momentum from young stellar 
o ws is deposited in

molecularout
o ws. Thus, the best way to investigatethe e�ects of giant HH 
o ws

on their cloud is through millimeter observations of the moleculargassurrounding

the HH 
o w. Molecular line observations do not su�er from extinction, like optical

and near-infraredobservations, and so even very deeplyembeddedobjects may be

studied. In addition, molecular line observations comewith velocity information,

which is essential for studying the kinematics of the gas.

In order to study the e�ects an out
o w has on its environment's kinematic

and density structure, it is imperative to observe a large area of the cloud gas

surrounding the out
o w, in addition to the out
o w itself. The observations should

preferably be of more than one molecular line transition, probing a range of

densities,and at least oneof the linesshouldbe relatively optically thin, in order to

take line opacity into account. The observations shouldbe of relatively high spatial

resolution, in order to detect possiblepeculiar structures in the cloud causedby

the out
o w. High spatial resolution observations may also be usedto study the

entrainment mechanism that produced the molecular out
o w. Also, if one is to

avoid sourceconfusion,oneshould study regionswith a very low density of young

stellar objects.

Recent advancesin the technology of millimeter wave observation techniques

have made it possibleto image large areason the sky in a relatively short time,
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with moderate spatial resolution (lessthan 10). Thesekey new techniquesinclude

on-the-
y (OTF) mapping, and observingwith a focal plain array receiver. A

telescope in OTF mode movesacrossthe sourceat a constant speedwhile taking

data at a constant rate (seeFigure 1.17). In OTF mode the telescope doesnot

needto point to an OFF (or reference)position every time data at the source

(or ON position) are taken, like conventional position-switching observingmode.

Instead, when observingin OTF mode, the observer may choosehow often an OFF

is observed, for exampleevery other row of the OTF map.

Another recent technologicaladvancement that has helped radio astronomers

is the installment of focal plane array receivers on mm-wave telescopes. A focal

plane array allows the observer to obtain several spectra (one for each receiver

in the array) each time the telescope points and integratesat a given position.2

Both OTF-mode mapping and receiver arrays have madepossibleto observe large

out
o ws and their parent clouds in more than onemolecular line, in a timely and

e�cien t manner,which is essential to the study of the out
o w-cloud interaction. For

example,a Nyquist (half-beam) sampled50.5 by 50.5 map, with a telescope beamof

� 4600, obtained using conventional (single-receiver) position-switching mode would

require at least a factor of 4 more time than if it were doneusing a single receiver

in OTF mode, and a factor of 16 more time if donein position-switching mode with

a 16-receiver array. In addition, improvement in the telescope's backendshasmade

possiblehigh spectral resolution observations, with a broad spectral bandwidth at

the sametime.3

2The �rst millimeter-wave 15-element focal plane array, QUARRY, becameavailable at the
Five CollegeRadio Astronomy Observatory (FCRAO) in 1991 (Erickson et al. 1992), and its far
superior successor(with a factor of four improvement in receiver noise), the 16-element array
named SEQUOIA (used in this thesis), came on line in 1998 (Heyer et al. 2000). SEQUOIA is
currently advertised as \the world's fastest 3 mm imaging array".

3Radio telescopes are now equipped with fast autocorrelators, which can be set to a variety
of bandwidths and resolutions. For example, the Focal Plane Array Auto correlator Spectrometer
(FAAS) installed in the FCRAO 14 m telescope hasthe option of observingat a spectral resolution
of 24 kHz, with a bandwith of 20 MHz, which at the frequencyof the 13CO(1{0) line equatesto a
velocity resolution of 0.06 km s� 1 and a velocity range of 55 km s� 1.
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Molecular Cloud

Molecular Cloud

OFF position

OFF position

ON position

On-the-fly rows

Conventional position-switching

On-the-fly mapping

Fig. 1.17.| Cartoon �gure of the on-the-
y (OTF) mapping technique. The upper panel show
the conventional position switching observingmode. Hereevery time an ON is observed, a reference
(OFF) position needsto be observed. The lower panel shows how the OTF mapping technique
works. A telescope in OTF mode movesacrossthe sourceat a constant speedwhile taking data at
a constant rate. An OFF position may be observed, for example, every other row. Still, the time
betweenconsecutive OFFs should be relatively short in order to minimize atmospheric variations
betweenOFFs.
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Table 1.1. Molecular Out
o ws and Parent Cloud Observations in Thesis

Molecular Telescope Resolutiona Sources Mapped

Line [ 00] Studied Region

12CO(2{1) NRAO 12 m 27 HH 300, HH 315 Out
o w
12CO(1{0) FCRAO 14 m 45 HH 300, HH 315 Out
o w/Cloud
13CO(1{0) FCRAO 14 m 47 HH 300, HH 315 Out
o w/Cloud
12CO(2{1) IRAM 30 m 11 HH 315 HH knots
12CO(1{0) IRAM 30 m 21 HH 315 HH knots
13CO(1{0) IRAM 30 m 22 HH 315 HH knots

aTelescope's half power beam sizefor the given spectral line.

1.7 Thesis Plan

Using the techniquesdescribedabove we mappeda largeextent of the moleculargas

surrounding two giant HH 
o ws at moderate angular resolution (seeTable 1.1, and

Figure 1.18). We alsoperformedhigher spatial and velocity resolution observations

of the gasimmediately surrounding the HH knots of oneof the out
o ws.

The two giant HH 
o ws mapped were HH 300, from the young star

IRAS 04239+2436,and HH 315, from the young star PV Ceph. TheseHH 
o ws

werechosenbecause:1) of their parsec-scalesizes;2) they wereboth discovered in

the samegiant HH 
o w study by Reipurth et al. (1997c);and 3) spectra of someof

the HH knots in both 
o ws exist (Reipurth et al. 1997c;Devine 1997).

The 12CO(2{1) observations (seeTable 1.1, and Figure 1.18) were aimed at

studying the morphologyand kinematics of the molecularout
o w. The goal of the

large scale12CO(1{0) and 13CO(1{0) observations (seeTable 1.1, and Figure 1.18)

were to study the out
o w in context with their parent molecular cloud, and their

surroundings. With theseobservations we studied the e�ects the out
o ws have on

the structure and kinematics of the ambient cloud, on large scales. In addition,

we were able to usethe J = 1 � 0 lines to correct for the 12CO velocity-dependent
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FCRAO 14m
12CO(1-0) + 13CO(1-0)

NRAO 12m
12CO(2-1)

IRAM 30m
12CO(2-1) 
12CO(1-0) 
13CO(1-0)

Core

1 to 2 pc

Molecular
 Cloud

Outflow

HH knot

Fig. 1.18.| Schematic representation of thesis observations. The �gure shows an HH 
o w,
which forms a molecular out
o w, inside a cloud. Each color indicates the di�eren t regionsmapped
using di�eren t telescopes,and di�eren t molecular lines (seeTable 1.1).
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opacity, which is extremely important for obtaining accurate estimatesof the

out
o w physical parameters. By observingthe molecular gascloseto someof the

HH knots of HH 315 (seeTable 1.1, and Figure 1.18) at relatively high spatial

resolution we were able to study the morphology and structure of the out
o w in

detail, and to investigatethe entrainment mechanism that producedthe molecular

out
o w.

In the next chapter (Chapter 2), we present our detailed study of the molecular

out
o w produced by the HH 300 
o w and its e�ect on its surroundings. In

Chapter 3, inspired by our results from the HH 300study, we discussthe e�ects of

out
o w episodicity on the mass-velocity and position-velocity relations in molecular

out
o ws. Chapter 4 is dedicatedto the study of the e�ects of the HH 315
o w on its

parent cloud. In the subsequent chapter (Chapter 5), we present our high-resolution

study of the entrainment mechanismsat work in the HH 315 
o w. In Chapter 6

we useour results and thoseof previousstudiesto draw generalconclusionsabout:

1) the e�ects of giant out
o ws on their cloud; 2) the entrainment mechanism; 3)

out
o w episodicity; and 4) time-varying ejection anglesin out
o ws. Chapter 7

o�ers a summary of our results and conclusions,and a list of possiblefuture work.
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Chapter 2

The Episo dic, Precessing Gian t
Molecular Out
o w from
IRAS 04239+2436 (HH 300)

ABSTRACT

We present the �rst setof detailedmolecularline mapsof the regionassociated with

the giant Herbig-Haro 
o w HH 300, from the young star IRAS 04239+2436.Our

results indicate that the red lobe of the HH 300 
o w is depositing a fair amount of

momentum (3:2 (sin i ) � 1 M� km s� 1) and kinetic energy(2:6 (sin i ) � 2 � 1043 erg)

over a notable volume (� 11%) of its host dark cloud. This makesHH 300 a key

player in the evolution and fate of its parent cloud. The redshifted molecular

out
o w lobe of HH 300 is 1.1 pc long and 0.3 pc wide, and has a very clumpy

structure. The density, velocity, and momentum distributions in the out
o w

indicate that the observed clumps arise from the prompt entrainment of ambient

gas. Bow shock-shaped structures are associated with the clumps, and we

hypothesizethat the shocks are producedby di�eren t massejection episodes. Lines

drawn from IRAS 04239+2436to each of theseclumps have di�eren t orientations

on the plane of the sky, and we concludethat HH 300 is a precessingand episodic

out
o w.

Published in: The Astrophysical Journal, 554, 132{151, 2001by H. G. Arce & A. A. Goodman
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The observations include a map of the red lobe in the 12CO(2{1) line, with a

beamsizeof 2700, and more extendedmapsof the out
o w region in the 12CO(1{0)

and 13CO lines, with 4500and 4700beamsizes,respectively. Due to \contamination"

by emissionfrom another molecular cloud along the sameline-of-sight, we are

not able to study the blueshifted lobe of HH 300. The combined 12CO(1{0) and
13CO line observations enableus to estimate the out
o w massaccounting for the

velocity-dependent opacity of the 12CO(1{0) line. This method is much more

precisethan using 12CO data alone. We obtain a steeppower-law massspectrum

for HH 300, which we believe is best explained by the evolution of the out
o w

masskinematics. In addition, our 13CO observations show that the HH 300 
o w

has beenable to redistribute (in spaceand velocity) considerableamounts of its

surrounding medium-density (� 103 cm� 3) gas.

2.1 In tro duction

A Herbig-Haro (HH) object is a nebulousknot which delineatesthe shock arising

from the interaction of a high-velocity 
o w of gasejectedby a young stellar object

(YSO) and the ambient medium. A chain of theseHH objects (or knots) is usually

referredasan HH 
o w. Recently, it hasbeenfound that very long |parsec-scale|

HH 
o ws exist, and that they are quite common(Reipurth, Bally, & Devine 1997,

hereafterRBD). This has sparked major interest on the impact of theseenergetic

mass
o ws on their environment, in particular the relation betweenoptical jets

and molecularout
o ws and the physicsof the entrainment mechanism. Giant HH


o ws have sizesabout an order of magnitude larger than the cloud coresfrom

which they originate, and many are found to extend to distanceswell outside the

boundary of their parent dark cloud (RBD). One or more shocks associated with

the same
o w can acceleratethe entrained gasto velocities greater than those of

the quiescent cloud, transferring momentum and energyinto the molecular cloud,

and thus producing a molecular out
o w. The colossalsizeof a giant HH 
o w

enablesit to entrain molecular material at parsec-scaledistancesfrom the source,

and thus it may a�ect the kinematics and density of a substantial volume of its
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parent molecularcloud.

Although several models try to explain the entrainment mechanism that

forms molecular out
o ws (e.g., Shu et al. 1991; Masson& Chernin 1993) and

other numeroustheoretical works investigate the e�ects YSO out
o ws have on

their environment (e.g., Norman & Silk 1980; Raga, Cant�o, & Ste�en 1996;

Matzner & McKee 2000), there has yet to be a consensusreached on theseissues.

On the observational front, recent high-resolution studies of molecular out
o ws

(e.g., Bence,Richer, & Padman 1996; Cernicharo & Reipurth 1996; Lada &

Fich 1996;Davis et al. 1997;Yu, Billawala, & Bally 1999,Lee et al. 2000) have

provided signi�cant new constraints on the physical parametersof out
o ws and the

entrainment mechanism.

In order to study the e�ects an out
o w has on its environment's kinetic

and density structure, it is imperative to observe a large area of the cloud gas

surrounding the out
o w, in addition to the out
o w itself. The observations

should preferably be of more than one molecular line transition, probing a range

of densities,and at least one of the lines should be relatively optically thin, in

order to take line opacity into account. In this paper, we present new 12CO(2{1),
12CO(1{0), and 13CO observations of the HH 300 out
o w, its surroundingsand a

large fraction of its parent dark cloud.

The HH 300 
o w was discovered, in the optical, by RBD. HH 300 is located

in the westernmostregion of the B18 molecularcloud (usually called B18w) in the

Taurus cloud complex. The B18w region, alsocalled IRAS coreTau G1 by Wood,

Myers, & Daugherty (1994), looks like a 1.7 by 0.7 pc �lamentary protuberance

from the main cloud (B18), seeFigure 2.1. The sourceof the HH 300 
o w was

establishedto be IRAS 04239+24361 (RBD), which lies at the northern end of

B18w, just west of the \bridge" betweenB18 and B18w. Near- and mid-infrared

photometry (Myers et al. 1987),and its infrared spectrum (Greene& Lada 1996)

indicate that this is a 1.3 L� ClassI young stellar object. The HH 300 
o w was

1Although this paper is the �rst oneto present a map of the HH 300molecularout
o w, Moriart y-

Schieven et al. (1992) observed high-velocity wings in the 12CO(3{2) line at the sourceposition,

which led them to concludethat IRAS 04239+2436is a molecular out
o w source.



46 H�ector G. Arce Nazario

B18 cloud

2 pc

B18w region

Fig. 2.1.| 13CO(1{0) integrated intensity map of the B18 cloud in Taurus for the velocity range
2:9 < v < 8:9 km s� 1. The map is part of the large scale13CO map of the Taurus molecular cloud
complex from Mizuno et al. (1995). The sourceof the HH 300 
o w, IRAS 04239+2436,is shown
with a white star symbol. The integrated intensity map of the HH 300 molecular out
o w's red
lobe is shown in white contours. The B18 and B18w regionsare identi�ed.
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originally discovered to consistof three redshifted HH objects (HH 300A, B, and

C), each with a bow-shock-like morphology, closetogether at a distanceof about

1.1 pc southwest of the out
o w source,and a small blueshifted knot (HH 300D)

about 0.02pc northeast from the source,assuminga distanceto Taurus of 140pc

(Kenyon, Dobrzycka, & Hartmann 1994). Recent space-basedimagesat 1.644and

2.122� m, with a spatial resolution of � 0:1300, of the HH 300 sourceregion by

Reipurth et al. (2000) reveal: a cometary nebula surrounding the source;a jet on

the blueshifted side of the HH 
o w (northeast of the source)along the symmetry

axis of the nebula; and that IRAS 04239+2436is a binary.

2.2 Observ ations

2.2.1 12CO(2{1) Data

The 12CO(2{1) line data were obtained using the on-the-
y mapping technique

at the National Radio Astronomy Observatory (NRAO) 12 m telescope on Kitt

Peak, Arizona, in December 1998. At the observed frequencyof 230 GHz, the

telescope's half-power beam width, main beam e�ciency , and aperture e�ciency

are 2700, 0.32and 0.44, respectively. The spectrometerusedwas a �lter bank with

250kHz resolution, with two independent sectionsof 128channelseach. The �lter

bank was put in parallel con�guration, in which each of the two sectionsreceived

independent signalswith a di�eren t polarization. The parallel con�guration was

chosenso that ultimately the two polarizations could be averagedto produce

spectra with a better signal-to-noiseratio (S/N). At a frequencyof 230 GHz, the

resultant velocity resolution for this setup is 0.65km s� 1.

The on-the-
y (OTF) mapping technique was usedto observe an 110 by 37.50

area, along a position angle of 49� , surrounding the axis of the HH 300 
o w's

redshifted lobe. The OTF technique allowed the extendedarea to be mapped in a

more e�cien t way than the conventional point-by-point mapping. The telescope in

OTF mode moved acrossthe sourceat a constant speedof 3000s� 1, while data were
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taken a rate of 10 sampless� 1. In order to map the desiredarea more e�cien tly,

the total area mapped consistsof overlapping regionsof di�eren t sizes:one large

sizedmap of 80� by 330, one medium sizedmap of 80 � 200 and two small sized

maps of 30 � 60 and 80 � 50. All the regionswere scannedalong the direction

perpendicular to the HH 
o w's axis, which hasa P.A.= 49� . The separation,in the

direction perpendicular to the scanningdirection, betweensubsequent rows was600.

The telescope was pointed to an OFF position, located at R.A. 4h21m40s, decl.

24� 0500000(B1950), after every other row, where it would observe the OFF position

for 10 secand then calibrate for 5 sec.The OFF position waslater observed to have

emissionin the velocity rangebetween2.4 and 6.3 km s� 1, with 0:1 �< T �
A �< 0:5 K,

and no emissiongreater than 0.1 K at other velocities. The emissionfrom the red

lobe of the HH 300 out
o w is at velocities greater than 6.7 km s� 1. Therefore,

the small amount of emissionat velocities between2.4 and 6.3 km s� 1 at the

OFF position does not a�ect our out
o w data (seeFigure 2.2). The di�eren t

regionswereobserved several times to improve the S/N in the spectra. The system

temperature was measuredto be in the rangebetween400and 900K. In order to

keepa constant noiselevel through the whole map, the regionsthat were mapped

with a higher systemtemperature wereobserved more than the regionswith lower

systemtemperature.

The raw OTF data were reducedusing the various Astronomical Image

ProcessingSystem (AIPS) OTF tasks. A �rst-order baselinewas �tted and

subtracted to each spectrum, and the two polarizations were averaged. The

di�eren t mapped regions were combined and averaged. The map was then

convolved onto a grid with 1400pixels. The resultant RMS noisein each 0.65km s� 1

channel was 0.12 K, for most (non border) spectra. The intensity scaleof the

spectral data presented in this chapter is in units of T �
A (Kutner & Ulich 1981)

unlessit is stated otherwise.
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Fig. 2.2.| (Top) Average12CO(1{0) and 13CO spectra of the areamapped in 12CO(2{1), which
includes most of the HH 300 out
o w red lobe and somecloud regions una�ected by the out
o w.
(Bottom) Average12CO(2{1) spectrum over the samearea as the spectra above [the area covered
by the 12CO(2{1) map].
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2.2.2 12CO(1{0), 13CO(1{0), and C18O(1{0) Data

In order to study the e�ect of the HH 300out
o w on a larger scaleand to attain a

better estimate of the out
o w mass,we observed the 12CO(1{0) and 13CO lines in

a region 17.50 by 590 along a position angleof 49� , surrounding the HH 300out
o w

source(IRAS 04239+2436). The data were obtained using the SEQUOIA 16

element focal planearray receiver of the Five CollegeRadio Astronomy Observatory

(FCRAO) 14 m telescope. The observations were done over the courseof three

di�eren t observingrounds, which took place in April 1999,December 1999,and

February 2000. Both lines were observed in frequency-switched mode and the

backend usedwas the Focal Plane Array Autocorrelator Spectrometer (FAAS),

with a channel spacingof 78 kHz (0.21 km s� 1) for 12CO(1{0), at a frequencyof

115GHz, and 20 kHz (0.05km s� 1) for 13CO(1{0), at a frequencyof 110GHz. The

telescope half-power beam width for the 12CO(1{0) and 13CO lines are 4500and

4700, and the main beame�ciencies are 0.45and 0.54, respectively. The 12CO(1{0)

spectra were taken with a spacingof 4400(beam sampled)and with an integration

time of 150 secfor each position. The 13CO spectra were taken with a spacingof

2200(Nyquist sampled),and with an integration time of 100 secfor each position.

The systemtemperature of our observations rangedbetween700 and 1000K for
12CO(1{0), and between300and 500K for 13CO(1{0).

Observations of the C18O(1{0) emissionwere also made using the same

telescope and backendcon�guration asthe 13CO(1{0) observations. We madethree

Nyquist sampledFCRAO-SEQUOIA footprints. The 5.50 � 5.50 footprints were

centered at o�sets (0, 0), (-3.10, -3.10), and (-6.90, -9.40) with respect to the out
o w

sourceposition at (� ,� )1950 = (4h23m54s:5, 24� 3605400). The telescope half-power

beam width and main beam e�ciency for C18O(1{0), at a frequencyof 109 GHz,

are 4700and 0.54, respectively. Each position was observed for 200 to 300sec,with

a systemtemperature ranging from 170to 350K.

The 12CO(1{0) and 13CO(1{0) data were reducedwith the CLASS and

MIRIAD packages. The original spectra from both lines were smoothed and

resampledto a channel spacingof 0.22km s� 1. The spectra werespatially linearly
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interpolated and a data cube of 11.500pixels was producedfor each line. The data

cube was then smoothed by convolving it with a Gaussianwith a FWHM of 4600,

using the task smooth in MIRIAD. The resultant RMS noiseof the spectra in

the 12CO(1{0) and 13CO(1{0) smoothed maps was 0.17 K and 0.07 K for each

0.22km s� 1 channel, respectively. Interpolating the 12CO(1{0) and the 13CO(1{0)

data to this commonposition-velocity grid allowed us to usethem in concert when

calculating the massestimatespresented in x2.3.3.

2.3 Results

Figure 2.2 shows spectra of 12CO(2{1), 12CO(1{0), and 13CO(1{0) averagedover

the area mapped in 12CO(2{1). The most notable property of the spectra in

Figure 2.2 is that they are composedof two main (Gaussian-like) components. One

component is centered at a velocity closeto 6.7 km s� 1 and the other component is

centered at a velocity closeto 5 km s� 1. The v = 6:7 km s� 1 component is produced

by the molecularemissionof the HH 300out
o w host cloud (B18w), while the other

component, at v = 5 km s� 1, is produced by another cloud in Taurus (hereafter

cloud A), along the sameline-of sight. Unlike many other averageout
o w spectra

(e.g., HH 111, Cernicharo & Reipurth 1996; NGC 2264G,Lada & Fich 1996;

RNO 43, Benceet al. 1996),the red wing of the 12CO(2{1) and 12CO(1{0) average

spectra is not very prominent. The wing only extends from about 8 to about

10 km s� 1. In addition to the small red wing, the line corecomponent of the B18w

cloud, seemsto have a slight asymmetry, with moreemissiontowards red velocities.

This suggeststhat the HH 300out
o w is composedmainly of gaswith slow radial

velocities, and the gasemissionof its slowest velocities might be hidden under the

ambient cloud emission.

The cloud A component is visible not only in the areasurrounding the red lobe

of HH 300,but through most of the areawe mapped in 12CO(1{0) and 13CO(1{0).

This area includesthe region where the blue lobe of HH 300 should be, assuming

that it lies northeast of IRAS 04239+2436,opposite to the red lobe, at the same
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position angle. There is evidencein the optical (RBD) and near-infrared(Reipurth

et al. 2000) for blueshifted out
o wing material only very closeto the source.But,

even if the HH 300 
o w's blue lobe were interacting with the surrounding gas

(close to and/or far from the source),we would not be able to study it. The

\contamination" from cloud A on the blue side of the B18w component is such

that we would not be able to observe the high-velocity blue wings that presumably

would have been present in the 12CO spectra. Therefore we concentrate our

study on the interaction betweenthe redshifted lobe of the HH 300 
o w and its

surroundings.

2.3.1 13CO(1{0) Maps

Figure 2.3 shows �v e 13CO(1{0) velocity maps, integrated over �v e di�eren t

velocity ranges.The �rst map is integrated over the velocity in which the emission

from cloud A is present, 3:79 < v < 5:77 km s� 1. The other three mapsare made

over velocity rangesin which there is emissionfrom the B18w cloud (and HH 300

out
o w). It is evident that the velocity map in Figure 2.3a shows a 13CO structure

di�eren t from the other velocity maps. In addition, the position angleof the short

and long axesof the 3:79 < v < 5:77 km s� 1 structure di�ers from that of the

B18w cloud by about 30� . This recon�rms our assumptionthat the emissionfrom

velocities 3.8 to 5.8 km s� 1 doesnot comefrom the B18w cloud, but from another

cloud (cloud A) on the sameline-of-sight.

The integrated velocity map over the range 5:77 < v < 7:09 km s� 1 is

shown in Figure 2.3b. The velocity rangeof Figure 2.3b doesnot cover the whole

range of velocities in which there is emissionfrom the B18w cloud component

(5:77 < v < 8:63 km s� 1) in Figure 2.2. But, even though the map in Figure 2.3b

only shows emissionfrom 5.77 to 7.09 km s� 1, it shows the general 13CO

structure of the B18w cloud. Comparing Figure 2.3b with an integrated map

that covers the whole velocity range of emissionfrom the B18w component

(5:77 < v < 8:63 km s� 1) shows that both mapshave essentially the samestructure.

And, comparing Figure 2.3b with a map integrated over just 6.2 to 7.1 km s� 1
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Fig. 2.3.| Velocity-range-integrated intensity maps of the 13CO(1{0) emission. The velocity
interval of integration is given on the top of each panel. The �rst contour and the contour stepsare
given in parenthesis on the bottom left corner of each panel in units of K km s� 1. The position of
the out
o w source,IRAS 04239+2436,is identi�ed with a star symbol. (a) Emission from cloud A.
(b) Emission from B18w. (c) Emission from B18w ambient gasplus HH 300 out
o w emission. (d)
Emission southwest of the out
o w sourceis solely from HH 300 out
o w. The emissionnortheast
of the sourceis from another cloud on the sameline of sight. (e) Emission southeast of out
o w
sourceis from the highest velocity out
o wing 13CO gas.
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also shows that they have similar structure. In addition, the shape of the 13CO

emissionof thesemaps is very similar to the shape of the B18w dark cloud as

seenin the optical imageof RBD. Therefore, the emissionfrom the B18w cloud is

predominantly from gasat velocities between6.2 and 7.1 km s� 1, the peakemission

rangefor the spectra in Figure 2.2.

The integrated intensity map over 7:09 < v < 7:53 km s� 1 hasa very peculiar

structure (Figure 2.3c). The long and short axis, as well as the position angleof

this structure are similar to those of the 5:77 < v < 7:09 km s� 1 (Figure 2.3b)

structure. Also, the 7:09 < v < 7:53 km s� 1 structure bearssomeresemblance

to the 12CO(1{0) out
o w in the velocity range of 7:53 < v < 7:97 km s� 1 (see

x2.3.2). The local maximum in 13CO at R.A. 4h22m50s, decl. 24� 2103000(B1950)

is at the tip of the most prominent bow shock-like clump (clump R3; seex2.3.2,

and 12CO out
o w maps in that section) in the 12CO out
o w. Although it is

tempting to concludethat most of the emissionat thesevelocities comesfrom the

\slow-moving" out
o wing gas,the velocity of this structure (about 7.75km s� 1) is

still very closeto the line center velocity (VLS R = 6:67 km s� 1). Thus, we expect

somecontribution to the emissionat 7:09 < v < 7:53 km s� 1 to comefrom the

turbulent gas in B18w una�ected by the out
o w. We are convinced that 13CO

emissionfrom both slow-moving out
o wing gasand ambient cloud gasare present

in the integrated intensity map in the velocity rangeof 7:09 < v < 7:53 km s� 1 (see

x2.3.3 for a quantitativ e discussion).

Figure 2.3d shows the integrated intensity for the velocity range7:53 < v <

7:75 km s� 1. There is no doubt that the 13CO emissionin this velocity range,

southwest of IRAS 04239+2436is due to gas that has been put in motion by

the out
o w. The 13CO emissioncoincidesin position with the medium-velocity

structure seenin the 12CO out
o w velocity maps (seex2.3.2, and 12CO out
o w

�gures). The emissiondetectednortheast of the out
o w sourceat theseredshifted

velocities, with respect to the ambient cloud velocity (VLS R = 6:67 km s� 1),

is not associated with the HH 300 
o w. Instead, this emissioncomesfrom an

elongatedstructure perpendicular to the HH 300 
o w's axis, associated with the

B18 molecularcloud, ascan be seenin the largescale,2.70 resolution, 13CO velocity
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maps of Taurus by Mizuno et al. (1995). The integrated intensity map over the

range7:75 < v < 8:63 km s� 1 (seeFigure 2.3e) shows the highest (red) velocities of

the HH 300 out
o w in 13CO emission. The knotty featuresof thesehigh velocity
13CO coincidewith the position of the high-velocity featuresin the 12CO out
o w

(again, seex2.3.2 and �gures in that section). Theseknotty featuresare well

de�ned in spaceand velocity.

2.3.2 12CO Maps

In Figures 2.4 and 2.5 we show 12CO(2{1) and 12CO(1{0) velocity maps of the

HH 300 molecular out
o w. The 12CO(1{0) data set covers more area and has

a better spectral resolution than the 12CO(2{1) data. On the other hand, the
12CO(2{1) data has a better spatial resolution and sensitivity than the 12CO(1{0)

data. Regardlessof the di�erences in spectral and spatial resolution, area and

sensitivity, the 12CO(2{1) and 12CO(1{0) mapslook very similar for similar velocity

ranges(seeFigures 2.4 and 2.5). The most notable characteristic of the HH 300

molecular out
o w is its very clumpy structure. In Figure 2.6 and Table 2.1 we

show how �v e namedclumps (R1 to R5) are identi�ed.

We believe that all �v e clumps mentioned above are associated with the

HH 300 out
o w and each clump represents a di�eren t ejection event. Clumps

R1 and R2 have \blobby" structures like the high-velocity CO bullets found in

HH 111 by Cernicharo & Reipurth (1996). Clump R3 has a shape reminiscent

of a bow shock, with wings pointing in the direction of the out
o w source(see

Figures 2.4b and 2.5b). There is stronger 12CO emissionin the south wing than

in the north wing of the bow structure. This asymmetry in the bow wings of R3

is most probably due to the underlying distribution of moleculargasin the cloud,

sincethere is more gasemissionsouth of clump R3, than to its north. Recent high

spatial resolution observations of out
o ws (e.g., Yu et al. 1999,Lee et al. 2000)

have found that bow shape CO structures are common. The CO bow structures

presumablyare createdby the interaction betweena bow shock from an underlying

jet, and the ambient gas. Clump R4 is barely distinguishableas a separateclump
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Fig. 2.4.| Velocity-range-integrated intensity maps of the 12CO(2{1) emission from the red-
shifted lobe of the HH 300 molecular out
o w. The velocity interval of integration is given on the
bottom of each panel. The �rst contour and the contour steps are 0.325K km s� 1 for all maps.
The position of the out
o w source,IRAS 04239+2436,is identi�ed with a star symbol. The �v e
out
o w clumps R1, R2, R3, R4, and R5 are labeled.
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Fig. 2.5.| Velocity-range-integrated intensity maps of the 12CO(1{0) emission from the red-
shifted lobe of the HH 300 molecular out
o w. The velocity interval of integration is given on the
bottom of each panel. The �rst contour and the contour steps are 0.22 K km s� 1 for all maps.
The position of the out
o w source, IRAS 04239+2436,is identi�ed with a star symbol. Four of
the �v e out
o w clumps (R1, R2, R3, and R5) are labeled.
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Fig. 2.6.| Integrated intensity contour map of the 12CO(1{0) emissionover the range 7:53 <
v < 9:94 km s� 1, superimposedon a wide-�eld H� +[S I I] (optical) CCD image from Reipurth,
Bally, & Devine (1997). The starting contour of the integrated intensity map is 0.55K km s� 1, and
the contour stepsare 0.275K km s� 1. The A, B, C, and D HH knot groups from the HH 300 
o w
are labeled. We also label the molecular out
o w clumps R1, R2, R3, R4, and R5. The location of
the deeply embeddedout
o w source,IRAS 04239+2436,is shown. The B18w cloud is seenin the
optical image as a region with no background stars (due to extinction).
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Table 2.1. Detectability of Clumps in HH 300RedshiftedLobe

Integrated Intensity Mapsa Position-Velocity Diagramsb

Clump 13CO 12CO(1{0) 12CO(2{1) 12CO(1{0) 12CO(2{1)

R1 yes yes yes yes yes
R2 yes yes yes yes yes
R3 yesc yes yes yes yes
R4 no ...d yes ...e yes
R5 no yes yesf no yes

aHere we note if the clump structure can be seenin any of the velocity-
integrated maps of the di�eren t molecular lines (Figures 2.3, 2.4 and 2.5)

bHere we note if the clump shows a velocity increasein the the position-
velocity (PV) diagrams (Figures 2.9 and 2.10).

cThe R3 clump is seenas two clumps in 13CO(1{0).

dThere is 12CO(1{0) emission at the position of clump R4, but the
12CO(1{0) mapsdo not show the same,clearly de�ned, clump structure as
in the 12CO(2{1) velocity maps.

eThere is not a clear peak in the velocity at the position of clump R4
in the 12CO(1{0) PV diagram, though there is high-velocity gas (seeFig-
ure 2.10).

f Clump R5 can only be seenpartly in the 12CO(2{1) data becauseof the
limited extent of the 12CO(2{1) map (seeFigure 2.4a).

from R3, but it is still clear that R4 exhibits a local maximum of CO emissionand

that it divergesfrom the bow structure of R3 (seeFigure 2.4b). We are con�dent

that R4 is associated with the HH 300 out
o w not only due to its relatively

(redshifted) high-velocity, but alsobecauseit coincidesin position with the optical

knot HH 300C (seeFigure 2.6). The molecular clump R5 is the clump with the

slowest velocities, and can only be seenin the velocity mapswith velocities closeto

the cloud velocity. It hasan elongateddrop-like structure, asif it werea bow-shock,

with only one wing. The samee�ect that producesasymmetric bow wings in R3,

could be producing the structure of R5, but in a more dramatic way. In the case

of R5, there is practically no molecular emissionnorth of the clump, but there is

someemissionsouth of it. It is very probable that we do not seea north bow wing

in R5, sincethere is essentially no gasto the north of the clump to producea 12CO
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Table 2.2. Physical Properties of Clumps in HH 300RedshiftedLobe

da Angleb Agec Massd

Clump [pc] [deg] [yr] [M� ]

R1 0.16 250 800 0.07

R2 0.53 221 2500 0.21

R3 0.81 228 4000 0.23e

R4 0.98 225 4800 ...e

R5 1.03 238 5000 0.02f

aDistance from the out
o w sourceto the maximum emissionpoint on clump
bPosition angle (east of north) of line intersecting out
o w sourceand maximum emissionpoint

on clump.
cDynamical age of the clump assumingmass ejection from source, responsible for the clump,

has a tangential velocity of 200 km s� 1.
dMass of clump for vout � 0:97 km s� 1, uncorrected for cloud emission. Emission at vout �

0:97 km s� 1 is dominated by out
o w clump emission,cloud emissiondominates at slower velocity
channels.

eClump R3 and R4 are indistinguishable (unresolved) in 12CO(1{0) and 13CO lines, the total
massof both is given in the R3 massentry .

f Unlike the other clumps, clump R5 is seenbetter at lower velocities, vout � 0:75 km s� 1. Mass
of clump R5 for vout � 0:75 km s� 1 is 0.11 M� .

wing. Table 2.2 shows the distancefrom the sourceand the position angle,as well

as other physical properties of each of the molecularclumps.

2.3.3 Out
o w Ph ysical Prop erties

In order to study the e�ects of a molecular out
o w on its environment, it is

essential to calculate its mass,momentum, and energy in the most preciseway

possible.There are several potential pitfalls which, if not avoided or compensated

for, can reducethe precisionof the calculation of an out
o w's physical properties.
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Major dangersinclude: (1) not accounting for the inclination of the 
o w's axis to

the plane of the sky; (2) assumingthat the molecular spectral line being usedto

obtain the physical properties is optically thin when in reality it is optically thick;

and (3) not counting slow-moving out
o w gaswhich is \hidden" by the ambient

cloud molecular emissionas part of the 
o w. With our data, we have found a

way to tackle the uncertainties producedby (2) and (3). On the other hand, (1)

remainsa problem.

Inclination

The most accurateway of obtaining i for a molecular out
o w is to observe the

tangential (Vt ) and radial velocities (Vr ) of an HH object associated with the

molecular out
o w being studied. Assuming that the HH object travels through

spacealong a straight line and that the molecular gas from the molecular

out
o w associated with the HH object will move in the samedirection, then

i = arctan(Vt=Vr ). Unfortunately, no proper motions study of the HH 300 optical

knots hasbeendone, thus we do not know the transversevelocities of the HH 300

knots. Other methods of estimating the value of i for molecular out
o ws use

a simple geometricaland velocity �eld model for the 
o w, combined with the

observed data of the out
o w (seeLiseau& Sandell1986;Cabrit et al. 1988). Using

thesemodels results in i valueswith large uncertainties, but at least they give a

rough estimate to the value of i , when otherwisethere would be none. The clumpy

structure of the HH 300 molecular out
o w (very di�eren t from the molecular

out
o w conegeometryassumedby the models listed above), and the fact that it

is impossibleto detect any blueshifted CO emissionfrom the HH 300 out
o w due

to contamination from cloud A, makes it impossibleto usethe simple geometric

models to estimate i for HH 300. In addition, if the HH 300 out
o w is precessing

and episodic (seex2.4.3), then each masseruption could have beenejectedat a

di�eren t anglewith respect to the plane of the sky, so that using a singlevalue of i

for HH 300would be an incorrect assumption.

The HH 300 
o w most likely lies very closeto the plane of the sky. Most of



The impact of giant stellar out
o ws on molecularclouds 61

the giant HH 
o ws for which the inclination angle is known have beenfound to

have small valuesof i . By de�nition, giant HH 
o ws are 
o ws which are observed

to extend more than 1 pc in length on the sky. The smaller the anglebetweenthe


o w's axis and the plane of the sky, the longer the projected (on the plane of the

sky) sizeof a 
o w will be, for a given 
o w length. Thus, it is not surprising that

there is a bias toward small valuesof i in giant HH 
o ws. The small maximum

out
o w radial velocities (� 3 to 4 km s� 1) that the HH 300 molecular out
o w

exhibits, as well as the morphology of the near-infrared nebula surrounding the

out
o w source(as observed by Reipurth et al. 2000) further con�rm that HH 300

lies very closeto the plane of the sky. We believe that the (average)axis of the

HH 300 
o w must have an inclination angle with respect to the plane of the sky

between5 and 15 degrees.In this chapter, all out
o w velocities quoted for HH 300

are not corrected by inclination angle, unlessotherwisenoted.

Opacit y Correction

Using an optically thick line to study an out
o w will causean underestimationof

the massand kinetic energyin the 
o w. Not only should oneworry about the line

core opacity, but also the dependenceof the line opacity on velocity. Using the

out
o w massestimation methods of Bally et al. 1999(hereafter BRLB) and Yu et

al. 1999(hereafter YBB), with our 13CO(1{0) and 12CO(1{0) data in HH 300,we

believe we have obtained a fairly accurateestimate of the out
o w mass.

We do not strictly follow BRLB's or YBB's method, but usea combination of

the two, with our own modi�cations. First, we take an averageof all the 13CO(1{0)

and 12CO(1{0) spectra in the area southwest of IRAS 04239+2436,where the

out
o w lies. Then, we plot the ratio of the lines as a function of velocity (see

Figure 2.7a). The 12CO(1{0) line is optically thick over all velocities wherethere is

detectable13CO(1{0), as the line ratio is always lessthan 60. It is clear that the

line ratio (and thus the opacity) is not constant over velocity, and that it has a

parabolic shape. Assuminga constant opacity for the 12CO(1{0) line, as in most

studieswhich claim to correct for the 12CO(1{0) opacity using the 13CO(1{0) line,
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is not an accurateassumption. It is imperative to take the velocity dependenceof

the opacity into consideration.

Using the averagespectra of the two molecularlines, we obtain the valueof the

main beamtemperature (Tmb) for each 0.22km s� 1 wide channel,and calculatethe

ratio of main beamtemperatures. We then make a second-orderpolynomial �t to

the ratio of 12CO(1{0) to 13CO(1{0) intensity, R12=13, asa function of velocity. The

�t is constrainedto have a minimum at the velocity of the ambient cloud (equal to

the velocity where the average13CO spectrum peaks),VLS R = 6.67 km s� 1. We

excludethe �v e velocity channelsclosestto the ambient velocity from the �t, as

they are the velocities at which the 13CO emissionis slightly optically thick (see

below) and the 12CO emissionis extremely optically thick. Also, we useonly the

points that lie betweenthe velocities 5.8 and 8.2 km s� 1, in order to excludecloud

A and low-S/N velocities. We usethe R12=13(v) parabolic �t to extrapolate R12=13

to the high-velocity wings of the out
o w, where the 13CO line is too weak to be

reliably detected.

We estimate the massin the following way. If the 13CO emissionat a velocity

vi , at a certain position (x i , yi ) is greater than or equal to twice the RMS noise

of the spectrum at that position, we use the main beam temperature value at

the given velocity (T13
mb(x i ; yi ; vi )). If the 13CO emissionis lessthan twice the

RMS noise, then we use the 12CO(1{0) spectrum at the given position (x i , yi )

and velocity vi to estimate T13
mb(x i ; yi ; vi ) = T12

mb(x i ; yi ; vi )[R12=13(vi )]� 1. Similar

to what BRLB and YBB do, the function R12=13(v) is truncated at a value of

62, the assumedisotopic ratio (Langer & Penzias1993). If both the 13CO and

the 12CO(1{0) emissionsat (x i , yi , vi ) are lessthan twice the RMS noise, then

essentially there is no signal from which we can estimatea value of T 13
mb(x i ; yi ; vi ).

Oncewe obtain the value of T13
mb(x i ; yi ; vi ), we can get the value of the opacity,

assumingthat the 13CO line is optically thin. Using our C18O data we are able

to estimate the opacity of the 13CO emissionat several positions. The C18O

observations weremadewherestrong 13CO emissionwas found, i.e., regionswhere

the 13CO emissionmight be optically thick. From the 13CO to C18O ratio we
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Fig. 2.7.| (a) Main beam temp erature (or intensit y) ratio of 12 CO(1{0) to 13 CO(1{0), also denoted in the text
as R12=13 , as a function of observed velocit y (v). The �lled circle symbols are the points used for the second-order
polynomial �t to R12=13 . The solid line is the resulting �t. (b) Mass spectrum, or mass in a 0.22 km s� 1 -wide
channel as a function of out
o w velocit y (vout = v � VLS R ), for the red lobe of the HH 300 molecular out
o w. The
squares denote the mass obtained assuming that 12 CO(1{0) is optically thin (Mass /

R
Tmb dv). The diamonds

represent the mass obtained assuming that the 12 CO(1{0) line opacit y is constant (R12=13 = 13). The triangles
denote the mass assuming that R12=13 , and thus the opacit y of the 12 CO(1{0) line, varies as a function of velocit y,
as shown in Figure 2.7a. For each of these three di�eren t mass estimates we show two power-law �ts, one for
low out
o w velocities between 0.75 and 1.85 km s� 1 , and another for high out
o w velocities between 1.85 and
3.17 km s� 1 . The points at vout = 0:53 km s� 1 are real, but are excluded from the �ts, as they lie to o close to
the ambient line core. Velocities are not corrected for out
o w inclination. The long and short dashed lines are
power-law �ts to the optically thin mass estimate and the constant opacit y mass estimate, respectively. The solid
lines show power-law �ts to the velocit y-dependent opacit y corrected mass spectrum. The power-law exponents
from the �ts are as follows. � << 1: � 3:3 � 0:1 (low velocit y); � 6:1 � 0:2 (high velocit y). � = constant: � 3:3 � 0:1
(low velocit y); � 6:1 � 0:2 (high velocit y). � (v): � 5:2 � 0:1 (low velocit y); � 7:8 � 0:4 (high velocit y). (c) Mass in a
0.22 km s� 1-wide channel, as a function of observed velocit y. Solid line is a two-Gaussian �t to the �lled triangle
symbols (p oints that are not \con taminated" by emission from the HH 300 out
o w). (d) Mass spectrum corrected
for ambient cloud emission. The mass is corrected for ambient cloud emission by subtracting the modeled ambient
cloud mass (giv en by the Gaussian �t in [c]) from the velocit y-dependent opacit y corrected mass (shown in [b] in
triangle symbols). Seediscussion in text (x2.3.3). Similar to Figure 2.7b, the resultan t power-law �ts are shown by
solid lines. The slopes of the �ts are � 4:0 � 0:2 and � 7:8 � 0:4.
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estimate the opacity of the 13CO line (as a function of velocity) at the limited

positions for which we have C18O data. The 13CO to C18O ratios indicate that

even in regionswith strong 13CO emission,the opacity of the 13CO line at line

core velocities (6:2 < v < 7:0 km s� 1) doesnot exceeda value of 3, and for other

velocities the 13CO emissionis optically thin. Sincewe are mainly interestedin the

out
o w massour assumptionthat 13CO is optically thin is an excellent assumption.

At each position and at each velocity for which we have an estimate of

T13
mb(x i ; yi ; vi ), we calculate the 13CO opacity, � 13(x; y; v), using:

� 13(x; y; v) = � ln[1 �
T13

mb(x; y; v)
To

exp(To=Tex )� 1 � 0:87
] (2.1)

from (Rohlfs & Wilson 2000). Here To = h� =k, which for 13CO is 5.29. The value

of � 13, from equation 2.1, agreeswith the value of the 13CO opacity obtained using

the 13CO to C18O line ratio in the limited number of positions wherewe measured

the C18O emission.The excitation temperature, Tex, is obtained by assumingthat

the 12CO(1{0) line core is optically thick. We take an averagespectrum of the
12CO(1{0) data over all of the area southwest of the sourcefor which we have
12CO(1{0) data, and measuredthe peak temperature (corrected for main beam

e�ciency) to be Tpeak = 9:6 K. Solving the radiative transfer equation for the

excitation temperature, assumingthat the line is optically thick, we obtain this

expression:

Tex =
5:53

ln[1 + 5:53
Tpeak +0 :82]

(2.2)

from (Estalella & Anglada 1997). The resultant Tex is 13 K, the samevalue that

Mizuno et al. (1995) quote for the whole Taurus molecular cloud complex. Then,

at each position and velocity the column density, N13(x; y; v), can be calculated

with the following equation from Bourke et al. (1997):

N13(x; y; v) = 2:42� 1014(Tex + 0:88)
� 13(x; y; v)dv

1 � exp(� To=Tex)
(2.3)

The out
o w (molecular hydrogen) massat each position pixel and each velocity

channel is given by

M (x; y; v) = mH 2 NH 2 (x; y; v)A (2.4)
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wheremH 2 (which is equal to 2.72times the massof a hydrogenatom) is the mean

molecularweight, NH 2 is the molecularhydrogencolumn density which is obtained

using the relation NH 2 = 7 � 105N13 (Frerking, Langer, & Wilson 1982), and A

is the physical area of the pixel at the distanceof the source. We then sum over

the areaof the out
o w (M (v) =
P

ar ea M (x; y; v)) to obtain the out
o w massas a

function of velocity, and then sum over velocity (M total =
P

v M (v)) to obtain the

total out
o w mass. The uncertainty in the massestimatescomesmainly from the

uncertainty in the NH 2 to N13 ratio, thus the uncertainty in the massestimatesis

about a factor of 2 (Frerking et al. 1982).

Using this method we can calculate the massper 0.22 km s� 1-wide velocity

channel [dM (v)=dv] in the HH 300 
o w. In Figure 2.7b we plot our results

for out
o w velocities (vout ) greater than 0.5 km s� 1, where vout is the observed

velocity (v) minus the cloud velocity (VLS R = 6:67). Figure 2.7b shows that the

observed mass(per 0.22 km s� 1-wide velocity channel), correctedonly for the

velocity-dependent opacity of the 12CO(1{0) line, has a power-law dependenceon

velocity for vout between0.75 and 1.85km s� 1. For out
o w velocities higher than

1.85km s� 1, the masshasan even steeper power-law dependence.A power-law �t

to each of thesetwo trends yields a slope of � 5:2 � 0:1 for the low-velocity points,

and a slope of � 7:8 � 0:4 for the high-velocity points.

Correction for Am bien t Cloud Emission

We suspect that somevelocity channelshave emissionfrom both the low-velocity

out
o wing gasand the ambient cloud. Thus, in order to obtain an accurateestimate

of the out
o w massit is essential to correct for the \extra mass" at low velocities

due to ambient cloud \contamination". In order to make this correction,we useour

calculationsof the massper velocity channel (seeabove) for 4:5 < v < 9:8 km s� 1.

Using the overall (cloud A + B18w + HH 300) massspectrum in Figure 2.7c, we �t

a two-Gaussianfunction to the points which de�ne the clouds(cloud A and B18w)

and we are sure are not \contaminated" by the HH 300out
o w (seeFigure 2.7c).

The Gaussians,which seema good �t to the relevant ambient emission,give us
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a value of VLS R = 6:67 km s� 1 as the center velocity of the B18w component,

which is the value we useas the velocity of the cloud throughout the paper, and

a center velocity for cloud A of 4:95 km s� 1. The out
o w emissioncan clearly be

seenin Figure 2.7c as a deviation from the Gaussianshape at redshifted velocities.

To obtain the correctedout
o w mass(M cor (v)), we subtract the value of the �t

at the velocity of interest (M f it (v)) from the observed mass(M obs(v)). Using the

simple relation M cor (v) = M obs(v) � M f it (v) we obtain an out
o w masswhich is

presumably free from the cloud emission. We display the mass-velocity relation

using the correctedmassin Figure 2.7d. It can be seenthat the low-velocity

power-law slope of the massspectrum (Figure 2.7d) becomesshallower, with a

slope of � 4:0 � 0:2, after the correction. From here on all the out
o w mass(and

momentum) valuesgiven in this chapter are correctedfor ambient cloud emission,

unlessotherwisenoted.

We note that this method will result in an underestimation of massin the

lowest out
o w velocity channels,if the emissionwere extremely optically thick at

thesevelocities or if the points usedfor the \cloud" �t were heavily a�ected by

out
o w emission.As discussedabove, neither of thesetwo scenariosis our case,so

we are con�dent that our underestimationof low-velocity out
o w massis minimal.

The massand the power-law slope at high out
o w velocities (vout > 1:85 km s� 1)

are unchangedafter the ambient cloud correction, sincethere is no contamination

from the ambient cloud at thosevelocities.

E�ects of Inclination, Opacit y and Am bien t Con tamination

In estimating an out
o w's momentum and energy, correctionsfor inclination can

have profound e�ects, sincewe can only observea radial velocity. On the other

hand, the slope of the massspectrum (seeFigure 2.7b) is not a�ected by a 
o w's

inclination. Correcting the velocity for projection e�ects will just re-scalethe

velocity axis of the massspectrum plot, but the slope of the power-law mass

spectrum will remain the same,assumingthat all parts of the 
o w have roughly

the sameinclination angle, i .
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The e�ects that velocity-dependent opacity correction have on the out
o w's

massand massspectrum can be seenclearly in Figure 2.7b. In this �gure we plot

the massspectrum of the red lobe of HH 300, using three di�eren t assumptions.

The squaresymbols denote the massspectrum obtained assumingthat the
12CO(1{0) line is optically thin, so that massis proportional to

R
Tmbdv. The

diamond symbols represent the massspectrum obtained by assumingthat the
12CO(1{0) line opacity, and thus R12=13= I (12CO)/ I (13CO), is constant. We use

the area-and velocity-averagedvalue of R12=13, over the velocity rangebetween7.3

and 8.5 km s� 1 (or out
o w velocities between0.75and 1.85km s� 1) as an average

ratio, �R12=13. The massis then calculated using equations2.1, 2.3, and 2.4, and

assumingthat T13
mb = T12

mb=�R12=13, with �R12=13 = 13. The triangle symbols show the

massspectrum obtained using the technique described above.

From Figure 2.7b it is clear that assuming12CO(1{0) is optically thin greatly

underestimatesthe mass(by a factor of ten) comparedto the opacity-corrected

estimates. The constant opacity correction givesa more realistic estimate of the

total mass.The shape and slopesof the massspectrum using the constant opacity

correction and the massspectrum obtained using the optically thin assumptionare

basically the same.Assumingthat the opacity of the 12CO(1{0) is constant implies

that the high-velocity 12CO(1{0) emissionis optically thick. Sinceit is clear that

the 12CO(1{0) line is optically thick at out
o w velocities closeto the cloud VLS R

and it is optically thin at high velocities, a more preciseapproach is to assumethat

the 12CO(1{0) line opacity dependson velocity. The velocity-dependent opacity

correction results in low-velocity massestimateswhich are closeto the constant

opacity assumption,and at high velocities the massestimatesconvergeto the

optically thin assumptionestimates. This steepensthe massspectrum in both the

low and high velocity regimes.

Comparing Figures 2.7b and 7d we seethat the correction for ambient cloud

emissionmakes the massspectrum shallower. This is becausethere is more

contamination from the ambient cloud at lower velocities than at higher velocities.

Not correcting for such contamination results in an overestimation of the massat

lower velocities. Thus, correcting for a velocity-dependent opacity and correcting
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for ambient cloud emissionhave opposite e�ects on the massspectrum slopes.

Most previousout
o w studiesdo neither of the two corrections,so it could be that

their estimatesof the massspectrum slope are reasonableby chance.

2.4 Discussion

2.4.1 Mass and Energetics

The total massof the red lobe of the HH 300out
o w, using the method described

above, for vout � 0:75 km s� 1, is 2.4 M� . As can be seenin Figure 2.7d,

the mass-velocity relation at velocities between0.75 and 1.85 km s� 1 follows a

power-law trend, dM (v)=dv / v� 
 . A secondpower-law, with a steeper slope,

is present for velocities greater than 1.85 km s� 1. This broken power-law trend is

typical of many out
o ws (seex2.4.2). If we take the \out
o w mass" to include only

massat velocities which follow the broken power-law trend, then we �nd 2.4 M�
in the out
o w. Notice the lone point at vout = 0:53 km s� 1, which lies below the

extrapolation of the power-law trend in Figure 2.7d. If we add the massat this

very slow out
o w velocity (corrected by ambient emission,as explainedabove),

we then �nd the total massof the red lobe of HH 300 out
o w to be 4.3 M� , for

vout � 0:53 km s� 1. The massof the ambient cloud gasthat surroundsthe red lobe

of HH 300(only the B18w gassouthwest of IRAS 04239+2436)is 57 M� , thus the

massin the out
o w, including the slowest velocity material we can reliably call

\out
o w", is 7% of the massof its surrounding cloud.

The total (line-of-sight) momentum in the red lobe of the HH 300 molecular

out
o w, for vout � 0:75 km s� 1 is 2.2 M� km s� 1, and for vout � 0:53 km s� 1

is 3.2 M� km s� 1. The amount of momentum that has beendeposited in the

cloud by HH 300 presumably should be substantially more, as we have only

consideredthe line-of-sight velocity component. If we assumethat i is between5�

and 15� , then the out
o w momentum would be between12 and 37 M� km s� 1,

for vout � 0:53 km s� 1. Thus, our ignoranceof i brings huge uncertainties to
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Table 2.3. Mass,Momentum, and Kinetic Energy of the RedshiftedLobe of

HH 300

Parameter vout � 0:75 km s� 1 vout � 0:53 km s� 1

Mass[M� ] 2.4 4.3

Momentum [M� km s� 1] 2:2 (sin i ) � 1 3:2 (sin i ) � 1

Kinetic Energy [� 1043 erg] 2:1 (sin i ) � 2 2:6 (sin i ) � 2

the value of the out
o w momentum. The kinetic energyof the out
o w is even

more uncertain, as it depends on (sin i ) � 2. The kinetic energyof the out
o w

for vout � 0:75 km s� 1 is 2:1 (sin i ) � 2 � 1043 erg, and for vout � 0:53 km s� 1 is

2:6 (sin i ) � 2 � 1043 erg. So, for example, if i = 10� , the kinetic energy is about

8 � 1044 erg. The mass,momentum, and kinetic energyestimatesof the HH 300

out
o w are listed in Table 2.3.

Independent of the real (angle-corrected)momentum, we can still map

line-of-sight out
o w momentum. In Figure 2.8 we show a contour plot of the total

momentum for vout � 0:97 km s� 1 (not correctedfor inclination angle). We are

sure there is very little or no emissionfrom the ambient cloud at thesevelocities.

The momentum plot shows distinctive peaksalong the out
o w axis. Thesepeaks

coincidewith the di�eren t clumps discussedin x2.3.2. The peaksare surrounded

by a � 0:3 pc wide and � 1 pc long, lower-level, momentum distribution.

We assumethat the dimension along the line of sight of both B18w and

the HH 300 out
o w are similar to their respective short axes. Using the maps

in Figure 2.8, we estimate their volumesto be 1:7 � 0:7 � 0:7 � 0:83 pc3 and

1:0 � 0:3 � 0:3 � 0:09 pc3, respectively. Hence,we may concludethat a notable

fraction (0.09 pc3/0.83 pc3 � 11% of the volume) of the B18w �lamentary dark

cloud is being injected with momentum from the red lobe of the HH 300out
o w.
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Fig. 2.8.| Contour map of out
o w total momentum, not corrected for inclination angle, for
out
o w velocities greater than 0.97 km s� 1. The momentum contour map is superimposedon a
B18w grey-scalemap of 13CO integrated intensity for 5:8 < v < 7:1 km s� 1, asshown in Figure 2.3b.
The momentum was obtained using the velocity-dependent opacity correction technique described
in the text. The starting contour and the contour steps on the momentum map are both 1:5 �
10� 4 M� km s� 1.
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2.4.2 Mass-V elocit y Relation

An interesting aspect of the HH 300out
o w is the steeppower-law slopeswe �nd

in the mass-velocity relation (
 = 4:0 for vout 0.75 to 1.85km s� 1, and 
 = 7:8 for

vout � 1:85). All molecular out
o ws exhibit a power-law mass-velocity relation in

which there is more out
o wing massat low velocities than at higher velocities, that

is, dM (v)=dv / v� 
 , where 
 > 0. Most out
o ws show a break in the power-law

relation and a steeper power-law dependenceat high velocities. Recently, Richer

et al. (2000) compiled existing data on 22 molecular out
o ws with central source

luminosity ranging from 0.58L� to 3 � 105 L� . The low-velocity (v < 10 km s� 1)

massspectra 
 's for the 22 sourcesrangesfrom about 0.25to 2.5, with most of the

valuesconcentrating between1.25and 2. For high velocities, 
 rangesfrom 2.5 to

7.5, with most of the valuesbetween3 and 4.

Numerical and theoretical studieshave alsoshown that the massspectrum has

a power-law dependence.The modelsof Zhang& Zheng(1997)and Smith, Suttner,

& Yorke (1997), in which a molecular out
o w is produced by the entrainment

of the ambient gas by a bow shock, �nd a 
 of about 1.8, and steepening of

the mass-velocity relation at high velocities. Downes& Ray (1999), with their

numerical bow shock models, �nd that the slope of the power-law massspectrum

rangesbetween 
 = 1:58 and 
 = 3:75 (depending on the parametersof the

simulation). Both Smith et al. (1997) and Downes& Ray (1999) �nd that 


increaseswith time. On the other hand, the analytical study by Matzner &

McKee (1999) �nds that 
 = 2 for all times, independent of the time history of

the driving wind and for a wide variety of ambient density distributions. The

study of Matzner & McKee (1999) di�ers from the other oneslisted above in that

the out
o w is not speci�cally createdby the entrainment of the ambient gasby a

bow shock, but rather by a wide-anglewind which sweepsthe ambient gasinto a

momentum-conservingshell.

The majorit y of observations and models in the literature to date seemto

indicate that 
 � 2. Our observations indicate that the HH 300out
o w hasa much

steeper (
 � 4) massspectrum than most out
o ws(from low and intermediate-mass
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Table 2.4. Comparisonof 
 for Di�eren t Velocity-Dependent Opacity Corrected
Out
o ws

Average
 a

Out
o w Without ambient cloud correction With ambient cloud subtracted References

Circinus Flow A 4.0 ...b 1
Circinus Flow B 3.7 ...b 1
Circinus Flow C 3.8 ...b 1
B5-IRS 1 3.9 2.7 2
MMS 9 3.8 1.8 3
HH 300 5.2 4.0 4

aThe number given is the averagevalue of 
 , over both lobesof the given out
o w (except for HH 300,
where only one lobe was studied). The value of 
 is de�ned to be the power-law slope in the relation
dM (v)=dv / v� 
 . For the two out
o ws with massspectra exhibiting power-laws (HH 300and MMS 9),
we show the \lo w-velocity" 
 .

bThere is no massspectrum with ambient cloud subtracted for theseout
o ws.

References.| (1) Bally et al. 1999;(2) Yu et al. 1999;(3) Yu et al. 2000;(4) This Chapter.

stars), both observed and modeled. On the other hand, our results are similar to

the out
o ws analyzedby BRLB, YBB, and Yu et al. 2000(hereafter, YBSBB). In

Table 2.4 we show the averagevalue of 
 for the out
o ws where massestimates

have included a correction for velocity-dependent 12CO line opacity. From Table2.4

we can seethat, after this correction, most of the out
o ws have power-law slopes

larger than 2. A small di�erence betweenthe results in this paper and those of

BRLB and YBB is that we �nd a steepening of the massspectrum power-law for

high velocities in HH 300,whereasBRLB and YBB state that the out
o ws in their

studiesdo not show such steepening. Examining the massspectrum plots of BRLB

and YBB, it is clear that someof them do not show a break in the power-law. Yet,

others of their massspectrum plots could be �tted with two distinct power-laws,

wherethe high-velocities would have a steeper 
 than the low-velocities.

There is no question that the 12CO line is optically thick in the HH 300


o w, and that its opacity dependson velocity, as the 12CO(1{0)/ 13CO(1{0) plot

(Figure 2.7a) demonstrates. The sameis true for the Circinus (BRLB), the
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B5-IRS 1 (YBB) and the MMS 9 (YBSBB) out
o ws. It is safeto say that the
12CO line of most, if not all, out
o ws is optically thick at low velocities and that

its opacity is velocity dependent. Thus, if low-velocity 12CO emissionis usedto

estimate the out
o w mass,and no correction is made for a velocity-dependent

opacity, the resultant massspectrum power-law slope will be underestimated. This

can be shown using our data. If we assumethat 12CO(1{0) is optically thin or

that it has a constant (velocity-independent) opacity; we obtain 
 � 3:2 for the

HH 300 out
o w massspectrum (uncorrected for ambient emission),while the

velocity-dependent-opacity-correctedvalue is � 5.2 (seeFigure 2.7b). But, the

fact that the HH 300, B5 IRS 1, and Circinus out
o ws all have large valuesof 


doesnot necessarilymeanthat 
 would dramatically increasefor all other out
o ws

if they were to be corrected for velocity-dependent opacity. The valuesof the

\lo w-velocity" 
 's for someyoung out
o ws, such as L1448 (data from Bachiller

et al. 1990,plot from Bachiller & Tafalla 1999) and NGC 2264G(Lada & Fich

1996), were calculated from �ts to the massspectra only for velocities greater

than 7.0 km s� 1 from the line core,wherethe assumptionthat the line is optically

thin is not a bad one. Thus, for those 
o ws we would not expect the value of 


to changesigni�cantly if a velocity-dependent-opacity correction of the 12CO line

were included in the analysis. Ultimately, we expect that if all massspectra were

correctedfor opacity, onewould �nd a signi�cant spreadin the valuesof 
 perhaps

even without a concentration of valuesaround 
 � 2.

There are a number of possibleexplanationsfor the relatively large value of


 in HH 300. In their paper, YBB present a list of factors that could modify the

slope of the massspectrum. We o�er a similar list of factors here,but we focuson

the elements that could give rise to a steepslope in HH 300.

YBB state that their out
o w massestimatesare a�ected by the velocity at

which they chooseto de�ne an optically thin limit for R12=13, that is, the velocity

at which R12=13 is set to the carbon isotopic ratio (seex2.3.3and Figure 2.7a). In

our case,changing the isotopic ratio from 62 (the value assumedin this chapter),

to 89 (the solar ratio) changesthe total massof the red lobe of the HH 300

out
o w by lessthan 1%, as this changeonly a�ects the \high out
o w velocity"



74 H�ector G. Arce Nazario

(1:9 < v < 3:2 km s� 1) masses.Using any value for the isotopic ratio from 50

to 89 leavesthe power-law slope of the low-velocity (0:7 < v < 1:9 km s� 1) mass

spectrum unchanged. The high-velocity 
 increasesby a maximum of 4%. Thus,

the value of the carbon isotopic ratio doesnot a�ect our results considerably. (If

we had usedonly a singlepower-law �t, the isotopic ratio would signi�cantly e�ect

the power-law slope, as in YBB.)

The out
o w orientation with respect to the plane of the sky is another factor

which can modify the massspectrum slope. As shown in Smith et al. (1997),where

molecularout
o ws are modeledasentrainment of ambient gasby a bow shock, the

value of 
 increasesas inclination angle(of the 
o w axis with respect to the plane

of the sky) decreases.Speci�cally, the resultsof Smith et al. (1997)show onemodel

wheredecreasingthe anglebetweenthe out
o w axis and the plane of the sky, from

60� to 15� , raises
 from � 1:2 to � 1:5. Although it is very probable that the axis

of the HH 300out
o w is closeto the plane of the sky (i �< 15� ), this would not be

enough,by itself, to explain the high value of 
 (� 4) in the red lobe of HH 300.

Contamination from cloud emissioncan also a�ect the slope of the mass

spectrum. If one does not take the ambient cloud emissioninto consideration

when estimating the out
o w mass,one will overestimatethe out
o w massat low

velocities, and thus the massspectrum slope will be overestimated. This was

shown in x 2.3.3,where it can be seenthat the value of 
 beforecorrecting for the

ambient cloud emissionwas larger beforecorrection (
 = 5:2 � 0:1) than after it

(
 = 4:0 � 0:2). In order to check if we made a good correction, we constructed

a massspectrum of a limited area around clump R3. We made a power-law �t

to only the channelsbetweenout
o w velocities of 1.1 and 1.9 km s� 1, which have

predominantly out
o w emission(basedon the appearanceof channel maps), and

very little or no ambient cloud emission. The resulting massspectrum, uncorrected

for ambient cloud emission,hasa 
 = 3:9 � 0:2, consistent with the massspectrum

of the whole out
o w, correctedfor ambient cloud emission,which is 
 = 4:0 � 0:2.

Thus, we are convinced that our correction for ambient cloud emissionis a good

one,and that the steepvalue of 
 we obtain for the red lobe of the HH 300out
o w

is not due to any residual ambient cloud emissionat low velocities.
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We believe the most important factor in steepening the slope of the HH 300

massspectrum is out
o w evolution. Both the models of Smith et al. (1997) and

Downes& Ray (1999) �nd that the power-spectrum slope of the massspectrum

changesover time. Both studies �nd that 
 steepensas the out
o w ages. The

ambient material that oncewasacceleratedby bow shock entrainment, slows down

as time goesby, meaningmore slow gasis accumulated, resulting in a steepening

of 
 . The simulated out
o ws of Smith et al. (1997) and Downes& Ray (1999)

are relatively young, (600 and 300 years, respectively), but their results seemto

indicate that the increasingtrend of 
 with agewould continue as the out
o w

evolvesin time.

Richer et al. (2000; hereafter RSCBC) do not �nd any indication of time

evolution of the low-velocity (v < 10 km s� 1) 
 from out
o w from low-luminosity

(Lbol < 103 L� ) sources2. The lack of a trend in their results might be explicable

in two ways. First, RSCBC estimate the ageof the out
o ws using their dynamical

age. The dynamical ageof an out
o w is estimated using an averageor typical

velocity for the sourcebeing studied and dividing that velocity by the extent of the

out
o w lobe. This is known to be a poor estimateof the ageof an out
o w (it could

be o� by as much as a factor of 10 to 50) as it assumesthat the out
o w has kept

the same\t ypical" velocity throughout its life and alsobecauseit assumesthat all

out
o wing material comesfrom the immediate vicinit y of the source(Masson&

Chernin 1993). Second,the out
o w massesare obtained without correcting for a

velocity-dependent opacity in the CO line, so there could be an underestimationof

the value of 
 for someof the out
o ws in RSCBC's sample.

If our physical reasoningfor the steepeningof 
 is correct,wewould then expect

that 
 would evolve di�eren tly for out
o ws in physically di�eren t environments.

Out
o ws in much densermediumswill deceleratemore rapidly than out
o ws in

2YBSBB show a similar compilation of 
 valuesas a function of out
o w dynamical ageand as

a function of out
o w sourceluminosity. Their compilation is slightly larger than that of RSCBC

and includes the B5-IRS 1 and MMS 9 out
o ws. Unlike RSCBC, YBSBB only use the steeper

value of 
 (which in most out
o ws is the \high-v elocity 
 ") for sourcesthat have broken power-law.

Similar to RSCBC, YBSBB's small samplemakesit hard to state any de�nitiv e conclusionabout

out
o w evolution.
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low density mediums if the entrainment mechanism is a momentum-conserving

one, as it probably is (Masson & Chernin 1993). It would be interesting to

conduct a survey of out
o ws in similar environments, with masscorrectedfor CO

velocity-dependent opacity and with accurateageestimates,in order to test how 


evolvesover time.

The analytical study by Matzner & McKee (1999) �nd that it is hard to

obtain a value of the power-law massspectrum slope very di�eren t from 2. This

value of 
 � 2 is independent of the time history of the driving wind, including its

momentum input as a function of time, and applies to a wide variety of ambient

density distributions. The entrainment mechanism of the ambient medium in the

Matzner & McKee (1999) study doesnot speci�cally involve a bow shock, instead

a collimated wind sweepsthe ambient gas into a momentum-conservingshell,

following the models of Shu et al. (1991) and Li & Shu (1996). The Matzner &

McKee (1999) model doesnot take into account an episodic, precessingout
o w

which could be modifying the underlying density and velocity distribution of the

surrounding gaswith each massejection episode. As an episodic and precessing

out
o w changesdirection, di�eren t massout
o w ejection episodesmay be able to

entrain new ambient material that previous ejectionswere not able to e�ect, as

well as to reaccelerategasthat had already beenput in to motion by a previous

ejection. Theseprocesseswill certainly e�ect the massspectrum slope of an out
o w

over time. More on this is discussedin Chapter 3/Arce & Goodman (2001a).

2.4.3 The episodic and precessing nature of the 
o w

The most striking thing about the morphologyof the HH 300out
o w is its clumpy

structure. The velocity maps in Figures 2.4 and 2.5 show discreteclumps in space

and velocity. It is also notable that the out
o w lobe axis doesnot have a �xed

position angle in the plane of the sky. By drawing a line from the sourceto the

maximum emissionpoint for each of the 5 (redshifted) clumps in the out
o w,

we obtain position anglesin the plane of the sky ranging from 250� to 221�

(seeTable 2.2). One unlikely interpretation of the 
o w's appearanceis that the
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underlying wind that drives the out
o w is a wide-anglewind, with an axis very

closeto the planeof the sky. In this interpretation most of the wind is not detected

as the slow radial velocities are hidden under the ambient cloud emission. The

redshiftedclumps we detect could then be wherethe wide angle-windis interacting

with pre-existing cloud clumps, which have been moved to those redshifted

velocities by the wind. This scenarioseemsuntenable for several reasons.First,

in a momentum-conservingwind-clump interaction, the lightest clumps should be

the fastest moving clumps. This is not the casefor the HH 300clumps, where, for

example,the heaviest clump (R2) has greater velocities than other, much lighter

clumps. Second,if bow-shock shapesare causedby the wind-clump interaction,

onewould expect them to have \downstream" wings. On the contrary, the several

clumps that have bow shock like structures have all wings pointing back to the

source.

A more plausible explanation is that HH 300 is a precessingand episodic

out
o w, and that the out
o w clumps are made of swept-up ambient gas. The

density of the ambient gasin the B18wregionshouldbeon the orderof 5� 103 cm� 3,

and each out
o w clump has a masslessthan 0.5 M� (seeTable 2.2). In order to

form a clump of about 0.5 M� by sweepingup gaswith density of 5 � 103 cm� 3

a volume of about 4 � 1052 cm3 is needed. A cube of side 0.12 pc (or 30 at a

distanceof 140 pc) is more than enoughto account for such volume. From the

integrated intensity maps (Figures 2.4, 2.5, and 2.6) we seethat the clumps have

sizescomparableto or are bigger than 0.12pc. So, it is realistic to say that most of

the massin the clumps could comefrom gasthat has beenacceleratedvery close

to the current position of the clump. Another possiblescenariois that the clumps

formed (by swept-up ambient gas) at a position closerto IRAS 04239+2436and

then moved to their current position (seex2.4.5).

Position-velocity (p � v) diagramsof HH 300, constructed by summing all

spectra along an axis with a position angleof 220� (which hereafterwill be called

the out
o w axis) are shown for the 12CO(2{1) and 12CO(1{0) lines in Figures 2.9

and 2.10, respectively. It can be seenthat at the position of all the clumps,

except R5, there is an increasein the extreme emissionvelocity. The velocity



78 H�ector G. Arce Nazario

z (distance from source)  [pc]

Outflow

Ambient
B18w

Cloud A

V
el

oc
ity

  [
km

/s
ec

]

R 1 R 2 R 3 R 4
R 5

Fig. 2.9.| (Top) 12CO(2{1) integrated intensity contour map for velocities between 7.30 and
10.55 km s� 1. (Bottom) 12CO(2{1) Position-Velocity diagram of the redshifted lobe of HH 300.
The out
o w velocities, as well as the ambient gasvelocities of the B18w cloud and of cloud A, are
indicated on the right of the bottom panel. The position of each clump along the out
o w axis is
marked with a vertical solid line. Notice how at the position of each molecular out
o w clump there
is an increasein the velocity. The increasein velocity at most of the clump positions, as shown
with the dotted curved lines, follows a \Hubble-la w", where the velocity increasesproportionally
to the distancefrom the source. This velocity structure is consistent with the out
o w clumps being
produced by bow shock prompt entrainment from an underlying wind (seex2.4.3 for discussion).
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structure at the position of each of theseclumps is characteristic of the prompt

entrainment mechanism, which will produce the highest velocities at the \hot

spots" (or local CO maximum of clump), and decreasingvelocity trend towards

the source(Benceet al. 1996). The kinematic behavior where the velocity of an

out
o w increasesnearly linearly with distancefrom the out
o w sourceis referred

to as the \Hubble-law" for out
o ws. Thus, in our case,we can say that there is a

di�eren t out
o w Hubble-law associated with each clump. For bow shock models

(e.g, Zhang & Zheng1997;Smith et al. 1997;Downes& Ray 1999)the Hubble-law

is a natural consequenceof the fact that the highestvelocities are found at the head

of the bow shock, while the velocity decreasestowards the wings. Wide-anglewind

models of entrainment (Shu et al. 1991;Matzner & McKee 1999)only produce a

singleHubble-law velocity �eld. We can best explain the Hubble-law \bumps" at

the position of the clumps in Figures2.9 and 2.10aseach being producedby a bow

shock at the position of the clumps.

In the bottom panel of Figure 2.10 we show a plot of the total momentum

per unit length (measuredin cuts perpendicular to the out
o w axis), as a function

of distance from the sourcealong the 
o w axis (z), similar to what Chernin &

Masson(1995) do for several out
o ws. It is clear that at the position of each

redshiftedclump there is a peak in the momentum. The plot in the bottom panelof

Figure 2.10 looks very similar to the plots producedby the precessingjet model of

Cli�e, Frank, & Jones(1996). In their models, each momentum peak corresponds

to di�eren t shock structures in a precessingjet.

In HH 300,from the morphologyof the knots in the out
o w, the p� v diagram,

and the momentum distribution all support a picture where the out
o w is made

up of several bow shocks along its axis, whereeach shock correspondsto a di�eren t

ejection event, with a di�eren t ejection axis.

Recently, it has beenestablishedthat it is commonfor the ejection axis of

out
o ws to precessor wander (e.g., RBD). It is believed that out
o w precession

is due to the precessionof the out
o w source,which could itself be causedby the

tidal interaction betweenthe circumstellar disk of the out
o w sourceand one (or
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Fig. 2.10.| (Top) 12CO(1{0) integrated intensity contour map, asshown in Figure 2.6. (Middle)
12CO(1{0) Position-Velocity diagram of the redshifted lobe of HH 300. (Bottom) Distribution of
the out
o w momentum per unit length (dM =dz) along the HH 300 out
o w axis. The �lled circles
represents the total momentum over the width of the out
o w lobe. The out
o w velocities, as well
as the ambient gasvelocities of the B18w cloud and of cloud A, are indicated on the right of the
middle panel. The position of each clump along the out
o w axis is marked with a vertical solid
line. Notice that at the positions of the R1, R2, and R3 clumps, the 3 most prominent clumps in
12CO(1{0) , there is an increasein velocity and momentum (seex4.3 for discussion).
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many) stellar companion(s)of the source(e.g., Terquemet al. 1999). Reipurth et

al. (2000) �nd that the sourceof the HH 300 jet is a binary with a separationof

only 42 AU, which could explain the precessingnature of the HH 300 out
o w. If

we assumethat clumpsR1 and R2, the two clumpswith the most extremeposition

angles,are closeto the edgesof the precessioncone,then the precessionperiod is

approximately twice the di�erence in eruption age,2(� dyn;R 2 � � dyn;R 1) � 3400yr

(seeTable 2.2). Terquemet al. (1999) give an approximate expressionfor the

precessionperiod of a disk around a young star in a binary system,wherethe disk

surroundsonly the primary star. The expressionis given in terms of the primary

mass,the massratio of the two stars, and the ratio of the disk radius to the

binary orbit radius. If we assumea primary massof 0.5 M� , and a primary to

secondarymassratio of about 1.6, the precessionperiod is about 4000yr. Hence,

it is plausible that the precessingnature of the HH 300out
o w could be explained

by the fact that its sourcelies in a multiple-star system.

2.4.4 E�ects on the cloud

Although the HH 300 out
o w is not impressively massive or energetic(like R

Mon, Wolf et al. 1990), it is still an \average" out
o w (in the context of the

out
o w catalog of Wu et al. 1996), which can apparently signi�cantly e�ect the

velocity structure of its host cloud. We have already shown that the HH 300
o w is

depositing a fair amount of momentum over a notable volume of its environment.

Another way of assessingthe e�ect that an out
o w has on the parent cloud is by

studying the behavior of the velocity dispersionasa function of position. By doing

so we can examinethe e�ects that the 
o w has on the cloud kinematics. To do

this, we �tted a singleGaussianto the 13CO spectral component associated with

B18w, for all spectra southwest of the source. We then made a grey-scaleplot

of the velocity width (� v) obtained through the Gaussian�t (Figure 2.11). It

appears that the out
o w clumps are associated with peaksin the 13CO velocity

width. Many of the 13CO spectra at the large � v positions exhibit two peaks. We

interpret thesetwo separatevelocity components as one arising from the cloud
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04239+2436

Fig. 2.11.| 12CO(1{0) integrated intensity map of the HH 300 out
o w, as in Figure 2.6,
superimposedon a grey-scalemap of 13CO line width (FWHM). First grey tone corresponds to a
width of 1.0km s� 1. Betweeneach grey tone there is an increment of 0.2km s� 1. Coordinate o�sets
are given with respect to the out
o w source'sposition at (� ,� )1950 = (4h 23m 54s:5, 24� 3605400). Six
example 13CO spectra at di�eren t position are shown. In all spectra, the cloud A and the B18w
spectral components can be seen. The B18w (+ HH 300 in some cases)spectral component is
highlighted in grey. Three spectra are from regionspresumably una�ected by the HH 300out
o w,
and three are from regionsof the cloud a�ected by the out
o w. On theselast three, a vertical solid
line indicates the position of the separatespectral component, presumably due to the out
o w. All
spectra are plotted with the sameaxes ranges: 0 to 12 km s� 1 in the velocity axis; and -0.2 to
3.2 K on the antenna temperature axis.
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emission,and one arising from both cloud and out
o wing 13CO emission. The

existenceof thesemultiple peaks implies that in certain positions the out
o w

has put substantial amounts of gas in motion in order for the out
o w spectra

to appear as a separatevelocity component from that of the cloud, rather than

just a low-emissionhigh-velocity wing in the cloud component. Hence,detecting

one (or more) easily identi�able velocity components attributable to an out
o w

is yet another indication that the 
o w is having a major e�ect on the cloud gas

kinematics.

Di�eren t velocity components in out
o w spectra from high-density tracers

have beenobserved in the Mon R2 out
o w (Tafalla, Bachiller & Wright 1994).

The clumps responsible for the multiple peaksin the CS spectra of the Mon R2

out
o w have beeninterpreted as gasfrom the densecore that has beenput into

motion (Tafalla et al. 1997). On the other hand, the multiple velocity components

arising from out
o w 12CO spectra observed in somelow- and medium-massstars

(e.g., L1448,Bachiller et al. 1990;IRAS 03282+3035,Bachiller, Mart��n-Pintado, &

Planesas 1991;HH 111,Cernicharo & Reipurth 1996),usually called high-velocity

bullets, have massesof the order of 10� 3 M� (e.g., Hatchell, Fuller, & Ladd 1999),

and are thought to be composedof jet material. The HH 300 redshifted clumps

have relatively large masses(� 0:1 M� , seeTable 2.2), which makes it probable

that they are mainly made up of swept-up material, more like the high-density

clumps of the Mon R2 out
o w. Therefore,we concludethat the 13CO clumps in

HH 300consistof medium-density (n � 103 cm� 3) gasentrained by the out
o w.

We can quantify the e�ect that the HH 300 
o w hason its parent cloud using

di�eren t methods.

One method is to comparethe 
o w's total energy with the cloud's total

turbulent kinetic energy. The total kinetic energyof a cloud wherethermal motions

are a negligiblepart of � V , is given by E tur b = 3
16 ln 2M c� V 2, whereM c is the cloud

massand � V is the observed FWHM velocity line width. In our case,from the
13CO data, the massof the whole B18w �lamentary structure (seenin Figure 2.3b)

is M c = 72 M� . The velocity width is � V � 0:8 km s� 1, so E tur b � 3 � 1044 erg.
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The out
o w kinetic energy is about 2:6 (sin i ) � 2 � 1043 erg, thus the HH 300

out
o w has the potential of making a substantial contribution to the turbulent

energyof the cloud. For i = 17� , the out
o w kinetic energyis equal to the kinetic

energyof the B18w region. Armstrong & Winnewisser(1989) discovered that the

kinetic energyof a parsec-scaleout
o w in L673 could be 6 to 0.4 times (depending

on the assumedprojection angleand the amount of mass\hidden" under the line

core) the turbulent energyin the cloud. At the time Armstrong & Winnewisser

(1989) made their study, astronomershad no idea of the commonoccurrenceof

parsec-scaleHH 
o ws from young stellar objects. Now, with the discovery that HH


o ws may typically extend for several parsecs(RBD) we should reconsiderthe role

of out
o ws in driving the turbulent energyof molecularclouds.

We can also assesthe importance of the HH 300 out
o w energyinput on its

parent cloud by using the results of numerical simulations. The self-consistent

magnetohydrodynamics (MHD) simulations of Gammie & Ostriker (1996) study

MHD turbulence under density, temperature and magnetic �eld conditions

representativ e of those found in Galactic molecular clouds. The models use\slab

symmetry", in which all variablesare a function of oneindependent spatial variable

x and time t. Using equation 34 in Gammie & Ostriker (1996), we can derive the

input power neededto support a molecularcloud in equilibrium. We approximate

the \linear" dimension(L) of B18w to be twice the geometricmean of its axes

(� 1:1 pc). We assumea mean density of 5 � 103 cm� 3, and a � parameter3

of 0.01. Using theseapproximations we �nd that we would needabout 0.4 L�
of input power at a scaleof 1 pc (the sizeof the out
o w lobe) to counter the

dissipation of MHD turbulence in the B18w region and thus support it against

gradual gravitational contraction.

The power of an out
o w is usually estimated by dividing the out
o w kinetic

energyby the dynamical ageof the out
o w. The conventional way to estimate

the dynamical ageof a molecular out
o w assumesthat all the gasin the out
o w

originates at the young star. This assumptionis wrong, sincethe vast majorit y

3The � parameter is de�ned as the ratio of the squareof the sound speedto the squareof the
Alfv �en speedin the cloud, that is � = c2

s=v2
A
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of the gasin a molecular out
o w comesfrom the entrained gasin the host cloud

(along the extent of the out
o w) that has beenput in motion by the underlying

stellar wind. Sincethere is no way to obtain an accurateestimate of the out
o w

lifetime, we estimate a lower and an upper bound to the dynamical agein order

to estimate an upper and lower bound to the out
o w power. We estimate the

dynamical agelower limit to be the time it hastaken HH 300A (the HH knot which

currently lies further to the source)to travel to its current position. The distance

from the sourceto HH 300A is 1.2 pc, and if we assumea typical HH jet velocity of

200 km s� 1, we then obtain a dynamical ageof about 5900yr. As an upper limit

on the agewe use2� 105 years,the statistical lifetime of out
o ws asderived by the

study of Parker, Padman, & Scott (1991). We then estimate the lower and upper

limits of the out
o w power to be 1:1 � 10� 3 (sin i )� 2 to 3:6 � 10� 2 (sin i )� 2 L� . If

we assumethat i � 10� , then the out
o w power's lower limit is only about a factor

of ten lessthan what is neededto drive the MHD turbulence in B18w. Thus, the

HH 300out
o w has the potential to make a substantial contribution to the power

neededto sustain the MHD turbulence in B18w.

Yet another way to estimate the e�ects of the 
o w on the cloud is to compare

the 
o w's energywith the cloud's binding energy. The B18w cloud binding energy

(� GM 2
c =Rc), where we estimate Rc to be the geometricmean of the short and

long axesof B18w, is about 8 � 1044 erg. Hence,if i � 10� the HH 300 out
o w

would have enoughkinetic energyto potentially dispersea major fraction of the

B18w region. From our estimates(seex2.4.1) we seethat HH 300 is e�ecting a

notable fraction of B18w, so whether most of the out
o w kinetic energywill be

converted to turbulent energyor it will be usedto directly dispersethe cloud gas

(seex2.4.6 for more on this), it is clear that the HH 300out
o w will have a major

e�ect on the evolution of B18w.

2.4.5 The structure of B18w

The axis of the HH 300 redshifted out
o w lobe is parallel to B18w's long axis, as

can be seenin both Figure 2.2 and 2.6. The B18w region looks like a protuberance
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that sticks out from the main B18 molecularcloud (seeFigure 2.1). Given the nice

positional coincidenceof the out
o w's and the dark cloud's axes,in addition to

the particular shape of B18w and its position with respect to the rest of the B18

cloud, we originally 
irted with the idea that the HH 300out
o w was creating the

B18w dark cloud. We hypothesizedthat the out
o w was dragging gasand dust

from the star-forming coreand forming the B18w dark cloud. Without calculating

any estimatesof massfor HH 300 and B18w, this seemedlike a reasonableidea.

Similarly, Benceet al. (1996) speculatethat the RNO 43 out
o w's most southerly

bow shock could be responsible for ejecting material from the main cloud and

creating a spur of cloud material, seenin 12CO emissionand in extinction (seetheir

Figure 19). But, oncewe estimated the massof the out
o wing material to be only

7% that of the surrounding ambient gas,in addition to studying the kinematics of

the gas,we concludedthat what we observe to be the \current" HH 300molecular

out
o w has not createdthe B18w region. Moreover, if this scenariowere true one

would expect the blue and the red lobesto drag along similar amounts of gas. As

seenin Figures 2.1 and 2.8, the B18w cloud extendssouthwest with respect to

the out
o w sourcebut doesnot extend northeast of the source,whereone would

expect the blue lobe to be. Such a high asymmetry in the \dragging process"is

highly unlikely. Even if this scenariodoesnot apply to the HH 300 out
o w, we

still believe that the processin which an out
o w ejectsand/or dragsgasand dust

from a densecore (or any other denseregion in the parent cloud) and movesit to

distancesof the order of 0.1 to 1 pc could take place in other sources(e.g., see

Chapter 4). If HH 300 is not \pro ducing" the B18w region, then the fact that

B18w and HH 300have long axeswith similar position anglesis a coincidence.In

that case,HH 300 has a shape similar to B18w becauseB18w is the cloud that

\supplies" the gas that the HH 300 molecular out
o w is made of. That is, the

parent cloud is constraining the morphologyof the observed molecularout
o w.
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2.4.6 The cum ulativ e e�ect of out
o ws

Our observations clearly show that even low-massyoung stellar objects with a

luminosity of about 1 L� can a�ect their surrounding density and kinematical

distribution on parsecscales. From our results, we can speculate that the

cumulative action of many out
o ws, from di�eren t YSOs could have a profound

e�ect on a cloud's evolution and fate. The cumulative e�ect of many out
o ws

could be: 1) to produce just enoughturbulent energyto support the cloud against

gravitational collapse;2) to greatly increasethe turbulent energyto more than

the binding energyof the cloud; or 3) to put enoughambient gas into motion

as to directly dispersethe cloud. If enoughgasis moved out of the gravitational

potential well of the cloud, the cloud would eventually disperse. If the ambient

density is relatively high and the out
o w momentum is relatively low, then the

out
o wing material will eventually slow down through the interaction with the

ambient medium, mixing with its surroundings,and feedingthe turbulent energy

of the cloud. On the other hand, if the ambient density is relatively low and the

out
o w momentum is high, the swept-up gaswill barely decelerateand it could

eventually be \pushed away" from the cloud. It is hard to concludewhich of

thesetwo scenarioswill prevail in a given cloud, without modeling the interface

betweenout
o w and cloud. Further theoretical and numerical investigationsshould

concentrate on how e�cien tly bulk motions, producedby out
o ws, can decay to

produce turbulence as a function of a cloud's density and out
o w energy. Now

that it has beenestablishedthat individual out
o ws are energeticenough,and

large enoughto substantially a�ect a big portion of their host cloud, observational

studies should concentrate in investigating the cumulative e�ects that many

out
o ws have on a molecularcloud and on a cloud complex(e.g., seeBRLB).

2.5 Conclusion

We mapped the red lobe of the giant molecular out
o w associated with the

HH 300 
o w in the 12CO(2{1) line, with a beam sizeof 2700. We also made a
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more extendedmap of the gassurrounding the HH 300 
o w at the 12CO(1{0) and
13CO(1{0) lines, with 4500and 4700beam sizes,respectively. By observinga large

extent of the gassurrounding the out
o w we are able to study the out
o w in the

context of its surrounding medium. Also, the 13CO observations help us assessthe

e�ects the out
o w has on the surrounding moderate-density (n � 103 cm� 3) gas

structure and kinematics. In addition, the combined 12CO(1{0) and 13CO(1{0) line

observations enableus to estimate the massof the out
o w by correcting for the

velocity-dependent opacity of the 12CO(1{0) line. Due to \contamination" from

emissionof another molecularcloud along the sameline-of-sight we are not able to

study the blue lobe of the HH 300out
o w.

Our results show that the HH 300 out
o w has a very clumpy structure.

We identify �v e 12CO redshifted clumps, each of which is readily apparent in

position-position-velocity space. They each have massesof the order of a few

10� 1 M� and reach radial velocities of about 3 km s� 1 from the ambient cloud

velocity. Given the low inclination of the out
o w with respect to the plane of

the sky, the deprojected velocities of theseclumps are likely to be higher than

15 km s� 1. Such high massesand low velocities suggestthat theseclumps are

madeof swept-up ambient gas. The spatial distribution of the clumps, the velocity

structure, and the momentum distribution of the out
o w indicate that theseclumps

arise from prompt entrainment, most probably produced by bow shocks, arising

from the young star's massejection episodes. Each of theseclumps hasa di�eren t

orientation on the plane of the sky (or position angle) with respect to the out
o w

source.We concludethat HH 300 is a precessingand episodic out
o w.

We obtain a power-law massspectrum slope of � 4:0 � 0:2 for low out
o w

velocities and a slope of � 7:8 � 0:4 for high out
o w velocities, for the red lobe

of HH 300. Theseslopes are steeper than the averagefor other out
o ws. To

obtain the out
o w masswe useda velocity-dependent 12CO(1{0) optical depth,

and we correctedthe low-velocity out
o w massfor \contaminating" ambient cloud

emission.Previousout
o w studies,with the exceptionof Bally et al. (1999), Yu et

al. (1999), Yu et al. (2000) from which we obtain the idea, do not correct for the

velocity-dependent opacity of the line, when obtaining out
o w parametersfrom
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their 12CO data. As we have shown, not applying this correctionwill underestimate

the low-velocity out
o w mass. We believe that somelow-velocity out
o ws will

exhibit a steeper massspectrum power-law slope (
 ) oncetheir masseshave been

correctedfor the velocity-dependenceof the 12CO line. Thus, we expect that for a

sampleof out
o ws (with di�eren t ages)the value of 
 will have a wider rangeof

valuesthan what is currently found in the literature. The fact that HH 300 has a

steepmassspectrum power-law slope (
 � 4) is most probably due to the evolution

of out
o w masskinematics. Ambient material acceleratedby several episodesof

massejection by the young star will eventually slow down, leading to accumulation

of slow gas,and a steepening of 
 .

The HH 300 out
o w, although not extremely powerful, is depositing

a fair amount of momentum (3:2 (sin i ) � 1 M� km s� 1) and kinetic energy

(2:6 (sin i ) � 2 � 1043 erg) over a notable volume (� 11%) of its parent dark cloud

(B18w). We qualify the e�ects that the HH 300 
o w has on its host cloud by

using three di�eren t methods. If HH 300 has an inclination to the plane of the

sky (i ) of about 10� , then the red lobe of the HH 300 molecularout
o w has more

than enoughenergyto supply the turbulent energyof B18w, more than enough

energyto gravitationally unbind the B18w region, and enoughpower to make a

substantial contribution to the power neededto sustain the MHD turbulence in

B18w. In addition, the 13CO data indicate that the HH 300
o w is having a major

e�ect on the cloud gaskinematics,and is able to redistribute considerableamounts

of its surrounding medium-density (� 103 cm� 3) gas.

Our study clearly shows that even low-massyoung stellar objects of about

1 L� can producedrastic changesin their surrounding environment, and a�ect a

notable volume of their parent clouds. This is probably a characteristic of giant

HH 
o ws, which typically extend over a few parsecson the sky, and precess.Giant

out
o ws have the potential of modifying the velocity and density structures not

only of their host core,but also of their host cloud, even at parsec-scaledistances

from the source.The cumulative action of giant out
o ws from youngstellar objects

will certainly have a profound e�ect on a cloud's evolution and fate.
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Chapter 3

The Mass-V elocit y and
Position-V elocit y Relations in
Episo dic Out
o ws

ABSTRACT

While observational evidencefor the episodic nature of young stellar out
o ws

continuesto mount, existing numericaland theoretical modelsof molecularout
o ws

assumethey are formed by the interaction of a non-episodic wind from a young

stellar object with an ambient cloud. In this chapter we estimate and discussthe

e�ects of episodicity on the mass-velocity and position-velocity relationsobserved in

molecularout
o ws. We explain how many recent observational resultsdisagreewith

the predictions of non-episodic out
o w models, and we o�er simple explanations

for the discrepancies.In particular, we discusshow an episodic stellar out
o w can

steepen the power-law slope of the mass-velocity relation in a molecular out
o w.

And, we illustrate how an episodic out
o w can producemultiple \Hubble-wedges"

in the position-velocity distribution of a molecular out
o w. With a little more

information than we have now, it may be possibleto use the \fossil record"

embeddedin a molecularout
o w's mass-velocity and position-velocity relations to

reconstruct the history of a young stellar object's massejection episodes.

Published in: The Astrophysical Journal, 551, L171{174, 2001by H. G. Arce & A. A. Goodman
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3.1 In tro duction

As forming stars accretemassinside molecular clouds, they simultaneously throw

away a large fraction of that massin a vigorous out
o w. So-called\molecular"

or \CO" out
o ws are one of several manifestationsof thesemassout
o ws from

youngstellar objects (YSOs). The molecularout
o ws consistprimarily of swept-up

ambient cloud material, and are most likely driven by an underlying (faster) 
o w

emanatingfrom the forming star and/or its circumstellar disk.

Spectral-line observations of molecularout
o ws have shown that they exhibit

several common observational characteristics. A log-log plot of out
o w mass

as a function of velocity (a.k.a. a \mass spectrum"), usually shows power-law

mass-velocity (M � v) relations where dM (v)=dv / v� 
 . Position-velocity

relations of out
o ws often exhibit another commoncharacteristic |a so-called

\Hubble-law" where the maximum velocity of the out
o wing gasincreasesnearly

linearly with distancefrom the source.

Many observational and theoretical studieshave found that molecularout
o ws

have a massspectrum with 
 � 2 (e.g., Lada & Fich 1996;Smith, Suttner, &

Yorke 1997;Matzner & McKee 1999),and that the out
o ws can be characterized

by a single Hubble-law (e.g., Meyers-Rice& Lada 1991,Shu et al. 1991; Lada

& Fich 1996;Matzner & McKee 1999). But, recent out
o w studies (e.g., Yu et

al. 1999;Chapter 2/Arce & Goodman 2001b)have shown 
 to be much steeper

than 2 in somecases. Furthermore, the position-velocity diagrams of those

steep-mass-spectrum molecular out
o ws are characterizedby several Hubble-law

\w edges,"rather than a single one. In this Letter, we show how an episodic1

out
o w could easilyproducemassspectra with 
 > 2 and multiple Hubble wedges.

1We use the term \episodic out
o w" to mean an out
o w that varies in shape, massloss rate,
direction, and/or velocity in an unpredictable way and it is \not-strictly-p eriodic". Episodic
out
o ws (with ages about 104 to 105 yr) are characterized by events of violent mass ejection
( _M out � 10� 5 to 10� 4 M� yr � 1) every 500 to 103 yr or so, with states of no, or very low
( _M out � 10� 8 to 10� 7 M� yr � 1) mass ejection between the violent outburst episodes. Several
mechanismswhich produceepisodic out
o ws from young stars have beendiscussedin the literature
(e.g., self-regulated thermal disk instabilities, Bell & Lin 1994; companion-disk interactions in a
multiple stellar system, Reipurth 2000,and referencestherein).
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3.2 Mass-V elocit y Relation

3.2.1 Observing the M � v Relation

Observersmeasuremolecularout
o w massasa function of velocity usingmolecular

spectral line maps, usually of the 12CO(1{0) line. In practice, the mass-velocity

relation is obtained by calculating massper � v-wide velocity bin and plotting

massas a function of velocity o�set from the host cloud's mean velocity. The

observed mass-velocity relations to date always imply more massat low out
o w

velocities than at higher out
o w velocities. Usually, log(dM=dv) vs. log(v) has

a broken-power-law appearance,with dM (v)=dv / v� 
 low for \lo w" out
o w

velocities, and dM (v)=dv / v� 
 hig h for \high" velocities. The border between

\high" and \lo w" is set by the break in the power law, and 
 hig h > 
 low (see

Bachiller & Tafalla 1999and referencestherein). Hereafter 
 is usedto mean
 low

whenever log(dM=dv) hasa broken power-law appearance.

Most observational out
o w studiesestimate out
o w massby assumingeither

that 12CO emissionis optically thin at all out
o w velocities, or by correcting for

a constant (velocity-independent) 12CO line opacity. In the majorit y of studies

wherethe out
o w massis obtained in this conventional way, 
 rangesfrom about

0.5 to 3.5, with a concentration of valuesnear 
 � 2 (e.g., Richer et al. 2000).

In fact, however, the 12CO line is often optically thick, and the exact value of

opacity dependson velocity. Not correcting for the velocity-dependent opacity will,

in most cases,underestimatethe value of 
 . A few very recent out
o w studies

have explicitly taken the velocity-dependent opacity of the 12CO line into account

when estimating out
o w mass,and thesestudies generally �nd 
 > 2 (Bally et

al. 1999;Yu et al. 1999;Yu et al. 2000;Chapter 2). Discussionson the possible

factors that may produce a large value of 
 can be found in Yu et al. (1999) and

Chapter 2. But, just becausethesestudieshave yielded a steeper mass-spectrum

slope, on average,than the \conventional" out
o w studies, doesnot necessarily

meanthat 
 would dramatically increasefor all out
o ws if they werecorrectedfor

the velocity-dependent opacity of 12CO. In somecases,usually involving very fast
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out
o ws, the assumptionthat the 12CO is optically thin at the out
o w velocities

is �ne, and there is no needfor opacity correction. In general,though, we expect

that a compilation of velocity-dependent-opacity-correctedmassspectra would

yield a distribution of 
 's, with mean
 > 2. As discussedin x3.2.3below, episodic

out
o ws could producesuch a distribution of observed 
 's.

3.2.2 Mo deling the M � v Relation

Numerical and theoretical studiespredict that a molecularout
o w massspectrum

should have a power-law dependence. In the numerical models of Zhang &

Zheng(1997) and of Smith et al. (1997), molecular out
o ws are producedby the

entrainment of ambient gasby a bow shock, and 
 is found to be � 1:8 over most

of the out
o w velocity range. Both models also �nd a turn-down in the mass

spectrum at very high velocities, where 
 >> 1:8. In their numerical models,

Downes& Ray (1999) �nd that the massspectrum hasa singleslope which ranges

between1.58 and 3.75, depending on certain parametersof the simulation (i.e.,

molecular fraction in the jet, amplitude of the jet velocity variation,2 and the ratio

of jet to ambient density). Both Smith et al. (1997) and Downes& Ray (1999)

�nd that 
 increasesas the jet ages. According to those models, the ambient

material that oncewas acceleratedby bow shock entrainment slows down as times

goesby, which steepensthe massspectrum by shifting massfrom the \fast" end

of the mass-velocity relation to the \slow" end. The simulated out
o ws of Smith

et al. (1997) and Downes& Ray (1999) are relatively young (600 and 300 years,

respectively), but it seemsreasonableto expect that the qualitativ e trend of

increasing
 with agewould continue as the out
o w evolvesin time, and once-fast

gasslows down. Very recent bow shock modeling by Lee et al. (2001) �nds that 


alsodependssensitively on the inclination of the out
o w axis to the line of sight.

In contrast to the numerical results, the recent analytical study by Matzner

& McKee (1999;hereafterMM) concludesthat it is hard to obtain a value of the

2The models of Smith et al. (1997) and Downes & Ray (1999) include the e�ects of rapidly
periodic pulsedjets, but thesepulsationsare too rapid and regular to be\episodic" in our de�nition.
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power-law massspectrum slope that is not very closeto 2, for all times. Unlike the

numerical studieslisted above, however, the entrainment of the ambient medium in

MM is not speci�cally causedby a bow shock; rather, it is causedby a collimated

wind which sweepsthe ambient gasinto a momentum-conservingshell, following

the modelsof Shu et al. (1991) and Li & Shu (1996).

3.2.3 The M � v Relation in Episo dic Out
o ws

As a framework for a future analytic model of an episodic out
o w, considera 
o w

as the sum of many collimated MM-lik e out
o ws, each of which originates at a

di�eren t time, with a slightly di�eren t orientation. In this hypothetical picture,

the episodic \bursts" neednot all have the sametotal massor ejection velocity. As

a result, the bursts can even run over themselves in space,with very fast young

bursts overtaking older, slower ones. In this picture, an observed molecularout
o w

represents the time and space superposition of many MM-lik e individual out
o w

events. In caseswheremany events of comparableenergyhave taken placewithin a

few dynamical times of each other, the e�ects of episodicity will be noticeablein the

mass-velocity (and position-velocity, seex3.3) relations measuredfor the out
o w.

In addition, in order for a burst to e�ect the molecularout
o w, the ejection angle

betweenthe di�eren t bursts should be enoughso that each travels through regions

of the cloud that have not yet beenclearedout of gasby previous bursts. Given

that most stellar jets have opening anglesof a few degrees(e.g., Mundt, Ray, &

Raga1991)a changein ejectionangleof only a few degreesbetweendi�eren t bursts

is enoughfor a burst to easily encounter \fresh and unperturbed" cloud material.

In the casewhere the kinetic energyof one of thoseevents completely dominates

any others, the e�ects of episodicity will be lessnoticeable.

MM show that for any stellar wind with a momentum injection rate distributed

in spacein proportion to 1=sin2 � , any momentum-conservinginteraction between

that wind and an ambient medium with a power-law density pro�le will have

a massspectrum with 
 � 2.3 So, for the hypothetical episodic 
o w described

3Hydromagnetic winds naturally collimate and their resultant force distribution is proportional
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above, we can assumethat each outburst of an episodic (hydromagnetic) wind

has a 1=sin2 � force distribution. Each outburst of out
o wing material will not

necessarilyinteract with the sameambient gasconditions, as each successive burst

can changethe density, velocity and/or temperature distribution of the ambient

gassurrounding the wind. But, MM clearly explain that a value of 
 closeto 2

is obtained independentof the density, velocity and temperature distributions in

the ambient gas. So, in an episodic out
o w, we can assumethat each independent

outburst is responsible for putting ambient gas into motion with a power-law

mass-velocity relationship with 
 � 2.

So, what will the cumulativeobserved 
 for an episodic out
o w be? MM say

that \ 
 � 2" regardlessof the time history of the 
o w, but that is for a \time

history" where the same
o w is just turned on and o�, 
o wing into an ambient

medium with a power-law density distribution. If instead we envision the bursty


o w described above, wherevariable amounts of ambient material are accelerated

to assortedmaximum velocities (due either to variations in the wind, or in the

ambient medium), the observed massspectrum will be the result of superimposed

bursts, and will steepen (seeFigure 3.1).

Figure 3.1 shows a massspectrum for a hypothetical episodic out
o w. Each

molecularout
o w episode is represented asa power-law goingback to zero-velocity4

with 
 = 2, but with a unique total massand maximum velocity. The observed

molecular out
o w massspectrum is the superposition (sum) of all past episodes'

massspectra. A power-law �t to the sample \observed" massspectrum in

Figure 3.1 results in an \observed" 
 of 2.7. Thus, an episodic wind composedof

a seriesof MM-lik e (
 = 2) outbursts is able to createa molecular out
o w with


 � 2. In fact, without additional constraints on the maximum velocity or total

massof any outburst, practically any value of 
 � 2 can be createdin this way.

to 1=sin2 � (seeMM and referencestherein).
4This is for illustrativ e purposesonly, as in reality log(dM =dv) should 
atten at very low

velocities.



The impact of giant stellar out
o ws on molecularclouds 97

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

0.1 2 3 4 5 6 1 2 3 4 5 6 10 2

Power-law Slope of fit to summed
 (observed) mass spectrum = -2.7 

    Slope of Each Outburst = -2.0

log (Velocity)  [km s-1]

lo
g 

(d
M

/d
v)

 [M
su

n 
(k

m
 s

-1
)-

1 ]

Fig. 3.1.| Molecular out
o w mass spectrum for a hypothetical episodic out
o w. Thin dark
lines represent the massspectrum produced by di�eren t ejection episodes. The thick grey line is
the sum of all the episodes, and represents the observed massspectrum. The thick dark line is a
�t to the observed massspectrum. Seex3.2.3.
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3.3 Position-V elocit y Relation

3.3.1 Observing p(v)

One of the best kinematic diagnosticsof out
o ws is a position-velocity (p-v)

diagram. The typical molecular out
o w p-v diagram is constructed by summing

spectra in strips perpendicular to the assumedout
o w axis, and then contouring

line intensity as a function of position along the out
o w axis and velocity (see

Figure 3.2).

The simplest molecularout
o w p-v diagramsshow maximum out
o w velocity

increasingapproximately linearly as a function of distancefrom the source. Clear

examplesof this kind of \Hubble-law" velocity distribution are seenin Mon R2

(Meyers-Rice& Lada 1991)and NGC 2264G(Lada & Fich 1996;also seebottom

panelsof Figure 3.2). In other cases,p-v diagrams exhibit more complicated

behavior, which can often be described as a seriesof \Hubble-wedges"distributed

at various distancesfrom the source(seetop panelsof Figure 3.2). Thesemultiple

wedgesare seenin small molecular out
o ws (0.4 pc long) from Class0 sources

(e.g., L 1448,Bachiller et al. 1990)as well as in large (� 1 pc long) out
o ws from

ClassI sources(e.g., L1551,Bachiller, Tafalla, & Cernicharo 1994;B5 IRS1, Yu et

al. 1999;HH 300,Chapter 2).

3.3.2 Mo deling p(v)

Out
o w models can easily produce a singleHubble-law position-velocity relation,

but so far, we do not know of any model that producesmultiple Hubble-wedges.

The numerical simulations of Smith et al. (1997), Zhang & Zheng (1997),

and Downes& Ray (1999) in which out
o ws are createdby the entrainment of

ambient gasby a singlebow shock, all reproducethe Hubble velocity law. In these

models, the Hubble velocity law is in part due to the geometryof the bow shock.

A simpli�ed explanation is that the highest forward (in the traveling direction

of the jet) velocities are found in the apex of the bow shock, which is also the
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point furthest away from the source. The forward velocities decreasetoward the

wings of the bow shock, and the farthest away from the apex (or closer to the

out
o w source)the slower will be the entrained gas(seeFigure 3 of Masson&

Chernin 1993;and Figure 12 of Lada & Fich 1996).

Bow shock modelsare not the only onesthat producethe Hubble velocity law;

the studiesof Shu et al. (1991), Li & Shu (1996) and MM also obtain molecular

out
o ws with Hubble velocity laws as a natural consequenceof their being

created by a momentum-conservingwind. This behavior is easyto understand

as \v elocity-sorting," sincefaster material ejected contemporaneously with slower

material will travel farther from the source.

3.3.3 The p(v) in Episo dic Out
o ws

An episodic stellar wind interacting with ambient gasthrough bow shock prompt

entrainment could produce a p-v diagram with several Hubble wedges. In an

episodic 
o w with a signi�cantly varying mass-ejectionrate, out
o wing gaswould

show a Hubble-like velocity distribution for each mass-ejectionepisode, with the

tip of each Hubble wedgeat a sourceo�set corresponding to a bow-shock apex in

the out
o w map. Sincenot all outbursts from an episodic sourcenecessarilyhave

the sameanglewith respect to the plane of the sky or acceleratethe ambient gas

to the samemaximum velocity, each \Hubble wedge" will not necessarilyhave the

samemaximum radial velocity, and the maximum velocity can changeover time.

If a wind either has had only a single outburst or is dominated by one

particularly strong outburst, a molecularout
o w with a singleHubble velocity law

can result (seeFigure 3.2). Out
o w evolution may alsobe responsiblefor creating

a singleHubble law. A molecularout
o w from an episodic wind which had its last

outburst (or has not had an outburst in a considerableamount of time) will be

subject to the samekind of velocity-sorting mentioned above, and would producea

singleHubble law in its p-v diagram.
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3.4 Discussion and Conclusions

Taken together, M � v relations with 
 > 2 and p-v relations showing multiple

Hubble wedgesprovide very strong evidencethat \episodicity" is a key feature of

molecularout
o ws from young stars.

3.4.1 Reconstructing History

It is tempting to try to reconstruct the outburst history of an episodic out
o w by

combining information from M � v and p-v diagrams. In very simple cases,where

two or three outbursts dominate the 
o w, this is possible(e.g., Gueth, Guilloteau,

& Bachiller 1996; Narayanan & Walker 1996). In perhapsmore typical cases

though, where important bursts are separatedby much lessthan the dynamical

time scalefor each burst, modeling is considerablymore complicated |in that

uniquenessproblemsplaguethe search for solutions. We expect though, that if an

a priori model of the underlying jet can be made (basedon either the molecular

line map or other data), the consistencyof this model with both the M � v and p-v

relations can be tested.

3.4.2 The need for new models

Almost sincethe day they were discovered,molecular out
o ws have beenthought

of as a possible(re-)supplier of the turbulent energyneededto support molecular

cloudsagainst rapid gravitational collapse(e.g. Norman & Silk 1980and citations

thereto). It has also been suggestedthat a molecular out
o w may be able to

disrupt its host core (e.g, Tafalla & Myers 1998), and/or that a combination of

out
o ws may \churn" (Bally et al. 1999)or disrupt (Knee & Sandell2000)a whole

molecularcloud complex.

Now, dozensof observational papers,only someof which are mentioned above,

have pointed to the \episodic" nature of young stellar out
o ws. Simply put,

observers are now sure that theseout
o ws originate from a bursty source. The
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out
o w sourcemay also be precessingand/or moving through the ISM, and each

of its bursts may acceleratea di�er ent amount of ambient matter to a di�er ent

velocity. In this chapter, we have shown that the episodic nature of out
o ws causes

their M-v and p-v relations to be very di�eren t from thosepredicted by any existing

analytic model.

In order to correctly assesthe energeticrole of out
o ws in a magnetizedISM,

it is now necessaryto account for the time history of their interaction with their

surroundings. The episodic nature of out
o ws doesnot a�ect the total momentum

injected in the ISM by out
o ws, and thus it doesnot matter in most of the ISM

feedback theories(e.g., Norman & Silk 1980,and citations thereto). On the other

hand, out
o w episodicity may changethe e�ectiv e length and time scaleson which

the momentum is injected, which is important for a magnetizedISM with MHD

turbulence (e.g., Padoan& Nordlund 1999,and referencestherein). We o�er this

study as a motivation for would-be modelers. Any detailed realistic model of a

molecularout
o w must include its episodic nature.



Chapter 4

The Great PV Ceph Out
o w: A
Case Study in Out
o w-Cloud
In teraction

ABSTRACT

We present a set of detailed molecular line maps of the region associated with

the giant Herbig-Haro 
o w HH 315, from the young star PV Cephei, aimed at

studying the out
o w-cloud interaction. Our study clearly shows that the HH 315


o w is e�ecting the kinematics of its surrounding medium, and has beenable to

redistribute considerableamounts of the surroundingmedium-density (� 103 cm� 3)

gasin its star-forming coreas well at parsec-scaledistancesfrom the source. The

single-dishobservations include a map of the out
o w in the 12CO(2{1) line, with a

beamsizeof 2700, and more extendedmapsof the out
o w region in the 12CO(1{0)

and 13CO(1{0) lines, with 4500and 4700beam sizes,respectively. The next chapter

(Chapter 5) presents higher-resolution(IRAM 30-m) observations, and discusses

their implications.

The giant molecularout
o w HH 315 is a highly asymmetric bipolar 
o w with

a projected linear extent of about 2 pc. Our results indicate that the two lobes

of the out
o w are each interacting with the ambient medium in di�eren t ways.

The southern (redshifted) lobe, with a massof 1.8 M� , interacts with a dense

ambient medium, very closeto the young stellar out
o w source,and its kinetic

103
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energyis comparableto both the turbulent and gravitational binding energyof its

host cloud (of order 1044 erg). In addition, we �nd evidencethat the southern lobe

is responsible for the creation of a cavit y in the 13CO emission. In contrast, the

northern (mainly blueshifted) out
o w lobe, with a total massof 4.8 M� , extends

farther from PV Ceph and interacts with ambient gasmuch lessdensethan the

southern lobe. There is very little 13CO emissionnorth of the out
o w source,and

the only prominent 13CO emissionis a shell-like structure coincident with the outer

edgeof the northern lobe, about 1.2 pc northwest of PV Ceph. It appearsthat the

northern lobe of the HH 315 out
o w has beenable to \push" asidea substantial

fraction of the gasin the area,piling it in a denseshell-like structure at its edges.

In addition, we �nd that about 50% of the gasin the region of the northern lobe

has been put in motion by the out
o w, and that the northern out
o w lobe is

responsiblefor a velocity gradient in the ambient gas.

4.1 In tro duction

As stars form inside molecular clouds, they gravitationally gather gasfrom their

surroundings,while simultaneouslyspurting out vast amounts of massin a bipolar


o w. The young stellar wind may reveal itself in di�eren t ways. Among the

many manifestationsof a nascent star's masslossprocessare Herbig-Haro (HH)

objects and molecular out
o ws. An HH object is a nebulousknot, mainly seenat

optical wavelengths,which delineatesthe shock arising from the interaction of a

high-velocity 
o w of gasejectedby a young stellar object (YSO) and the ambient

medium. A chain of theseHH objects (or knots) is usually referred to as an HH


o w. One or more shocks associated with an HH 
o w can accelerateentrained gas

to velocities greater than thoseof the quiescent cloud, transferring momentum and

energyinto the host molecularcloud, thereby producing a molecularout
o w.

Sincetheir discovery, molecular out
o ws have beenthought to supply their

host cloud with energy(e.g., Norman & Silk 1980). Yet, the (past) notion that

out
o ws rarely extendedto more than 1 pc in length, and that they only e�ected a
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minor volume of the cloud, made it di�cult to believe that stellar out
o ws could

be important to the energeticsof their host cloud. This picture is now changing.

Recent studies have shown that out
o ws from young stars have an enormous

potential to in
uence their parent cloud's structure and lifetime. Optical and

near-infraredobservations have revealedthat giant |parsec-scale| HH 
o ws exist

and that they are common(Eisl•o�el & Mundt 1997;Devine et al. 1997;Reipurth,

Bally, & Devine 1997,hereafter RBD; Mader et al. 1999;Eisl•o�el 2000;Stanke,

McCaughrean,& Zinnecker 2000). Giant HH 
o ws have sizesabout an order of

magnitude larger than the cloud coresfrom which they originate, and many are

found to extend to distanceswell outside the boundary of their parent dark cloud.

The colossalsizeof a giant HH 
o w enablesit to entrain molecular material at

parsec-scaledistancesfrom the source,and thus it may e�ect the kinematics and

density of a substantial volume of its parent molecularcloud.

Recent millimeter-wave studies(Bally et al. 1999;Knee & Sandell2000)show

that molecularout
o ws from a group (or cluster) of stars in a molecularcloud can

interact with a substantial volume of the cloud, while criss-crossingand interacting

with each other. The �nal outcomeof this many out
o ws-cloudinteraction could

be the \churning" (Bally et al. 1999)or disruption (Knee & Sandell2000)of the

entire parent cloud. In addition, by moving gasand dust around, and compressing

dust and gasshells,out
o ws may be able to trigger star formation (e.g., Warin et

al. 1996;Sandell& Knee 2001).

In order to study the e�ects an out
o w has on its environment's kinematic

and density structure, it is imperative to observe a large area of the cloud gas

surrounding the out
o w, in addition to the out
o w itself. The observations should

preferably be of more than one molecular line transition, probing a range of

densities,and at least one of the lines should be relatively optically thin, in order

to take line opacity into account. Also, if one is to avoid sourceconfusion,one

should study regionswith a very low density of young stellar objects.

The HH 315 
o w, from the young star PV Cephei (or PV Ceph) is a perfect

laboratory to study out
o w-cloud interaction without any serioussourceconfusion.
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There are no known out
o w-powering YSOs, other than PV Ceph, in a 300 radius

centered on PV Ceph. There is still the possibility that PV Ceph is a member of a

tight binary system,with a separationbetweencomponents of �< 50 AU (Leinert

et al. 1997;RBD), or the very slim possibility that PV Ceph is a member of a, yet

undetected,small group of forming stars. But, even in the casethat PV Ceph is

not the soleyoung star in the region, it is the only sourceof a very powerful, giant

out
o w. As a bonus, each of the lobesof the PV Ceph 
o w interact with drastically

di�eren t environments, making it a nice laboratory for studying out
o w-cloud

interaction.

The giant HH 315 
o w was discovered independently by G�omez,Kenyon &

Whitney (1997,hereafterGKW) and RBD. The presumedsourceof the HH 315


o w is PV Cephei,a variable Herbig Ae/Be pre-main sequencestar located at the

northeasternedgeof the L1158and L1155group of dark clouds,which are believed

to be at a distanceof 500 pc (Cohen et al. 1981). A brief literature review of the

observations of PV Ceph is given by GKW. The HH 315 
o w (seeFigure 4.1)

consistsof six major condensations(which are named knot A, B, C, D, E, F),

and each major condensation(or knot) is made of two or more individual small

HH knots (identi�ed F1, F2, F3, etc.). In addition, a group of knots, which were

originally discoveredby Neckel et al. (1987),are seen2000to 5500north of PV Ceph,

and are identi�ed as HH 215. RBD state that HH 215 and HH 315 are all part

of a single2.6 pc-long (in projection) HH 
o w which, all together, are commonly

referred to as the HH 315 
o w. The northern lobe of the HH 315 
o w is madeof

HH 215,and knots A, B, and C. The southern lobe is madeof knots D, E, and F

(seeFigure 4.1). The spectra of several knots (Devine 1997)show that the northern

lobe is blueshifted and the southern lobe is redshifted.

RBD a�rm that the distancesfrom the sourceto knot A, B, and C are

within 10%of the distancefrom the sourceto knots D, E, and F, respectively (see

Figure 4.1). They argue that the coincidencein the distance from the sourceto

the knots, and the S-shaped point symmetry of the two lobesaround the source

(seebelow) are evidencethat the six knots comefrom three major massejection

eruptions. In this picture the oldest eruption is responsible for the C-F knot pair,
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followed by the eruption responsible for the B-E pair, which is followed by the

eruption responsible for the A-D pair. The most recent eruption is responsible for

the HH 215knots, and a counter-knot to HH 215is not observed south of PV Ceph

presumablybecauseis heavily obscuredby the densegasnear PV Ceph (RBD).

Assuminga tangential velocity of 200km s� 1 for each knot, RBD estimatethat the

major eruptions in PV Ceph have occurred every 2000yr, starting with the C-F

eruption about 6500yr ago.

A very peculiar aspect of HH 315 is that the knots trace a roughly sinusoidal

path, or S-shaped point symmetry around PV Ceph. RBD and GKW argue that

this particular 
o w morphologystrongly suggeststhat the ejectionaxis of PV Ceph

is wandering or precessing(i.e., changesover time). GKW modeled the HH 315


o w with a simple precessingjet model. In their model the jet axis precesseson a

conewith full opening angle, � , inclined to the plane of the sky at an angle i , and

the jet is assumedto have a constant velocity and a constant precessionvelocity.

GKW state that assuminga jet velocity of 200km s� 1, with i � 10� , � � 45� , and

a precessionperiod of about 8300yr their model can producea jet consistent with

the HH 315
o w morphology. It is alsopossibleto explain the knot position angles

and symmetrieswith a model wherePV Ceph is moving at a substantial velocity

(� 10 km s� 1) and pairs of knots are emitted at varying anglesasthe sourcetravels

through space(seeGoodman & Arce 2002).

The molecularout
o w associated with the HH 315 
o w was �rst observed by

Levreault (1984). The low resolution 12CO(1{0) map of Levreault (1984) shows

that the HH 315 molecular out
o w is asymmetric. The redshifted lobe has a

circular morphology with a diameter of � 0:3 pc, and the blueshifted lobe has an

elongatedmorphology which extendsup to � 1:2 pc northwest from PV Ceph.

Here we present new, more sensitive, and higher spatial resolution 12CO(2{1),
12CO(1{0), and 13CO(1{0) observations of the HH 315 molecular out
o w, its

surroundings,and a large fraction of its parent dark cloud. Our analysisfocuseson

the e�ects of the giant HH 315out
o w on its host cloud.

In x4.2 we give a description of our observations, and in x4.3 we describe
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our results. In x4.4 we discussthe massand energeticsof the HH 315 
o w and

the e�ects that the HH 315 
o w has on its parent cloud. We devote x4.5 to our

conclusions.A study of the kinematics of the HH 315out
o w and the entrainment

mechanism is discussedin Chapter 5, using even higher angular and velocity

resolution (IRAM 30 m telescope) molecular line data of the gas immediately

surrounding PV Ceph (the HH 215region) and the HH 315B and HH 315Cknots.

4.2 Observ ations

4.2.1 12CO(2{1) Data

The 12CO(2{1) line data were obtained using the on-the-
y mapping technique

at the National Radio Astronomy Observatory (NRAO) 12 m telescope on Kitt

Peak, Arizona, in December 1998. At the observed frequencyof 230 GHz, the

telescope's half-power beam width, main beam e�ciency , and aperture e�ciency

are 2700, 0.32and 0.44, respectively. The spectrometerusedwas a �lter bank with

250kHz resolution, with two independent sectionsof 128channelseach. The �lter

bank was put in parallel con�guration, in which each of the two sectionsreceived

independent signalswith a di�eren t polarization. The parallel con�guration was

chosenso that ultimately the two polarizations could be averagedto produce

better signal-to-noisespectra. At a frequencyof 230 GHz, the resultant velocity

resolution for this setup is 0.65km s� 1.

The on-the-
y (OTF) mapping techniquewasusedto observe an areaof about

215ut 0 surrounding the HH 315 
o w. The OTF technique allowed the extended

area to be mapped in a more e�cien t way than the conventional point-by-point

mapping. The telescope in OTF mode moved acrossthe sourceat a constant speed

of 3000s� 1, while a spectrum was acquired every 0.1 seconds.In order to map

the desiredarea more e�cien tly, the total area was mapped by combining three

overlapping regionsof di�eren t sizesand orientation. The largest region (hereafter

central region) hasa sizeof 110 � 130, oriented at a position angleof -26� centered
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around the position of PV Ceph, at R.A. 20h45m23s:3, decl. 67� 4603600(B1950).

The secondregion (hereafter SE region) is a rectangleof about 10.50 � 6.50, and

it is centered southeastof PV Ceph at R.A. 20h45m58s, decl. 67� 4001500(B1950).

The third region (hereafter NW region) is a rectangle,of about 10.50 � 6.50, and

it is centered northwest of PV Ceph at R.A. 20h44m52s, decl. 67� 5300000(B1950).

Each region was scannedin both the directions perpendicular and parallel to its

long axis. The separation,in the direction perpendicular to the scanningdirection,

betweensubsequent rows was 7.200for the central region and 800for the SE and

NW regions. The telescope was pointed to an OFF position after every other row,

where it would observe the OFF position for 10 secand then vane calibrate for 5

sec. We useda di�eren t OFF position, depending on the region observed in order

to reducethe time neededto move from the \ON" area to the OFF position. The

central region and the NW region usedthe sameOFF position, located at R.A.

20h45m26s, decl. 67� 5602200(B1950) and for the SE region we usea di�eren t OFF,

locatedat R.A. 20h45m26s, decl. 67� 5602200(B1950). Deepobservations at the OFF

positions show that there is very faint emissionat thesepositions in the velocity

rangebetween0.5 and 3.0 km s� 1, with 0:1 �< T �
A �< 0:3 K, and no emissiongreater

than 0.1 K at other velocities. Most of the out
o w emissionis at velocities less

than 0.5 km s� 1 and at velocities greater than 3.0 km s� 1. Therefore, the very

small amount of 12CO(2{1) cloud emissionat velocities between0.5 and 3.0 km s� 1

at the OFF positions doesnot a�ect our out
o w data. The di�eren t regionswere

observed several times to improve the signal-to-noisein the spectra. The system

temperature was measuredto be in the range between350 and 800 K. Our goal

was to maintain a constant noise level through the whole map, so regionsthat

were mapped with a higher systemtemperature were given comparatively more

integration time.

The raw OTF data werereducedusing various AIPS OTF tasks. A �rst-order

baselinewas�tted and subtracted to each spectrum, and the two polarizationswere

averaged. The di�eren t mapped regionswere combined and averaged. The map

was then convolved onto a grid with 1400pixels (Nyquist sampled). The resultant

RMS noisein each 0.65km s� 1 channel was 0.1 K, for most (non border) spectra.
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The intensity scaleof the spectral data presented in this chapter is in units of T �
A

(Kutner & Ulich 1981)unlessotherwisestated.

4.2.2 12CO(1{0), 13CO(1{0), and C18O(1{0) Data

In order to study the e�ect of the HH 315 out
o w on a larger scaleand to obtain

a better estimate of the out
o w mass,we observed the 12CO(1{0) line in a region

17.60 by 29.30 and the 13CO(1{0) line in a region 11.70 by 23.50, both along a

position angle of -30� , surrounding PV Ceph. The data were obtained using

the SEQUOIA 16 element focal plane array receiver of the Five CollegeRadio

Astronomy Observatory (FCRAO) 14 m telescope. The observations were done

over the courseof three di�eren t observingrounds, which took place in April

1999,December 1999,and February 2000. The backend usedfor observingboth

lines was the Focal Plane Array Autocorrelator Spectrometer, with a channel

spacingof 78 kHz (0.21 km s� 1) for 12CO(1{0), at a frequencyof 115 GHz, and a

channelspacingof 20 kHz (0.05 km s� 1) for 13CO(1{0), at a frequencyof 110GHz.

The 12CO(1{0) line was observed in position switching mode, with a single OFF

position located at R.A. 20h46m50s, decl. 68� 0103600(B1950). Observations at the

OFF position reveal no signi�cant (T �
A �< 0:2 K) emission. The 13CO line was

observed in frequencyswitching mode. The telescope half-power beam widths

for the 12CO(1{0) and 13CO(1{0) lines are 4500and 4700, and the main beam

e�ciencies are 0.45and 0.54, respectively. Both lines were observed on a 2200grid

(Nyquist sampled),and with an integration time of 100secfor each position. The

systemtemperature of our 13CO(1{0) observations was about 250 K, and for our
12CO(1{0) observations it rangedbetween500and 900K.

Observations of the C18O(1{0) emissionwere also made using the same

telescope and backend con�guration as the 13CO(1{0) observations. We madeone

5.50 � 5.50 FCRAO-SEQUOIA footprint centered at the position of PV Ceph. The

telescope half-power beam width and main beam e�ciency for C18O(1{0), at a

frequencyof 109 GHz, are 4700and 0.54, respectively. Each position was observed

for 210sec,with a systemtemperature of about 280K.
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The 12CO(1{0) and 13CO(1{0) data were reducedwith the CLASS and

MIRIAD packages. For the purposeof obtaining the molecular gas mass(see

x4.3.5), the original spectra from both lines were smoothed and resampledto a

channel spacingof 0.22 km s� 1. The spectra were spatially linearly interpolated

and a data cube of 11.500pixels wasproducedfor each line. The data cube wasthen

smoothed by convolving it with a Gaussianwith a FWHM of 4600. The resultant

RMS noiseof the spectra in the 12CO(1{0) and 13CO(1{0) smoothed maps is

0.14 K and 0.04 K for each 0.22 km s� 1 channel, respectively. Interpolating the
12CO(1{0) and the 13CO(1{0) data to this commonposition-velocity grid allowed

us to usethem in concert when calculating the massestimatespresented in x4.3.5.

4.3 Results

4.3.1 12CO(2{1) Maps

In Figure 4.1 we show the integrated velocity map of the molecular out
o w

associated with the HH 315 
o w, created by integrating over wide blue- and

red-shifted velocity ranges. The integrated velocity map is overlaid on an optical

imageof the region (from RBD). The large extent of the 
o w is clearly seen.The

blueshifted lobe (northwest of PV Ceph) is about 0.6 pc wide and 0.8 pc long,

and the redshifted lobe is about 0.3 pc wide and 0.5 pc long.1 Another striking

aspect of this molecular out
o w, besidesits large extent, is the di�erence in size

and morphology of the two out
o w lobes. The blue lobe shows a bow shock-like

appearance,with an axis of P.A. � � 26� , and with its northern edgecoincident

with the optical knot HH 315C. Most of the blueshifted emissionresidesin a

region near the optical knot HH 315Cand HH 315B, and doesnot extend all the

way to source. In contrast, most of the red lobe's emissionis concentrated in a

collimated north-south structure that extendsfrom PV Ceph south about 0.3 pc.

The redshifted lobe also includesa more extended,wider region of low intensity

1The full 
o w, measuredas the distance between the outermost HH knots, is 2.6 pc long (see
Figure 4.1).
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emissionwhich hasits southernedgenear the position of the optical knot HH 315D.

In addition to the morphologicaldi�erences, the lobesalsohave di�eren t maximum

out
o w velocities. Our largescalemap, shows 12CO(2{1) blueshifted lobe velocities

up to � 16:0 km s� 1 away from the central velocity of the ambient cloud. On the

other hand, the 12CO(2{1) red lobe shows maximum out
o w velocities of only up

to � 6:5 km s� 1.

In Figure 4.2 we show 12 velocity-binned (\c hannel") mapsof the 12CO(2{1)

data. It is clear that most of the 12CO(2{1) emissioncomesfrom the (0.65 km s� 1-

wide) velocity channelscentered at 0.38, 1.03, 1.68, 2.33, and 2.98 km s� 1. The

central velocity of the ambient gasassociated with PV Ceph is about 2.5 km s� 1

(seeCohen et al. 1981,and x4.3.3), thus most of the ambient cloud emission

surrounding PV Ceph comesfrom the channelscentered at 2.33and 2.98km s� 1.

The emissionat thesetwo velocity channelsconcentrates around (and south of)

the location of PV Ceph, but there is also a local peak in the emissionabout 90

northwest of the source.

It should be noted that in our 12CO(2{1) map we also detect emissionfrom

another cloud which is unrelated to the cloud associated with the young star

PV Ceph. This cloud (hereafter cloud X) contributes a major fraction of the

total emissionseenat velocity channel (vchan ) 1.03 km s� 1, and is also detected

at vchan = 0:38 and vchan = � 0:28 km s� 1 (seeFigure 4.2). Cloud X has a

�lamentary structure with a northwest-southeastlong axis, most clearly seen

in vchan = 0:38 km s� 1, and may also be seen,lessclearly at vchan = 1:03 and

-0.28km s� 1.

The blueshifted lobe of the PV Ceph molecularout
o w is easily discernibleat

vchan = 0:38 km s� 1, wherethe structure of the 12CO(2{1) gasabout 90 northwest

of the source,has a bow shock-like appearance.This bow-shock-like structure is

coincident with the position of the HH 315C optical knot (seealso Figure 4.1),

and can also be clearly seenat the velocity channelscentered at -0.28, -0.93,and

-1.58km s� 1 , and lessclearly at vchan = � 2:23 km s� 1. At vchan = � 0:28 km s� 1,

this structure is about 0.5 pc wide and 0.75pc long.
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also identify the cloud structure we de�ne as cloud X. The linear scale,assuminga distance to the
sourceof 500 pc, is shown. The FWHM beam of the NRAO 12 m telescope is also shown.
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Other high spatial resolution studies of molecular out
o w have found bow

shock-like CO structurescoincident with optical HH knots or near-infraredH2 knots

(e.g., Davis, Smith, & Moriart y-Schieven 1998;Yu et al. 1999;Lee et al. 2000). In

thesestudiesthe CO bow shock structure is attributed to the interaction between

a bow shock from an underlying jet, and the ambient gas. We believe the sameis

happening in the blueshifted lobe of PV Ceph, as the (blueshifted) bow shock-like

shaped optical knot HH 315Cis perfectly spatially coincident with the blueshifted

CO bow shock structure, which has wings pointing in the direction of the out
o w

source. The observed asymmetry in the bow wings is most probably due to the

underlying distribution of molecular gas in the cloud. As can be seenin the

velocity channelscloseto the central velocity of the cloud (vchan = 1:68 km s� 1,

vchan = 2:33 km s� 1), the edgeof the ambient gasemissionis just east of the bow

shock structure, and there is more ambient gasemissionon the west side of the

bow shock structure. Thus, it is likely that the asymmetry in the bow shock wings

is due to the fact that the west wing has more gasto interact with than the east

wing.

A bow-shaped shock front should accelerateambient gasboth towards and

away from the observer (e.g., Cabrit, Raga,& Gueth 1997,and referencestherein;

Lee et al. 2001). We detect redshifted emissionat a distanceof � 90 northwest

of the source,near the position of the HH 315C knot, at vchan = 2:98 and

vchan = 3:63 km s� 1. The averageaxis of the HH 315 
o w is believed to be closeto

the plane of the sky (GKW). Thus it is reasonableto assumethat the redshifted

emissionnear HH 315Ccomesfrom the gasacceleratedaway from us, on the \back

side" of the HH 315Cbow shock.

At higher blueshifted velocity channels(vchan = � 0:93; � 1:58; � 2:23 km s� 1)

someof the bow shock-like structure can be seennear HH 315C, in addition

to emissionat the positions of the optical knots HH 315A and HH 315B. The

blueshifted gasemissionnear HH 315A is very faint, and dispersed. On the other

hand, the 12CO(2{1) associated with the HH 315B blueshifted optical knot is

relatively strong and has a de�ned knot-like structure, with a peak 12CO(2{1)

emissioncoincident with the location of the peak in the HH 315B optical emission
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(seeFigures4.1 and 4.2).

The redshifted velocity channel mapsshow a very di�eren t morphology than

the blueshiftedchannels.At vchan � 3:63 km s� 1 most of the 12CO(2{1) emissionis

limited to a small regioncloseto PV Ceph. In vchan = 3:63km s� 1, in addition there

is also somefaint 12CO(2{1) emissionnear the position of the redshifted optical

knot HH 315D, and somefaint emissionnear HH 315C.At vchan � 4:28 km s� 1 all

of the emissionis concentrated very closeto the source,mostly in a north-south

structure.

The 12CO(1{0) velocity maps show basically the samestructure as the
12CO(2{1) maps. Our 12CO(1{0) data set is not assensitive asour 12CO(2{1) data

set, thus for illustrativ e purposeswe only show the 12CO(2{1) maps.

4.3.2 13CO(1{0) Maps

Most of the 13CO(1{0) emissionin this region of the sky is optically thin, and thus

is a good probe of the structure of the medium density (n � 103 cm� 3) gas. The
13CO(1{0) opacity may be estimated with C18O(1{0) observations of the same

region (e.g., Heyer et al. 1987). Our 5.50 by 5.50 map of C18O(1{0) centered on

PV Ceph shows that the C18O emissionis concentrated around the young star,

at velocities between2.1 and 3.2 km s� 1, and that there is no C18O detectable

emissionat other velocities nor at distancesgreater than 20 from PV Ceph. The

maximum emissionin our 13CO map (Figure 4.3) is near PV Ceph, and henceit is

fair to assumethat all other local peaksin the 13CO emissionfar from PV Ceph

are lessoptically thick than the emissionnear PV Ceph. Thus, we assumethat the
13CO emissionin the area we studied is only mildly optically thick very near PV

Ceph and other local 13CO maxima (and only at ambient cloud velocities) and it is

optically thin everywhereelse. On the other hand, the 12CO emissionis optically

thick almost everywhere(seex4.3.5), so the 13CO emissionis a much better probe

of the cloud structure.

In Figure 4.3 we show six 13CO maps, integrated over six di�eren t velocity
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Fig. 4.3.| Velocity-range-integrated intensity maps of the 13CO(1{0) emission. The velocity
interval of integration is given on the top of each panel. The �rst contour, which is also the value
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identify the �lamen tary structure associated with cloud X. We also indicate the shell-like structure
formed by the blueshifted lobe of the HH 315out
o w (seex4.4.2). In panel (c) we show the cavit y
in the 13CO emissionpresumably formed by the redshifted (southern) lobe of HH 315(seex4.4.2).
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ranges. It should be noted that the velocity rangesshown in each panel of

Figure 4.3 are not of equal width. The velocity rangeswere chosento show the

velocity-dependent structure of the cloud, so all the velocity channelsinside the

velocity rangeof integration show similar structures in the 13CO emission.

The �rst map is integrated over the velocity rangeof 0:50 < v < 1:50 km s� 1

(Figure 4.3a). At these velocities most of the emissionis concentrated west

and northwest of PV Ceph. Cloud X, which is clearly seenin 12CO(2{1) at

vchan = 0:38 km s� 1 and vchan = � 0:28 km s� 1 (seeFigure 4.2), can also be seen

in 13CO emissionat thesevelocities. An interesting feature seenin Figure 4.3a is

the shell-like structure about 90 northwest of PV Ceph. This structure enclosesthe

bow shock-like blueshifted 12CO(2{1) lobe of the HH 315 molecular out
o w (see

Figures 4.1 and 4.2). It appearsthat the blueshifted lobe of the HH 315 
o w has

\pushed" asideambient gas,piling it in a denseshell-like structure at the edgesof

the blue lobe (seex4.4.2 for a discussionof this).

Figures 4.3b and 4.3c show the 13CO integrated emissionover the ranges

1:50 < v < 1:84 km s� 1 and 1:84 < v < 2:17 km s� 1, respectively. The 13CO

emissionin Figure 4.3b is concentrated near the western edgeof our map. The
13CO emissionin Figure 4.3c is also mainly concentrated near the western edge

of the map, but, it is more spreadout (towards the east) than the emissionseen

in Figure 4.3b. It is at the velocities of Figure 4.3c (1:84 < v < 2:17 km s� 1)

where we start to detect 13CO associated with the cloud that harbors PV Ceph

(seebelow). The 13CO emissionover the velocity ranges2:17 < v < 2:61 km s� 1

and 2:61 < v < 3:05 km s� 1 (Figures 4.3d and 4.3e, respectively) show the main
13CO structure of the cloud associated with the PV Ceph young star. The cloud's

northern edgeis just north of PV Ceph, and the cloud extendsmainly towards

the south-southwest of the young star. The 13CO structure at thesevelocities is

very similar to the 12CO(2{1) structures seenat vchan = 2:33 and 2.98km s� 1 (see

Figure 4.2).

In Figure 4.3f we show the 13CO integrated intensity map over the velocity

range 3:05 < v < 3:48 km s� 1, which revealsthe most redshifted 13CO emission
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of our map. All of the 13CO emissionis concentrated at the position of PV

Ceph. This (unresolved) redshifted 13CO emissionmost probably comesfrom the

medium-density gasvery near PV Ceph that has beenacceleratedby the HH 315


o w, or could alsobe due to the motion of PV Ceph (seeGoodman & Arce 2002).

4.3.3 Dissecting the PV Ceph cloud

This subsectionis intended to explain certain de�nitions we will use in the

discussionthat follows. Table 4.1 summarizesthe de�nitions. We usethe term

\PV Ceph cloud" to refer to the cloud associated with the formation of the young

star PV Ceph. We de�ne the areaand velocity limits of the PV Ceph cloud based

on the 13CO density and velocity structure. The central velocity of the PV Ceph

cloud is 2.5 km s� 1 (from our own spectral data, seebelow, and Cohenet al. 1981),

and the slowest (detected) redshifted molecularout
o w velocity is 0.7 km s� 1 from

the central velocity (seex4.3.5). Thus, we assumethat 0.7 km s� 1 \blue-ward" and

0.7 km s� 1 \red-ward" of the central velocity, that is 1:8 < v < 3:2 km s� 1, is the

rangeof velocity of the PV Ceph ambient cloud emission.It can be seen,from the
13CO velocity channels,that it is at thesevelocities (1:8 < v < 3:2 km s� 1) where

there is 13CO emissionsurrounding PV Ceph, which doesnot comefrom cloud X.

In Figure 4.4 we plot the 13CO position-velocity diagram of the mapped region,

constructedby summingall spectra along an axis with a position angleof -26� over

the whole width of the 13CO map. In Figure 4.4, the lower dashedbox delimits

the \PV Ceph Cloud," and the upper box de�nes the \North Cloud" (seeTable

4.1). The box de�ning the PV Ceph cloud avoids the high-velocity 13CO feature at

velocities greater than 3.2 km s� 1. The box limits also avoid the 13CO emission

at velocities lower than 1.8 km s� 1, south of PV Ceph, which is due to the 13CO

clump south-southwest of PV Ceph (Figure 4.3b) which is not part of the cloud

associated with the formation of PV Ceph. The small velocity gradient south of PV

Ceph is mainly due to the velocity distribution of the large scale13CO emission.

The integrated intensity map of the 13CO emission integrated over

1:8 < v < 3:2 km s� 1 is shown in Figure 4.5. The eastedgeof the cloud is easily
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Table 4.1. Description of Featuresin the RegionSurrounding HH 315

Feature Description Number Value or Range Seealso

PV Ceph Cloud medium-density gas condensation associated
with the formation of PV Ceph

1:8 < v < 3:2 km s� 1

20h 44m 32s < � 1950 < 20h 46m 30s

67o3603000< � 1950 < 67o4804000

Figs. 4.4 and 4.5,
x4.3.3

North Cloud medium-density gas condensationnorth of PV
Ceph, associated with gas of northern out
o w
lobe

0:8 < v < 2:2 km sec� 1

area sameas northern
out
o w lobe (seebelow)

Figs. 4.5 and 4.6,
x4.3.3

vo south Central velocity of ambient PV Ceph cloud gas 2.5 km s� 1 Fig. 4.7a, x4.3.3

vo nor th Central velocity of north cloud 1.5 km s� 1 Fig. 4.7b, x4.3.3

Southern lobe area Area usedto estimate the massof the southern
molecular out
o w lobe

20h 45m 10s < � 1950 < 20h 46m 05s

67o4103000< � 1950 < 67o4800500
Fig. 4.6

Northern (blue) lobe area Area used to estimate the mass of the
blueshifted molecular gasof the northern lobe

Non-squarearea, seeFig. 4.6 Fig. 4.6

Northern (red) lobe area Area usedto estimate the massof the redshifted
molecular gasof the northern lobe

20h 44m 08s < � 1950 < 20h 44m 44s

67o5103000< � 1950 < 67o5405000
Fig. 4.6
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Fig. 4.4.| Position-Velocity (p� v) diagram of the 13CO(1{0) emission,constructed by summing
all spectra along an axis with a P.A.=-26 � (the out
o w \average" axis), over the width of the map.
The 13CO p � v digram is obtained from a smoothed cube of our 13CO data with a velocity
resolution of 0.11km s� 1, and 11.500by 11.500pixels (seex4.2.2). The contours are from 4 to 30 K,
in stepsof 2 K, and from 35 to 90 K in stepsof 5 K. The dashedsquareon the bottom denotesthe
limits of our de�nition of the PV Ceph cloud (seex4.3.3). The dashedsquareon the top denotes
the limits of what we de�ne in the text as the Northern Cloud (seex4.3.3). The vertical lines at
the top and bottom denote the velocity range of integration of the 13CO velocity maps shown in
Figure 4.3. The letter at the center of each velocity range indicates the panel in Figure 4.3 which
corresponds to the given velocity range.

de�ned by the drop in 13CO emission. The western edgeis not so clear, but it

seemsthat R.A. 20h44m32s (B1950) is a reasonablechoice. Figure 4.3 shows that

most, if not all, of the 13CO emissionat the de�ned velocities of the PV Cephcloud

(1:8 < v < 3:2 km s� 1) lies east of 20h44m32s (B1950). The northern edgeof the

PV Ceph cloud is marked by the suddendrop of 13CO emission(seeFigure 4.5).

Similar to our de�nition of the western edge,we choosethe southern edge,at

67� 3603000(B1950), through visual inspection of the 13CO velocity maps (Figures

4.3 and 4.4). Recapitulating, we de�ne the PV Ceph cloud as the 13CO emissionin

our map that lies eastof 20h44m32s and between67� 4804000and 67� 3603000(B1950),

at velocities between1.8 and 3.2 km s� 1.

In Figure 4.6 we show the area that we later use to calculate the massof
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position-velocity diagram of Figure 4.13.
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each molecular out
o w lobe (seex4.3.5). We also show in Figure 4.6 the area

usedto estimate the velocity dependenceof the 12CO(1{0) line opacity for each

out
o w lobe region, as discussedin x4.3.5. Thesesmaller areaswere chosento

have CO emissionrepresentativ e of the larger (out
o w mass)areas,with as little

contamination from unwanted cloud (and velocity) structures (e.g., cloud X) as

possible. The \ambient" velocity for the Southern lobe, vo south , is obtained from

a two-Gaussian�t to the average12CO(1{0) spectrum shown in Figure 4.7a. The

resultant value, for the narrow velocity component is vo south = 2:5 km s� 1.

It is evident that the molecular gasnorth of PV Ceph exhibits a large-scale

velocity gradient. The overall gradient is in the sensethat the 12CO and
13CO emission(with cloud-like morphology, presumably non-out
ow gas) is

shifted to the blue towards the north-northwest of the map (seeFigures 4.2,

4.3, and 4.4). The central velocity of the northern lobe region (or \Northern

Cloud") is vo nor th = 1:5 km s� 1, obtained using the sameproceduredescribed

above for vo south . We de�ne the \Northern Cloud" to be in the velocity range

0:8 < v < 2:2 km s� 1 , and to have an areashown by the box in Figure 4.6 (seealso

Table 4.1 and Figure 4.4). Later, we argue that the senseof the overall velocity

gradient is not an accident, and that most of the massin the northern cloud has

beenacceleratedto blueshifted velocities by the HH 315
o w (seex4.2.2).

4.3.4 The 
o w in context with its paren t cloud's structure

Levreault (1984) suggestedthat the asymmetry in the lobes' morphology and

velocity distribution is due to the underlying density distribution in the PV Ceph

region. Now that we have a map of the 13CO gas we can state for sure that

Levreault's original suggestionthat there is a factor of 10 di�erence betweenthe

ambient density gasnorth and south of PV Ceph, is accurate. As can be seen

in the 13CO integrated intensity map (seeFigure 4.5) there is almost no 13CO

gas(associated with the PV Ceph cloud) north of PV Ceph, and there is strong
13CO emissionsouth of PV Ceph. A di�erence in the ambient gasdensity of a

factor of ten betweennorth and south of the young star is able to produce the
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discrepancyin the 13CO emission(seealso x4.4.2 for a quantitativ e discussionon

this). Thus, there is no question that the red lobe of the HH 315 
o w interacts

with much densergasthan the blue lobe. The smaller maximum out
o w velocity

and extent of the red lobe, comparedto the blue lobe is explainedby the fact that

molecular out
o ws are formed by the momentum-conservinginteraction between

an underlying stellar wind and the ambient cloud (seex4.4.1 for a discussion).

4.3.5 Out
o w Mass

Pro cedure

To obtain the out
o w masswe usethe method described in x2.3.3. This method,

which is basedon the method employed by Bally et al. (1999)and Yu et al. (1999),

usesthe 12CO(1{0) to 13CO(1{0) ratio to estimate the opacity in the 12CO(1{0)

line, as a function of velocity. In most casesthe 12CO(1{0) line is optically thick,

and its opacity varies with velocity. Typically, the highest-velocity gas in the

line wings is optically thin, and the optical depth increasesas velocities approach

the line center. Using an optically thick line, without properly correcting for its

velocity-dependent opacity, will result in an underestimationof the out
o w mass,

momentum and kinetic energy.

Here we give a brief description of the method usedto estimate the out
o w's

mass(seeChapter 2 for detail). First, in order to estimate the ratio of 12CO(1{0)

to 13CO(1{0) as a function of velocity, we calculate averagespectra of 13CO(1{0)

and 12CO(1{0) over the region where most of the out
o w emissionis found (see

Figure 4.6). We did this for two di�eren t regions,one for each out
o w lobe.

The averagespectra of thesetwo regionsare shown in Figures 4.7a and 4.7b. In

Figures 4.7c and 4.7d, we present the ratio of 12CO(1{0) to 13CO(1{0) main beam

temperature (T12
mb=T13

mb), as a function of velocity for the averagespectra of the

south (red) and north (blue) lobe regions,respectively. The line ratios, hereafter

denoted R12=13(v), were each �t with a second-orderpolynomial, as described

below.
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The �ts to R12=13(v) are each a truncated parabola with �xed minimum at the

velocity wherethe average13CO(1{0) spectrum peaks(this velocity is obtained by

a two-Gaussian�t to each of the average13CO spectra in Figures 4.7a and 4.7b).

We excludethe three velocity channelsclosestto the 13CO peak velocity from

the �t to R12=13(v), as they are the velocities at which the 13CO emissionmight

be slightly optically thick and where the 12CO emissionis probably extremely

optically thick. In both the red and the blue lobe's average13CO spectra there

are \contaminating" velocity components (e.g., cloud X; seeFigure 4.7a and 4.7b).

This contamination is at blueshifted velocities in the red lobe, and redshifted

velocities for the blue lobe. So, after editing for this contamination, eliminating

low signal-to-noisepoints, and the three points near the line core, we useonly

the points shown as �lled symbols in Figures 4.7c and 4.7d in the �nal �ts. The

R12=13(v) parabolic �t is then usedto extrapolate R12=13 to the high-velocity wings

of the out
o w, wherethe 13CO line is too weak to be reliably detected(seebelow).

To calculate the out
o w massat a given (x, y) position, we directly usethe
13CO emissionat low out
o w velocities. At high out
o w velocities, or wherever

the 13CO hasnot beenreliably detected,we usethe 12CO(1{0) data and the �t to

R12=13(v), to estimate the value of T13
mb(v) at the given velocity and position, using

the simple relation T13
mb(x; y; v) = T12

mb(x; y; v)[R12=13(v)]� 1. The function R12=13(v)

is truncated at a value of 62, the assumedisotopic ratio (Langer & Penzias1993).

Oncewe estimatea value of T13
mb(x; y; v), we can obtain a value of the 13CO opacity

(� 13(x; y; v)), from which we then obtain a value of the 13CO column density

(N13(x; y; v)) and then the mass,using Equations 2.1, 2.3, and 2.4.

It should be noted that the 13CO(1{0) excitation temperature (Tex) is needed

in order to obtain an estimateof � 13(x; y; v) from T13
mb(x; y; v) (seeEquation 2.1). A

value of Tex is obtained by assumingthat the excitation temperature for 12CO(1{0)

and 13CO(1{0) are the same,and that the 12CO(1{0) emissionis optically thick at

the line core. To obtain Tex, we usean averagespectrum of the 12CO(1{0) data

over a region 5.750 by 9.580, centered on 20h45m24.7s, 67� 4201900(B1950). This

region is where most of the 13CO emissionlies, and thus we are con�dent that

the 12CO emissionat ambient cloud velocities in this region is extremely optically
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thick. The peak main beam temperature of the averagespectrum is about 7.1 K,

and using Equation 2.2, we �nd that Tex � 10:5 K.

The value of Tex � 10:5 K should be taken as a lower limit, as other studies

have shown gasin most out
o ws is usually warmer (by a factor of a 1 to 10) than

the ambient cloud gas (e.g., Snell, Loren, & Plambeck 1980;Fukui et al. 1993;

Bence,Richer, & Padman 1996;Hatchell, Fuller & Ladd 1999;Davis et al. 2000).

Our high spatial resolution data taken with the IRAM 30 m telescope (seeChapter

5) include simultaneousobservations of the 12CO(2{1) and 12CO(1{0) lines, at

the sameposition, which can be used in concert to obtain an estimate of Tex

(e.g., Levreault 1988). Our estimates(seeChapter 5 for speci�cs) indicate that

in most places10 �< jTex j �< 15, and that there are only very few positions with

Tex > 30 K. Changingthe excitation temperature from 10.5K to 15 K, the out
o w

massestimate would increaseby a factor of only 1.1. A changein Tex from 10.5K

to 30 K, increasesthe out
o w massestimate by a factor of 1.76. Thus, sincemost

of the out
o w gasis at temperaturesbetween10 and 15 K, assumingTex = 10:5 K

doesnot lead to a signi�cant uncertainty in the out
o w massestimate.

Mass-V elocit y Relation

Out
o ws usually show a mass-velocity relation (mass spectrum) in which

dM (v)=dv / v� 
 , and 
 may di�er for \high" and \lo w" velocities in the 
o w

(seeChapter 3 for a detailed discussion). Using the method described above, we

calculate the massper 0.22 km s� 1-wide velocity channel in the redshifted and

blueshifted lobesof the HH 315 molecular out
o w. The southern lobe redshifted

gasmassas a function of out
o w velocity is shown in Figure 4.7e. The out
o w

velocity (vout ) is de�ned asthe observedvelocity (v) minus the \ambient" molecular

cloud velocity in the redshifted lobe region (vo south = 2:50 km s� 1, seex4.3.3and

Table 4.1). We con�dently detect redshifted out
o w emissionat out
o w velocities

between0.71and 3.79km s� 1 (that is, from the 0.22km s� 1-wide channel centered

at out
o w velocity 0.82km s� 1 to the channel centered at vout = 3:68 km s� 1). At

out
o w velocities lower than 0.71km s� 1 the structure of the molecular gas(both
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12CO and 13CO) is nothing like the structure of the higher velocity out
o wing gas,

and resembles the PV Ceph cloud structure. Therefore,we are con�dent that all

of the molecular gasat vout > 0:71 km s� 1 is out
o w emission. The upper value

of the redshifted velocity (vout = 3:68 km s� 1) is constrainedby the sensitivity of

our observations. Figure 4.7e shows that the observed mass(per 0.22km s� 1-wide

velocity channel) has a single power-law dependenceon velocity for the range of

out
o w velocities in which we detect redshifted out
o w emission.A power-law �t

yields a slope of � 3:4 � 0:2. We estimate a total redshifted out
o w mass,within

the box shown in Figure 4.6, in the velocity range 0:71 < vout < 3:79 km s� 1, of

1.8 M� .

The northern lobe blueshifted gasmassas a function of out
o w velocity is

shown in Figure 4.7f. We detect blueshifted out
o w emissionat out
o w velocities

between -0.71 and -4.45 km s� 1. Similar to the southern lobe region, out
o w

velocities in the northern region are de�ned as the observed velocity minus the

\ambient" central velocity. In the northern out
o w region the ambient velocity is

vo nor th = 1:5 km s� 1 (seex4.3.3and Table 4.1). At out
o w velocities slower than

-0.71km s� 1 the structure of the 12CO starts to be much more extendedthan the
12CO bow-shock like structure seenat faster out
o w velocities, and thus we do

not include any emissionat vout slower than -0.71 km s� 1 in our blue lobe mass

estimate. The CO data we use in this paper show low level blueshifted out
o w

emissionat jvout j > 4:45 km s� 1, but not at high enoughsignal-to-noiselevels to

study it. The higher resolution data in Chapter 5 show the high velocity structure

of the CO out
o w clearly, and we discussits importance there. Figure 7e shows

that the observed massper 0.22km s� 1-wide velocity channel (or massspectrum)

has a power-law dependenceon out
o w velocity for 0:8 �< jvout j �< 1:5 km s� 1,

with a slope of � 2:2 � 0:1, and for the velocity rangeof 1:5 �< jvout j �< 4:2 km s� 1,

the massspectrum has slope of � 3:7 � 0:1. We obtain a total blueshifted out
o w

massin the velocity range� 4:45 < vout < � 0:71 km s� 1, within the box shown in

Figure 4.6, of 4.1 M� .

The blueshifted molecular out
o w lobe of HH 315 has a 
 = 2:2 � 0:1 for

velocities � 1:59 < vout < � 0:71 km s� 1 (seeFigure 4.7f). At this velocity range
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the only molecular out
o w structure observed is the bow shock-like structure

coincident with HH 315C. This structure was presumably formed, solely, by the

interaction of the HH 315Cmassejection event with the ambient cloud. Thus the

value of 
 = 2:2 � 0:1 is consistent with the value predicted for an out
o w created

by onemassejection episode (seeChapter 3/Arce & Goodman 2001a;Matzner &

McKee 1999). The episodic nature of the HH 315 out
o w is further discussedin

Chapter 5.

The 12CO(2{1) channelmaps(Figure 4.2, vchan = 2:98, 3.63km s� 1) show that

there is localized redshifted emissionin the sameregion of the main blueshifted

out
o w lobe (near HH 315C). We mentioned earlier (x4.3.1) that it is likely that

this redshifted emissioncomesfrom gasthat has beenacceleratedby the \back

side" of the HH 315Cbow shock. Therefore,it shouldalsobe consideredasout
o w

emission,and should be included in the massand energyestimatesof the out
o w.

Hereafter we refer to the blueshifted and redshifted out
o w emissionnorth of PV

Ceph as the northern lobe. In Figure 4.6 we indicate the region usedto calculate

the massof the northern lobe redshifted emission. The average12CO(1{0) and
13CO(1{0) spectra in this region (seeFigure 4.8) indicate that the ratio of these

two lines (R12=13) is approximately constant in the velocity range where there

is redshifted out
o w emission(2:55 < v < 3:65 km s� 1), with an averageline
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ratio ( �R12=13) of 10. We therefore estimate the redshifted out
o w massin the

north lobe using the samemethod described above, but instead of assuminga

velocity-dependent 12CO(1{0) line opacity, we assumethat the opacity is constant

with �R12=13 = 10. The resultant molecular out
o w massof the northern lobe

redshifted emissionover the out
o w velocity range1:05 < vout < 2:15, in the area

shown in Figure 4.6, is 0.7 M� .

Unlike Chapter 2 (HH 300), we do not subtract for the ambient cloud emission

contribution to the out
o w emissionat low out
o w velocities (seex2.3.3). In the

caseof the HH 315 molecular out
o w there is no indication that at the chosen

out
o w velocities there is \contamination" from the ambient cloud emission. As

discussedabove, the molecular gasemission(at the velocities usedfor calculating

the out
o w mass)has a structure very di�eren t from that of the ambient cloud

and a structure which is consistent with that of an out
o w lobe. Thus, we are

con�dent that we do not needto correct our HH 315CO out
o w massestimate by

the \contamination" of ambient cloud emission.

4.4 Discussion

4.4.1 Mass and Energetics of the Out
o w

The southern lob e

The total massof the southern (redshifted) lobe is 1.8 M� . The massof the PV

Ceph cloud (as de�ned in x4.3.2, also seeFigure 4.5) is about 74 M� . Hence,

the detectableredshifted out
o w lobe massis only � 2% of the PV Ceph cloud

mass. The massof the PV Ceph cloud in the redshifted lobe area (as de�ned

in Figure 4.6) is 29 M� . Even in this localized area, the detectableredshifted

out
o wing massis only about 4% of the cloud mass. The measured(line-of-sight)

momentum (� m(vi )vi ) of the redshiftedout
o w lobe, for 0:71 < vout < 3:79 km s� 1,

is 2.1 M� km s� 1. The true momentum in the redshifted out
o w lobe should be

substantially more,aswe have only consideredthe line-of-sight velocity component.
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If we assumethat the angle, i , betweenthe plane of the sky and the out
o w's

\average"axis is about 10� (GKW), then the out
o w momentum would be about

12.1M� km s� 1. Our ignoranceof the exact value of i brings large uncertainties to

the value of the out
o w momentum. For example,a changein the value of i from

10� to 15� changesthe value of the red lobe momentum from 12 to 8 M� km s� 1.

The kinetic energyis even more uncertain, as it dependson (sin i ) � 2. We estimate

the kinetic energy[( 1=2) � m(vi )v2
i ] of the red lobe, for 0:71 < vout < 3:79 km s� 1, to

be 2:9 (sin i ) � 2 � 1043 erg. Using i = 10� , the kinetic energyis then 9:6 � 1044 erg.

The northern lob e

The massof the blueshifted gas at the out
o w velocity range � 4:45 < vout <

� 0:71 km s� 1 in the north lobe of the PV Ceph molecularout
o w is 4.1 M� . If we

include the 0.7 M� of out
o wing redshiftedemission(at 1:05 < vout < 2:15 km s� 1)

detected near the HH 315C optical knot, then the total massof the northern

out
o w lobe is 4.8 M� . We estimate the massof the Northern Cloud (seex4.3.3),

from the 13CO emission,to be 13.5 M� . Comparing this amount of mass,with

the total northern lobe mass,we seethat the out
o wing massin the north region

is about one third of what one would naively considerthe \ambient" cloud mass.

Later, we show that about half of the massof the medium-density gaswhich we

at �rst naively de�ne as the ambient north cloud gas,is in fact gasthat has been

acceleratedby the HH 315
o w (seex4.4.2).

We obtain a line-of-sight momentum of 5.1 M� km s� 1 for the blueshifted

out
o w emissionand a line-of-sight momentum of 1.0 M� km s� 1 for the redshifted

out
o w emissionin the north lobe, for a sum of 6.1 M� km s� 1. Assumingi = 10� ,

then we obtain a total north lobe momentum of 35.1 M� km s� 1 . The kinetic

energyestimatesfor the north lobe are 7:6 (sin i ) � 2 � 1043 erg for the blueshifted

gasand 1:5 (sin i ) � 2 � 1043 erg for the redshifted gas. If we assumei = 10� , then

the total kinetic energyof the north lobe is 3:0 � 1045 erg. The mass,momentum,

and kinetic energyestimatesof the HH 315out
o w are listed in Table 4.2.
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Table 4.2. Mass,Momentum, and Kinetic Energy of the HH 315Molecular
Out
o w

Southern Lobe Northern Lobe
Redshifted gasa If i = 10� b Blueshifted gasc Redshifted gasd Total If i = 10� b

Mass 1.8 � � � 4.1 0.7 4.8 M� � � �
Momentum 2:1 (sin i )� 1 12.1 5:1 (sin i )� 1 1 (sin i )� 1 6:1 (sin i )� 1 35.1 M� km s� 1

Kinetic Energy 2:9 (sin i )� 2 96 7:6 (sin i )� 2 1:5 (sin i )� 2 9:1 (sin i )� 2 302� 1043 erg

aIn the southern lobe we only detect redshifted gas. The mass,momentum, and kinetic energy are obtained from the
gas in an area shown in Figure 4.6, over the velocity range 3:21 < v < 6:29 km s� 1

bValue of physical parameter assumingthat the angle betweenthe plane of the sky and the out
o w \axis" (i ) is 10� .

cObtained from the blueshifted gas in the area shown in Figure 4.6, over the velocity range � 3:95 < v < 0:79 km s� 1

dObtained from the redshifted gas in the area shown in Figure 4.6, over the velocity range 2:55 < v < 3:65 km s� 1
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The e�ects of the ambien t medium on the out
o w's physical prop erties

The most notable aspect of the HH 315molecularout
o w is the striking di�erence

in the morphology, kinematics, mass,momentum and kinetic energybetweenthe

two lobes. The di�erence between the two lobes is most probably due to the

di�erence in the cloud structure and density betweenthe region south and north of

PV Ceph (seeLevreault 1984and Cohenet al. 1989for illustrations). Molecular

out
o ws are thought to be formed by the momentum-conservinginteraction of

an underlying stellar wind and ambient cloud gas. The southern HH 
o w lobe

interacts with the densestparts of the PV Ceph cloud, and thus it is no surprise

that the southern molecular lobe is constrainedto a smaller area and exhibits

lower maximum out
o w velocities than the northern molecular lobe. It is striking,

though, that the southern lobe has a smaller momentum than the northern lobe.

Each lobe of a bipolar stellar wind (or HH 
o w) is expectedto have equalamounts

of momentum, thus each of the two lobes of a molecular out
o w produced in

a momentum conservingwind-cloud interaction should have similar amounts of

momentum.

The high ambient cloud density south of PV Ceph, and the low inclination

angleof the \averageaxis" of the HH 315 
o w with respect to the plane of the sky

(i � 10� ), both contribute to the fact that the observed redshifted emissionin the

southern out
o w lobe exhibits low out
o w velocities, comparedto the northern

lobe and to other observed molecular out
o ws (e.g., Orion B, Richer, Hills, &

Padman 1992;NGC 2264G,Lada & Fich 1996;HH 111, Cernicharo & Reipurth

1996). It is very probable then, that an unknown amount of (redshifted) out
o w

massis undetectable,as its velocity is soslow that its emissionis hidden under the

ambient cloud emission.Other studiesestimate the presumedundetectableout
o w

masshidden under the ambient cloud emissionby extrapolating the mass-velocity

power-law relation to lower out
o w velocities (e.g., Margulis & Lada 1985;Bally et

al. 1999;Yu et al. 1999). Extrapolating the mass-velocity relation in the HH 315

southern (red) lobe (Figure 4.7e) to an out
o w velocity of about 0.4 km s� 1, adds

an additional 12 M� and 5 M� km s� 1 to the massand (line-of-sight) momentum,
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respectively, of the southern lobe. If we add this extra momentum to our original

estimate, the southern lobe would then have a similar amount of momentum as

the northern lobe. Though it is probable that someof the out
o w massis hidden

under the ambient cloud emission,estimating the actual amount, and adding it

in, is a very uncertain process.Instead, we will treat the estimated southern lobe

mass,momentum, and kinetic energyat 0:71 < vout < 3:59 as lower limits.

4.4.2 The e�ects of the out
o w on the ambien t gas

The southern lob e and the PV Ceph Cloud

As shown in Figure 4.5, the projected overlap betweenout
o wing gasand the

PV Ceph cloud (as de�ned in Table 4.1) is quite small. Nonetheless,it is still

interesting to considerwhat e�ect(s) the out
o w may have on the overall evolution

of the PV Ceph cloud. Sincethe large-scale12CO velocity maps in this paper

(Figure 4.2) show no blueshifted out
o w lobe emissionsuperimposedon the PV

Ceph cloud we only considerthe e�ects of the redshifted lobe in estimating the

e�ects of the HH 315 
o w on the denseportion of the star-forming cloud. Note,

though, that our higher resolution observations (Chapter 5) do detect a small

amount of blueshifted out
o w emissionjust north of PV Ceph.

One method to quantitativ ely study the e�ects of an out
o w on its parent

cloud is to comparethe out
o w's energywith the cloud's binding energy. The

cloud's binding energyis given by Egr av � GM 2
c =Rc, wherewe estimate Rc to be

the geometricmeanof the short and long axesof the PV Ceph cloud (� 0:7 pc),

and M c, the massof the cloud, is � 74 M� . Using thesevalueswe obtain that the

cloud's binding energyis about 6:7� 1044 erg. If the HH 315
o w hasan inclination

to the plane of the sky of i � 10� , then the southern lobe of HH 315 has enough

kinetic energy(9:6 � 1044 erg) to gravitationally unbind its parent cloud |if that

energyis e�cien tly coupledto the cloud (seebelow). Given the substantial amount

of kinetic energyin the southern lobe, the 
o w might be able to dispersea major

fraction of the very densegas,wheremost of the binding massis located. This in
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turn would alter the gravitational potential well of the cloud.

We may indeedalready be seeingthe start of the PV Ceph cloud's disruption

by the HH 315
o w. In Figure 4.9a we plot, in contours, the integrated intensity of

the HH 315 molecular out
o w's south lobe, superimposedon the 13CO integrated

intensity over the velocity range 1:84 < v < 2:17 km s� 1. It can be seenthat

the molecular out
o w's southern lobe �ts in the 13CO cavit y seenjust south of

PV Ceph. This spatial coincidencesuggeststhat the cavit y was formed by the

out
o w-cloud interaction. In addition, the peak 13CO integrated intensity over the

velocity range 2:17 < v < 2:61 km s� 1 borders the southern lobe's position (see

Figure 4.9b). This structure in the 13CO also suggeststhat the southern lobe has

pushedand redistributed the medium-density ambient gas.

In order to further investigate the hypothesis that the southern molecular

out
o w lobe is responsible for the minimum in the 13CO distribution observed

south of PV Ceph, we studied the velocity distribution of the 13CO in the region

(seespectrum in Figure 4.10). We made an averageof the 13CO emissionin

the cavit y and �t it with a two-Gaussianfunction (the small blueshifted velocity

component is due to cloud X). The �t yields a central velocity of 2.6 km s� 1 for the

velocity component associated with the PV Ceph cloud. This is only 0.1 km s� 1

larger than vo south . Even though the di�erence is small, it is still signi�cant as the

1-� error in the central velocity �t is about 0.01km s� 1.

In Figure 4.11 we show (in white contours) a 12CO(2{1) position-velocity

(p � v) diagram superimposedon a grey-scale13CO(1{0) p � v diagram. Both

p � v diagramsare constructedby summingall spectra over the width of the 13CO

cavit y seenin Figure 4.9a. The cavit y is seenas a minimum in the 13CO emission

at velocities between� 1:5 and � 2:2 km s� 1, and at 0 to -2.50 o�set from the

position of PV Ceph. This minimum in the 13CO emission(or cavit y) is bordered

to the north and south by emissionfrom the PV Cephcloud. The redshiftedborder

of the cavit y is formed by the emissionof the PV Ceph cloud and the blueshifted

\b order" is de�ned by emissionfrom Cloud X. At the sameposition of the cavit y

there is a notch in the 12CO(2{1) p � v diagram. This notch indicates that there is
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Fig. 4.9.| (a) Samegrey-scalemap as in Figure 4.3c, but with di�eren t grey-scalerange. In
addition, we superimposethe integrated intensity contours (white lines) of the 12CO(2{1) southern
lobe shown in Figure 4.1. Notice that the integrated intensity contours of the southern lobe �t well
in the 13CO \cavit y" (or minimum). (b) Grey-scalemap similar to Figure 4.3d. In addition, we
superimposethe integrated intensity contours (white lines) of the 12CO(2{1) southern lobe shown
in Figure 4.1. Notice that the maximum 13CO emissionborders the western edgeof the molecular
out
o w lobe. The dashedrectangleshows the areausedto obtain the average13CO(1{0) spectrum
shown in Figure 4.10.
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Fig. 4.10.| Average13CO spectrum over the cavit y south of PV Ceph. The area is indicated
by a dashedbox in Figure 4.9b.

alsoa minimum in the 12CO(2{1) emissionat the position and velocity of the 13CO

cavit y, and that there is a bulk shift in the velocity distribution of the 12CO(2{1)

gastowards redshifted velocities.

One possiblescenariowhich �ts the data is that the south molecular

(redshifted) lobe pushedand acceleratedthe ambient cloud gas. The cavit y can

only be seenat low blueshifted velocities (relative to the PV Ceph cloud's central

velocity, vo south = 2:50 km s� 1) sincethe redshifted out
o w lobe has only been

able to slightly changethe velocity distribution (toward redshifted velocities) of

the densegasit has interacted with, and it yet has to clear the region completely.

If the out
o w doesnot turn o�, then given more time, more ambient gaswill be

shoved away and accelerated,making the cavit y larger and visible at all velocities.

We may also estimate the role of the HH 315 
o w in the PV Ceph cloud

by comparing the southern lobe's kinetic energy with the cloud's turbulent

kinetic energy. The total kinetic energyof a cloud where thermal motions are

a negligible part of � V (the observed FWHM velocity line width), is given by

E tur b = 3
16 ln 2M c� V 2, where M c is the cloud mass. The average13CO velocity

width in the PV Ceph cloud is � V � 0:6 km s� 1, so E tur b � 1:2 � 1044 erg. The

out
o w kinetic energyis about 2:9 (sin i ) � 2 � 1043 erg in the southern lobe, thus,

even if i = 29� , the southern lobe kinetic energyexceedsthe cloud's turbulent

kinetic energy. Similar to what is observed in the giant molecularout
o w HH 300
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(Chapter 2/Arce & Goodman 2001b), the southern lobe of the HH 315 molecular

out
o w has enoughkinetic energyto potentially feedthe turbulence in its parent

cloud.

Yet another way to assesthe importance of the HH 315out
o w energyinput

on its parent cloud is by comparing the 
o w's power with the power neededto

maintain the magnetohydrodynamic (MHD) turbulence in the PV Ceph cloud.

The three-dimensionalnumerical simulations of Stone,Ostriker, & Gammie (1998)

and Mac Low (1999) study MHD turbulence under density, temperature and

magnetic�eld conditionsrepresentativ e of thosefound in Galactic molecularclouds.

Using equation 7 in Mac Low (1999), we can estimate the input power neededto

maintain MHD turbulence in the PV Ceph cloud (shown in Figure 4.5). We use

the estimated massof the PV Ceph cloud (74 M� ) and the averagevelocity line

width of the 13CO (0.6 km s� 1). Using thesevalueswe �nd that about 0.01L� of

input power at a scaleof 0.5 pc (the approximate length of the southern lobe) are

neededto counter the dissipation of MHD turbulence in the PV Ceph cloud.

The power of an out
o w is usually estimated by dividing the out
o w kinetic

energyby the dynamical ageof the out
o w. The conventional way to estimate

the dynamical ageof a molecular out
o w assumesthat all the gasin the out
o w

originates at the young star. This assumptionis wrong, sincethe vast majorit y

of the gasin a molecular out
o w comesfrom the entrained gasin the host cloud

(along the extent of the out
o w) that has beenput in motion by the underlying

stellar wind. Sincethere is no way to obtain an accurateestimate of the out
o w

lifetime, we estimate a lower and an upper bound to the dynamical agein order

to estimate an upper and lower bound to the out
o w power. We estimate the

lower limit to be the time it has taken HH 315F (the HH knot which currently

lies farthest from the source)to travel to its current position. The distancefrom

PV Ceph to HH 315F is 1.41pc (RBD), and if we assumea tangential velocity of

200 km s� 1, we then obtain a dynamical ageof about 6900yr. As an upper limit

on the agewe use2� 105 years,the statistical lifetime of out
o ws asderived by the

study of Parker, Padman, & Scott (1991). We then estimate the lower and upper

limits of the out
o w power to be 1:2 � 10� 3 (sin i )� 2 to 3:4 � 10� 2 (sin i )� 2 L� . If
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we assumethat i � 10� , then the southern lobe's power is more than the estimated

power neededto maintain the MHD turbulence in the PV Ceph cloud.

Note that we only comparethe out
o w power to that neededto sustain the

MHD turbulence and stop gravitational collapsein the cloud in order to quantify

the possiblee�ect that out
o ws have on their parent cloud: by no meanswe are

implying that molecularcloudsneed to be maintained in gravitational equilibrium.

Our results for HH 315(this chapter) and HH 300(Chapter 2) imply that out
o ws

are sourcesof non-negligiblepower in clouds,and they should be treated assuch in

numerical simulations of MHD turbulence in star-forming clouds(seealsoChapter

6).

The energyin the HH 315 out
o w southern lobe is comparableto, or larger

than, the binding energy, and the turbulent energy, of the PV Ceph cloud. But,

this doesnot necessarilymean that the out
o w will be able to unbind the cloud

or turn all its energyinto cloud turbulent energy. We would be able to make a

rough prediction of the PV Ceph cloud's future from our observations, if we knew

how well the out
o w energycouplesto the cloud. The 13CO cavit y coincident with

the southern out
o w lobe, the 13CO shell structure in the north, coincident with

the outer edgeof the northern blueshifted lobe, and the velocity gradient in the

velocity of the ambient gas(seebelow) are all examplesthat there is somedegree

of coupling betweenthe out
o w and the ambient gas. Just from observational

data, though, it is very hard to predict the out
o w-cloud coupling e�ciency of any

out
o w. No su�cien tly good episodic out
o w-cloud interaction model exists (see

Chapter 3). There is a needfor theoretical and numerical studieswhich concentrate

on studying how e�cien tly can bulk motions, producedby out
o ws, unbind a cloud

and/or produceturbulence, as a function of cloud density and out
o w energy.

The northern lob e and the Northern Cloud

The northern lobe of the PV Ceph molecular out
o w is characterizedby its bow

shock-like structure, coincident with the optical knot HH 315C, most evident at

low out
o w velocities (seeFigure 4.2). A shell-like structure, surrounding the
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blueshifted out
o w lobe, can be seenin 13CO emissionat very low (between0.79

and 1.45km s� 1) velocities (seeFigures 4.3a and 4.12). Most of the northern lobe

regionis essentially devoid of 13CO emission,and the majorit y of the 13CO emission

present in the region surroundsthe western and northern edgeof the 12CO bow

shock structure (seeFigure 4.12). It appearsthat the HH 315 
o w has beenable

to push gasnorth of PV Ceph, piling it in a denseshell-like structure surrounding

the out
o w lobe, which we detect in 13CO(1{0).

Using the 13CO emissionsurrounding the blueshiftedlobe at velocities between

0.79 and 1.45 km s� 1, we estimate the shell structure's massto be 6.8 M� and

momentum to be 2.5 M� km s� 1. The line-of-sight momentum of the shell is

sightly smaller than the line-of-sight momentum of the blueshiftedout
o w emission

(which is equal to 5.1 M� km s� 1). The morphology of the shell-like structure

(which surroundsthe blueshifted out
o w lobe), its slow blueshifted velocity, and

the fact that its momentum is similar to the blueshifted out
o w momentum are

all consistent with the 13CO shell having beenformed by (momentum-conserving)

entrainment of the ambient moleculargasby the HH 315 
o w.

The velocities at which the 13CO shell structure is seenfall inside the rangeof

velocities which we de�ned earlier (xx4.3.3and 4.4.1) as the north cloud ambient

cloud. Thus, in fact we seethat a substantial fraction (6:8=13:5 � 50%) of what we

had earlier naively de�ned as \Northern Cloud ambient gas" in reality is medium

density gas that has been acceleratedby the out
o w. In fact, the peak 13CO

emissionshell structure can be nicely seenin the 13CO p � v diagram (Figure 4.4),

at about 60 (� 0:75 pc) from the source(along the P.A.=-26 � axis), at a velocity of

about 1.35km s� 1. Thus, most of the cloud structure in the northern lobe region,

as de�ned by the 13CO emission,comesfrom gasthat hasbeengreatly a�ected by

the out
o w. One might say that in this region \the cloud is the out
o w and the

out
o w is the cloud".

In Figure 4.13 we plot the 12CO(2{1) position-velocity (p � v) diagram of

the mapped region, constructed by summing all spectra along an axis with a

position angle of -26� . By summing the 12CO(2{1) spectra over a limited width
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of 2 K, and 25 to 85 K in steps of 5 K. The positions of the brightest (optical) point of the six
major HH knots in the 
o w, along the averageout
o w axis, are marked with a horizontal solid
line. The thick black dash line traces the maximum contour along the out
o w axis, indicating the
presumedambient cloud gascentral velocity. Notice the velocity gradient north of PV Ceph.
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(seeFigure 4.6) of the 12CO(2{1) map, we avoided including most (but not all) of

the region where cloud X lies, so that its emissionwould not \contaminate" the
12CO(2{1) p � v diagram. The main featuresof the 12CO(2{1) p � v diagram are

the peaksin the maximum velocity associated with the blueshifted (north) and

redshifted (south) lobes. A local increasein the maximum velocity may be seen

at the position (along the averageaxis) of the optical HH knots A, B, C, and D,

and closeto the position of PV Ceph. The velocity structure at the position of

each of theseoptical knots is characteristic of the bow shock (prompt) entrainment

mechanism, which will producethe highest velocities at the headof the shock (the

position of the HH knot) and a decreasingvelocity trend towards the source(e.g.,

Benceet al. 1996;Lee et al. 2001). The fact that we seeseveral of thesevelocity

increases(or bumps) in the p � v diagram, and each is coincident with a di�eren t

HH knot is alsoevidencethat HH 315 
o w is an episodic out
o w (seeChapter 3).

The increasein redshifted velocities at about -10 o�set from the sourceposition is

mainly due to the redshifted out
o w lobe. We further discussthis velocity feature,

and the kinematics of HH 315molecularout
o w in Chapter 5.

In addition to the kinematical structure associated with the HH knots, the

north half of the p� v diagramshowsevidencefor a velocity gradient in the ambient

gas' central velocity. The ambient cloud's central velocity may be approximated as

the velocity where the peak contour, in the p � v diagram, lies. In the 12CO(2{1)

p � v diagram, the peak contour is seento shift from about 2.5 km s� 1 at the

position of PV Ceph down to about 1.5 km s� 1 near HH 315A. We believe that the

northern lobe of the HH 315 out
o w is responsible for the gradient in the central

velocity of the ambient cloud. In addition, the fact that more than half of the gas

massin the northern region has beenacceleratedby the out
o w givesadditional

support to our hypothesis.

In any volume of momentum-conservingwind-cloud interaction high-density

gaswill be acceleratedlessthan gasat low densities. This is what we observe

in the ambient gas surrounding HH 315. The ambient gas north of PV Ceph

(wherewe detect an obvious velocity gradient) is much lessdensethan the ambient

gas to the south (where we cannot easily detect a large-scalevelocity gradient
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in the CO emission). The ambient density contrast betweennorth and south of

PV Ceph is clear from our 13CO integrated intensity map (Figure 4.5) and from

the relative extinction measurements betweenthe region around HH 315B and

HH 315D (GKW). We may also estimate the density contrast, from the ambient

gasvelocity gradient in each region. We assumethat the velocity gradient in the

ambient gascentral velocity (� va) is wholly due to the momentum conserving

stellar wind-ambient gas interaction, and that the stellar wind deposits all its

momentum (� wvw) on the ambient gas,so that � wvw � � a� va. We assumethat

the wind momentum of each lobe is the same.The 12CO(2{1) p � v diagram shows

a velocity gradient to the north of � 1 km s� 1 (seeFigure 4.13). The 12CO(2{1)

p � v diagram shows no velocity gradient in the ambient gassouth of PV Ceph

due to the coarsevelocity resolution (0.65 km s� 1) of the 12CO(2{1) data. But, the
13CO data shows a velocity shift of � 0:1 km s� 1 in the southernmolecularout
o w

lobe region (seeabove, and Figure 4.10). Thus, we estimate that the ambient gas

density south of PV Ceph is about a factor of 10 larger than the ambient gas

density north of PV Ceph.

4.5 Summary and Conclusion

We mapped the giant molecularout
o w associated with the HH 315
o w, from the

star PV Cephei, in the 12CO(2{1) line, with a beam sizeof 2700. We also made

more extendedmapsof the gassurrounding the HH 315
o w in the 12CO(1{0) and
13CO(1{0) lines, with 4500and 4700beam sizes,respectively. By observinga large

extent of the gassurrounding the out
o w we are able to study the out
o w in the

context of its surrounding medium. Also, the 13CO observations help us assessthe

e�ects the out
o w has on the surrounding moderate-density (n � 103 cm� 3) gas

structure and kinematics. In addition, the combined 12CO(1{0) and 13CO(1{0) line

observations enableus to estimate the massof the out
o w by correcting for the

velocity-dependent opacity of the 12CO(1{0) line.

The out
o w source,PV Ceph, is a young star forming in the northern edge
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of its dark cloud. Hence,the northern and southern lobesof the HH 315 out
o w

are interacting with environments with drastically di�eren t densities.The southern

lobe has a massof 1.8 M� and interacts with the denseregion we de�ne as the

PV Ceph cloud. We quantify the e�ects that the HH 315 
o w has on the PV

Ceph cloud by using di�eren t methods. Assumingthat HH 315has an inclination

to the plane of the sky (i ) of about 10� , then the southern lobe of the HH 315

molecular out
o w has a momentum of 12.1 M� km s� 1 and a kinetic energyof

9:6 � 1044 erg. The kinetic energyof the southernout
o w lobe is enoughto supply

the turbulent energyof the PV Ceph cloud (1:2 � 1044 erg), and enoughenergyto

gravitationally unbind it (the gravitational binding energyof the PV Ceph cloud

is � 6:7 � 1044 erg). We compareour estimate of the southern lobe's mechanical

power, with that of the power neededto sustain the MHD turbulence in the PV

Ceph cloud (using the numerical models of Stone,Ostriker, & Gammie 1998and

Mac Low 1999). If we assumethat i � 10� , then the southern lobe's power is more

than the estimatedpower neededto maintain the MHD turbulence in the PV Ceph

cloud. In addition, the 13CO data indicate that the southernHH 315
o w is having

a major e�ect on the distribution of the ambient cloud gas. We detect a cavit y in

the distribution of the 13CO in the PV Ceph cloud region. The 13CO gasvelocity

and density distribution, and the morphology of the out
o wing 12CO(2{1) gas

suggestthat the cavit y has beenformed by the southern out
o w lobe interaction

with its surroundings.

The northern (mostly blueshifted) lobe has a total massof 4.8 M� and

interacts with an environment which is much lessdense(by about a factor of ten)

than the environment south of PV Ceph. There is much less13CO emissionnorth

of PV Ceph, and most of the 13CO emissionis concentrated in a shell-like structure

about 1.2 pc northwest of PV Ceph, coincident with the outer edgeof northern

out
o w lobe. It appearsthat the northern lobe of the HH 315 molecular out
o w

has\pushed" asideambient gas,piling it in a denseshell-like structure at its edges.

The morphology of the shell-like structure, its slow blueshifted velocity, and the

fact that its momentum is very similar to the blueshifted out
o w lobe momentum

are all consistent with the shell being formed by the (momentum-conserving)
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entrainment of the ambient moleculargasin the HH 315 
o w. Adding the massin

the northern molecularout
o w, and the massof the 13CO shell, we �nd that more

than 50%of the total gasmassin the region of the northern out
o w lobe hasbeen

put into motion by the out
o w. The northern out
o w lobe of HH 315 is having a

major impact on the structure of the ambient medium, even at a distanceof about

1 to 1.4 pc from the out
o w source.

In addition, wedetecta velocity gradient in the ambient cloud'scentral velocity

north of PV Ceph. The gradient is towards blueshifted velocities, in the same

senseas the vast majorit y of the out
o wing gasin the northern out
o w lobe. We

arguethat the gradient in the cloud's central velocity is due to the HH 315out
o w,

as the gradient is consistent with it being formed by a momentum-conserving

out
o w-cloud interaction. The fact that the out
o wing gasmassnorth of PV Ceph

is a major fraction of the total gasmasssupports our picture in which the HH 315


o w is responsiblefor the velocity gradient in the ambient gasnorth of PV Ceph.

Our study clearly shows that the HH 315 
o w is e�ecting the kinematics of

its surrounding medium, and has beenable to redistribute considerableamounts

of its surrounding medium-density (� 103 cm� 3) gas in its star-forming core as

well at parsec-scaledistancesfrom the source. Theseare necessarystepsin the

clearing of the gassurrounding a forming star and the eventual (total) disruption

of the parent cloud. We concludethat the giant out
o w from PV Ceph is having a

profound e�ect on its host cloud's evolution and fate. It is tempting to generalize

this result, along others like it, and suggestthat out
o ws have great in
uence on

the sculpting of star-forming molecularclouds.
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Chapter 5

Molecular bow shocks, jets and
wide-angle winds: a high
resolution study of the
entrainmen t mechanism of the PV
Ceph Out
o w

ABSTRACT

We present a new set of high-resolutionmolecular line mapsof the gasimmediately

surrounding various Herbig-Haro (HH) knots of the giant HH 
o w from the young

star PV Cephei (HH 315). The observations, aimed at studying the entrainment

mechanism of the 2.6 pc-long HH 315 
o w, include IRAM 30 m maps of the
12CO(2{1), 12CO(1{0), and 13CO(1{0) lines, with beamsizesof 1100, 2100, and 2200,

respectively. We comparethe morphology and the kinematics of the out
o w gas,

as well as the temperature and momentum distribution of the molecular out
o w

with thosepredicted by di�eren t entrainment models. With our detailed study we

are able to concludethat jet bow shock entrainment by an episodic stellar wind,

with a time-varying axis, producesmost of the high-velocity molecular out
o w

observed far from the source. In addition, near PV Cepheiwe �nd evidencefor a

poorly collimated, wide-angle,molecularout
o w and a collimated wiggling jet-lik e

molecularout
o w. We proposethat the poorly collimated component is entrained

151
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by a wide-anglewind, and the collimated component is entrained by a variable

jet with internal working surfaces. Thus, a stellar wind model which allows for

the coexistenceof a wide-anglecomponent and a collimated (jet-lik e) stellar wind

component is neededto explain the observed properties of the PV Ceph out
o w.

The wiggling axis of the redshifted molecular out
o w lobe indicates that the

out
o w ejection axis is changing over time. We �nd that the timescaleof the axis

variation shown by the molecularout
o w lobe is about a factor of 10 lessthan that

shown by the large-scaleoptical HH knots.

5.1 In tro duction

In order to better understandthe e�ects of winds from young stars on the ambient

molecularcloud, it is essential to study how the wind interacts with its surrounding

medium. The best evidencethat winds from young stars interact with their

surrounding ambient gas is the existenceof molecular out
o ws. Many molecular

out
o ws have massesthat are larger than their powering young star, by a factor

of a few up to an order of magnitude (e.g., Wu et al. 1996). It is, therefore,

highly unlikely that the massin CO out
o ws comesdirectly from the forming star

and/or the circumstellar disk, and somolecularout
o ws consistmainly of swept-up

ambient material.

The mechanism by which a wind from a young stellar object entrains and

acceleratesthe ambient gas,thereby producing a molecularout
o w, is still a matter

of debate,even though several modelshave beenproposed.The three most popular

entrainment models are the turbulent jet model, the bow shock model, and the

wide-anglewind model.

In the turbulent jet entrainment model (e.g., Cant�o & Raga 1991;Stahler

1994;Lizano & Giovanardi 1995),the ambient gasis entrained on the sidesof a jet

(or wind) through a turbulent viscousmixing layer formed by Kelvin-Helmholtz

instabilities.

In the bow shock model (e.g., Raga & Cabrit 1993;Stone& Norman 1993a;
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Masson& Chernin 1993;Stone & Norman 1994;Suttner et al. 1997;Zhang &

Zheng1997;Smith, Suttner, & Yorke 1997;Downes& Ray 1999;Lee et al. 2001)

a highly-supersoniccollimated wind or jet propagatesinto the ambient medium,

forming a bow shock surfaceat the headof the jet. The jet carvesinto the cloud,

interacting with the ambient gas,producing a molecular out
o w around the jet.

Velocity variations in the jet produce bow shocks along the body of the jet, also

referred to as internal working surfaces(e.g., Raga et al. 1990;Raga & Kofman

1992;Cant�o, Raga,& D'Alessio 2000),which can alsohelp entrain ambient gas.

In the wide-anglewind model (Shu et al. 1991;Li & Shu 1996;Matzner &

McKee 1999;Lee et al. 2000;2001), the out
o w is producedwhen a momentum-

conservingwide-anglewind from a young stellar object interacts with the ambient

gas. The wind power is dependent on polar angle, has a constant velocity and

blows into a corewith radial density pro�le and angular dependence.The ambient

medium is swept up into a shell by a shock at the wind bubble-ambient cloud

interface. The molecular out
o w is then identi�ed as the molecular gas in the

entrained shell.

In Table 5.1 we summarizethe expected molecular out
o w characteristics

(i.e., gasmorphology, temperature, velocity and momentum distribution), for these

three entrainment models.

On the observational front, recent high angular resolution studiesof molecular

out
o ws (e.g., Richer, Hills, & Padman 1992; Bence,Richer, & Padman 1996;

Cernicharo & Reipurth 1996;Lada & Fich 1996;Davis, Smith, & Moriart y-Schieven

1998;Shepherdet al. 1998;Gueth & Guilloteau 1999;Yu, Billawala, & Bally 1999;

Davis et al. 2000; Lee et al. 2000; Arce & Goodman 2001b/Chapter 2) have

provided important information on the physical parametersof out
o ws and

the entrainment mechanism. Thesestudies have revealeda wide variety in the

propertiesof molecularout
o ws leaving us in needof even moreobservations before

we can understand the entrainment mechanism, and further constrain theoretical

and numerical models.

In the previouschapter we studied the interaction of the HH 315 
o w with its
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Wide-angle 
Wind

Jet Bow 
Shock 

Turbulent 
Jet 

Model

Stellar

 Wind


Predicted property of molecular outflow

Morphology
 Velocity
 Temperature
 Momentum a 


v T 
 P

   a Momentum distribution along the outflow axis, assuming a underlying density distribu-

tion of r -1 to r -2.

Table 5.1. Molecular outflow properties predicted by entrainment models
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parent cloud on large scales.In this chapter, we zoom in on the gasimmediately

surrounding several HH knots and the out
o w source(PV Ceph), in order to study

the entrainment mechanism of the HH 315 out
o w. In particular, we study the

temperature distribution, kinematics, momentum distribution, and morphology of

the out
o w gas. The results are then usedto compareall of theseobserved out
o w

characteristicswith thoseexpectedfrom di�eren t entrainment models. Along with

the information from earlier high resolution studies,our results provide important

constraints to be consideredby future theoretical entrainment models.

In the following section we will describe the observations. This is followed

by a sectionwhere we describe our results. We later useour results to compare

them with the results of the three molecular out
o ws entrainment models shown

in Table 5.1. Subsequently, we discussthe episodic and wandering (or wiggling)

nature of the HH 315out
o w. Lastly, we give a summary of our �ndings.

5.2 Observ ations

In order to study in detail the interaction between the HH 315 
o w and the

surrounding gas,we madehigh spatial- and velocity- resolution observations of the

gasaround several of the HH knots in the 
o w. The data were obtained using the

IRAM 30 m telescope in Pico Veleta, Spain, in September 1999. The 12CO(1{0),
12CO(2{1), and 13CO(1{0), lines wereobserved simultaneouslyusing three spectral

line SISreceivers. The spectrometerusedwasan autocorrelator split in three parts,

each connectedto a di�eren t receiver. The J = 1 ! 0 lines were observed with a

spectral resolution of 40 kHz and a bandwidth of 20 MHz, and the 12CO(2{1) line

was observed with a spectral resolution of 80 kHz and a bandwidth of 40 MHz.

The telescope beamwidth (FWHM) at 12CO(1{0), 12CO(2{1), and 13CO(1{0) are

about 2100, 1100, and 2200, respectively. The forward e�ciency (Fef f ) and main

beam e�ciency (Bef f ) of the J = 1 ! 0 lines are approximately 0.90 and 0.54,

respectively, and for the 12CO(2{1) line Fef f � 0:86 and Bef f � 0:42 (Wild 1999).

Unlessit is stated otherwise,the intensity scaleof the spectral data from the IRAM
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Table 5.2. RegionsMapped with the IRAM 30 m telescope

Region Center Position Region

Name � 1950 � 1950 Size

hh315b+c 20h44m49s:4 67� 5204900 5:20 � 4:20

hh215 20h45m26s:4 67� 4601300 2:20 � 4:20

hh315e 20h45m59s:6 67� 4003100 2:30 � 2:30

30 m is in units of main beam temperature (Tmb), where Tmb = (Fef f =Bef f )T �
A

(Wild 1999;Rohlfs & Wilson 2000).

The on-the-
y mapping technique was usedto map three regionsof interests.

The telescope in OTF mode moved acrossthe sourceat a constant speedof 200s� 1,

while a spectrum wasacquiredevery 2 seconds.In order to map the three di�eren t

desiredareasmore e�cien tly, they weremapped by combining several overlapping

maps of di�eren t sizes. Table 5.2 lists the center position and the sizeof each of

the three major regions(seealsoFigure 5.1). The regionswereall scannedin both

the right ascensionand declination directions. The separation, in the direction

perpendicular to the scanningdirection, betweensubsequent rows was 400.

The telescope was pointed to an OFF position, located at R.A. 20h45m30:4s,

decl. 67� 55046.700(B1950), after every other row, where it would observe the

OFF position for 10 to 15 sec. A temperature calibration was doneevery 5 to 10

minutes. Deepobservations of the OFF position showed no signi�cant emission.

The di�eren t regionswere observed several times to improve the signal-to-noise

in the spectra. A baselinewas �tted to and subtracted from each spectrum. The

spectral mapsof each regionwereconvolved with Gaussianbeamsof di�eren t sizes,

and Table 5.3 shows the resultant RMS noisefor each spectral line map convolved

with di�eren t beams.
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Fig. 5.1.| Wide-�eld H� +[S I I] (optical) CCD imageof the HH 315giant HH 
o w, from RBD.
The dashedboxesdenote the areasmapped with on-the-
y mapping at the IRAM 30 m telescope.
The name given to each region is shown at the bottom of each region. We also show selected
contours of the large-scaleblueshifted (grey) and redshifted (black) 12CO(2{1) out
o w gas(based
on Figure 4.1). In certain placesthe contour are cut so that features in the optical image may be
seenbetter. The position of the HH knots, and the position of PV Ceph (the out
o w source)are
also shown.
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Table 5.3. RMS Noiseand Velocity Resolutionof Spectral Line Maps

Region Molecular Beama � vb RMSc Where
Name Line [00] [km s� 1] [K] Used

hh315b+c 12CO(2{1) 21 0.22 0.62 Fig. 5.2
13CO(1{0) 21 0.22 0.20 Fig. 5.4
12CO(2{1) 24 0.22 0.50 Figs. 5.10, 5.12
12CO(1{0) 24 0.22 0.28 Fig. 5.10, 5.13, Mass estimatesd
13CO(1{0) 24 0.22 0.16 Mass estimatesd

hh215 12CO(2{1) 14 0.11 0.78 Fig. 5.5
13CO(1{0) 14 0.11 0.28 Fig. 5.6
12CO(2{1) 24 0.11 0.49 Fig. 5.11
12CO(1{0) 24 0.11 0.31 Figs. 5.11, 5.15, Mass estimatese
13CO(1{0) 24 0.11 0.18 Mass estimatese

hh315e 12CO(2{1) 21 0.11 0.69 Figure 5.9

aThe sizeof the beamthe map wasconvolved with. The sizeof each pixel in each map
is always half the sizeof the convolution beam.

bVelocity resolution (width of velocity channel).

cMaximum RMS (in Tmb units) of all pixels not at the edgeof the map.

dOut
o w massestimatesof the hh315b+c region are shown in Table 5.4

eOut
o w massestimatesof hh215 region are shown in Table 5.5

5.3 Results

5.3.1 The region surrounding HH 315B and HH 315C
(hh315b+c)

Large scaleCO maps of the out
o w associated with PV Ceph (Levreault 1984;

and the results of Chapter 4) show that the region surrounding the optical knots

HH 315B and HH 315C(region hh315b+c) is the areawheremost of the emission

from the northern (mostly blueshifted) out
o w lobe resides(seeFigure 5.1). In

this section,we present high spatial resolution mapsof hh315b+c, which show the

structure of the out
o wing gasin detail, and its spatial relation with the HH knots.
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12CO(2{1) emission

Figure 5.2 shows 12CO(2{1) velocity-integrated maps of the hh315b+c region,

observed with the IRAM 30 m telescope, for 10 di�eren t velocity ranges. The

emissionwith the most blueshifted velocities is shown in Figure 5.2b and the

emissionwith the most redshifted velocities is shown in Figure 5.2l. Notice that

not all velocity integration rangeshave the samewidth. The di�eren t ranges

of integration were chosento group di�eren t channelswith similar 12CO(2{1)

emissionstructure. The grey objects shown in each velocity map panel represent

the position of the di�eren t S[II] knots in the region, as presented by G�omez,

Kenyon, & Whitney (1997,hereafterGKW).

The highest-velocity (most blueshifted)CO out
o w gasis shown in Figure 5.2b.

The emissionat thesevelocities is concentrated at the position of the HH 315B

optical knot. The lowest (plotted) contour of integrated emissionshows wing-like

extensionswhich point towards the position of the out
o w source(PV Ceph).

The shape of the contours at thesehigh velocities is suggestive of a bow shock

morphology.

At slightly lower (lessblueshifted) velocities, the out
o w gasis concentrated

along the main HH 315Boptical knot (seeFigures5.2c and 5.2d). The gasemission

surrounding HH 315B in Figures 5.2c and 5.2d is mainly concentrated south of

the emissionpeak in Figure 5.2b, and has an elongatedmorphology towards the

position of PV Ceph. This is consistent with a picture wherethe highest velocities

are at the head of the shock (Figure 5.2b), where the gas is currently being

entrained, and the slower wake of previously entrained gas is found behind the

headof the shock (emissionin Figures5.2c and 5.2d near HH 315B).

The most striking feature of the velocity maps shown in Figure 5.2 is the

bow shock- (or shell-) like structure of the 12CO(2{1) emission,coincident with

the HH 315C optical knot. The head of the CO shell coincideswith the region

of brightest optical emissionfrom HH 315C,and has wings, on both sidesof the

head, which point in the generaldirection of PV Ceph. Hereafter we will refer

to this structure as the HH 315C CO shell. Figure 5.2d shows the out
o w gas
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Fig. 5.2.| Velocity-range-integrated intensity maps of the 12CO(2{1) emissionsurrounding the
blueshifted optical knots HH 315C and HH 315B (i.e., the hh315b+c region, seeFigure 5.1). The
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Fig. 5.2.| Continued.
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emissionwith the highest velocities at which the HH 315C CO shell is detected.

It can be seenthat the HH 315C CO shell is smaller for increasing(blueshifted)

out
o w velocities. That is, the bow shock wings are further apart from each other,

and extend further out from the HH 315C optical knot, for lessextreme out
o w

velocities. For example, the CO bow shock wings in Figure 5.2i are about 20.7

(0.39 pc, at a distanceof 500pc) apart, and the wings extend o� the southernand

easternlimits of our map. On the other hand, the high-velocity CO bow shock

structure seenin Figure 5.2d has wings which are about 1.80 (0.26 pc) apart and

extend 1.30 (0.19 pc) southeastfrom the position of HH 315C.

In Figure 5.2j we show the 12CO(2{1) integrated over the velocities between

1.01and 1.89km s� 1. The ambient cloud velocity in this region is 1.5 km s� 1 (see

Chapter 4), and so most of the \ambient" cloud is found at this velocity range. In

Figure 5.2k we plot the 12CO(2{1) integrated over the velocities between1.89and

2.55km s� 1. This velocity rangealso includesemissionfrom \ambient" cloud gas,

asthe gasemissionshows an extended,cloud-like, morphology. In both Figures5.2j

and 5.2k the density gradient of the cloud is clearly seen,the cloud's edgeis in the

east and the density increasestowards the west. At these\ambient" velocities,

there is an increasein the column density at the position of the di�eren t small

knots which comprisethe HH 315C knot. In addition, the 12CO(2{1) contours

near the HH 315Cknots curve, following the bow-like con�guration of the optical

knots. Thus, we seethat the HH 315C CO shell structure is also detectableat

ambient cloud velocities |evidence that the HH 315 
o w has altered the ambient

gasdistribution at distancesas far as � 1:5 pc from the source(seeChapter 4 for

more on this).

The 12CO(2{1) map integrated over the range of 2:55 < v < 3:65 km s� 1

(Figure 5.2l), which is redshifted with respect to the ambient cloud velocity of

the region, shows a \clump" of emissioncoincident with the HH 315C optical

knot. Similar to what is seenin the other (blueshifted) velocity-integrated maps

in Figure 5.2, the 12CO(2{1) intensity contours curve, following the bow-like

arrangement of the HH 315Coptical knots. This redshifted emissionis presumably

out
o wing gasacceleratedby the \back side" of the shock front associated with
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HH 315C.

In Figure 5.3 we show several sample12CO(2{1) spectra from the hh315b+c

region. It is interesting to note the drastic di�erences betweenspectra from regions

very closeto each other. Also, notice that the out
o w emissionis not a smooth

low-level wing at blueshifted velocities. Instead, it is made of di�eren t velocity

(spectral) components, which sometimesare stronger than the ambient cloud

component.

13CO emission

The 13CO emissionin the hh315b+c region has lesscomplicatedvelocity structure

than the 12CO emission. Similar to what is observed in the large-scalemap (see

Figure 4.3), the 13CO(1{0) emissionat velocities greater than 1.5 km s� 1 in this

region is very weak (Tmb �< 0:6 K), and hencemost of the 13CO emissionin this

region is blueshifted comparedto the cloud's ambient velocity. In Figure 5.4 we

show three di�eren t 13CO velocity-integrated intensity maps. The di�eren t ranges

of integration were chosento group di�eren t channelswith similar 13CO(1{0)

emissionstructure.

The 13CO vaguely follows the 12CO bow shock structure associated with

HH 315C. Both the north and the south bow shock wings are clearly present in
13CO emission,yet there is very little 13CO emissionat the location of the bow

shock apex. The north and south 13CO bow wings are spatially coincident with

the 12CO bow wings with similar velocities. We do not detect any 13CO emission

associated with the high velocity gassurrounding the HH 315Bknot. The structure

of the high spatial resolution 13CO is consistent with our original hypothesis

(Chapter 4) that the blueshifted northern lobe of the HH 315 molecular out
o w

has \pushed" asidegas,creating a shell-like structure at its edges,which is dense

enough(n �> 500cm� 3) that is detectedin 13CO.
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Fig. 5.3.| Sample 12CO(2{1) (black) and 13CO(1{0) (grey) spectra of the hh315b+c region.
Panels [a] through [g] show spectra from the position shown in Figure 5.2g. Each spectrum (a
through g) was taken from a single 10.500by 10.500pixel, of a molecular line map convolved with a
2100beam. Panel [h] shows the averagespectra over the wholehh315b+c region. The dotted vertical
lines indicate the approximate range of the \ambient" cloud velocities (1:0 < v < 2:5 km s� 1).



The impact of giant stellar out
o ws on molecularclouds 165

D
E

C
L

IN
A

T
IO

N
 (

B
19

50
)

20 45 15 00 44 45 30

67 54 30

00

53 30

00

52 30

00

51 30

00

20 45 15 00 44 45 30

RIGHT ASCENSION (B1950)

20 45 15 00 44 45 30

-0.97 < v < -0.09 km s-1 -0.09 < v < 0.79 km s-1

0.79 < v < 1.45 km s-1

(b)

(c)

(a)

0.5 pc

Beam

D
E

C
L

IN
A

T
IO

N
 (

B
19

50
)

67 54 30

00

53 30

00

52 30

00

51 30

00

Fig. 5.4.| Velocity-range-integrated intensity maps of the 13CO emission surrounding the
blueshifted optical knots HH 315Cand HH 315B. The velocity rangeof integration is shown at the
top of each panel. The grey silhouettes represent the S[II] knots in the region, seeFigure 5.2. All
panelshave the samestaring contour and contour step value of 0.18 K km s� 1. The linear scaleis
shown in panel [a] and the IRAM 30 m beam (2200) at the 13CO(1{0) frequency is shown in panel
[b].



166 H�ector G. Arce Nazario

Table 5.4. Massat di�eren t velocity rangesin hh315b+c

Velocity Rangea �Tex
b Mass Momentum c Kinetic Energyc

[km s� 1] [K] [M� ] [M� km s� 1] [1043 erg]

� 15:27 < v < � 10:43 21.7 0.01 0.14 1.94
� 10:43 < v < � 6:03 18.6 0.03 0.25 2.27
� 6:03 < v < � 3:39 17.8 0.05 0.30 1.76
� 3:39 < v < � 2:29 15.4 0.07 0.30 1.26
� 2:29 < v < � 1:19 13.0 0.17 0.53 1.64
� 1:19 < v < � 0:09 11.0 0.76 1.52 3.10
� 0:09 < v < 1:01 10.5 2.88 2.65 2.69
1:01 < v < 1:89d 10.5 3.92 � � � � � �
1:89 < v < 2:55d 10.5 1.31 � � � � � �
2:55 < v < 3:65 10.5 0.58 0.77 1.08

aVelocity rangesare the samerangesas the onesin Figure 5.2.
bAverage excitation temperature at the given velocity range, using

Equation A.9, except for last four rows, where �Tex = 10:5 (from previous
chapter).

cRadial component only. Value not corrected for the inclination of the
out
o w axis with respect to the plane of the sky.

dAmbient cloud velocity range.

Mass

In Table 5.4 we list the massfor each of the velocity rangesshown in Figure 5.2.

The masswas obtained using our high-resolution (IRAM 30 m) 12CO(1{0) and
13CO(1{0) data, with the proceduredescribed in Chapter 4. The only di�erence

in the procedureis the useof the averageexcitation temperature ( �Tex), given in

Table 5.4, to estimate the out
o w massof a given velocity range (rather than

using Tex = 10:5 for all velocities). Notice that the massof the \ambient cloud"

velocity range(1:01 < v < 2:55 km s� 1) is approximately the sameas the sum of

the rest of the velocity ranges.This implies that in this region the out
o w massis

approximately the \ambient cloud" mass.We �rst noticed this with our large-scale

CO maps(Chapter 4), and its importance is discussedthere.
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5.3.2 The region surrounding HH 215 and PV Ceph

(hh215)

The other region studied at high resolution with the IRAM 30 m telescope is

the area surrounding the out
o w source,PV Ceph. This area is where most of

the southern (redshifted) out
o w resides(seeFigure 5.1). In addition, the area

observed also covers the area north of PV Ceph where the chain of �v e optical

knots that make up HH 215 have beendetected(GKW). We call this whole area

the hh215region. We note that in this region, the central ambient cloud velocity is

vo south = 2:5 km s� 1 (seeChapter 4), and so out
o w velocities in the hh215region

are de�ned as the observed velocity minus 2.5 km s� 1.

12CO(2{1) emission

In Figure 5.5 we show the integrated intensity, over di�eren t velocity ranges,of the
12CO(2{1) in the hh215region. Notice that not all velocity integration rangeshave

the samewidth. The di�eren t rangesof integration werechosento group di�eren t

velocity (spectral) channelswith similar 12CO(2{1) emissionstructure.

The most blueshifted velocity range in which we detect 12CO(2{1) emission

in this region is shown in Figure 5.5a. The blueshifted molecularout
o w emission

in this velocity range (� 0:15 < v < 0:74 km s� 1) is concentrated at the source

and north of it. The emissiondetectedsouth (and southeast)of the sourcein

Figure 5.5a is from another cloud in the sameline of sight (cloud X) which we

detect in our large scale12CO and 13CO maps (seeFigures 4.2 and 4.3). The

blueshifted 12CO(2{1) out
o w emissionin Figure 5.5a is very poorly collimated

|unlik e the out
o wing redshifted emissiondiscussedbelow| nor doesit show the

nice bow shock structure observed in the hh315b+c region.

In Figure 5.5b we show the (blueshifted) 12CO(2{1) integrated emission

over the velocity range between1:62 < v < 2:06 km s� 1. We do not include an

integrated velocity map for velocities between0.74and 1.62km s� 1, sinceat these

velocities the 12CO is dominated by the emissionfrom cloud X all through the
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Fig. 5.5.| Velocity-range-integrated intensity maps of the 12CO(2{1) emissionsurrounding PV
Ceph, HH 215, and the southern redshifted out
o w lobe (i.e., the hh215 region, seeFigure 5.1).
The velocity range of integration is shown at the top of each panel. The starting contour and the
contour steps are given in brackets at the lower-right corner of each panel in units of K km s� 1.
The star symbol denotes the position of the out
o w source, PV Ceph, and the crossesdenote
the position of the di�eren t HH 215 knots 1 through 5 (from GKW), identi�ed in panel [a]. The
IRAM 30 m beam at the 12CO(2{1) frequency is also shown on panel [a]. The letter inside the
panels identify the position from which we obtain the spectra shown in Figure 5.8. Each letter
represents the position of the spectrum shown in the panel (in Figure 5.8) with the sameletter.
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mapped region, and so no out
o w featuresare observed. The velocity range in

Figure 5.5b includes velocities as closeas � 0:5 km s� 1 to the central ambient

velocity of 2.5 km s� 1, so there is someambient cloud emissioncontribution to

the 12CO(2{1) emissionat thesevelocities. The contours were chosento show the

brightest features. It can be seenthat the emissionpeaksnear the position of

PV Ceph and extendsnorth with a fan-like structure (with an opening angle of

� 90� ). This wide-anglestructure doesnot resemble any cloud structure observed

in our large scalemaps. Thus, we believe that the emissionnorth of PV Ceph in

Figure 5.5b comesfrom the slowest, detectable(blueshifted) out
o w emissionin

the hh215region. This slow out
o w gashasa morphologywhich is consistent with

it being entrained by a wide-anglewind. We further discussthis in x5.4.3.

The emissionsouth of PV Ceph in Figure 5.5b is ambient cloud emission,

which we easily identify with a structure seenin our large scalemaps. Notice that

this emissionsouth of PV Ceph in Figure 5.5b delineatesthe walls of the cavit y

clearedby the redshifted out
o w lobe (Figures 5.5c and 5.5d). This cavit y is also

observed in our large-scalemap and we discussits importance in Chapter 4.

Betweenvelocities 2.06and 3.16km s� 1, the detected12CO(2{1) comesfrom

(extremely optically thick) ambient emission,which shows no (or very little)

structure. The slowest detectableredshifted out
o w emissionis at v � 3:2 km s� 1,

and it is easily identi�ed asout
o w gasfrom the obvious non-cloud-like morphology

of the gasemission.

The redshifted out
o w gas shows a very peculiar structure, very di�eren t

from the wide-angleblueshifted out
o w emissiondiscussedabove. At the lowest

redshifted velocities (Figure 5.5c) the 12CO(2{1) integrated intensity peaksat the

position of PV Ceph and has a cometary-like extensiontowards the east, and a

collimated (jet-lik e) extensiontowards the south. The east-west cometary-like

structure is only clearly detectedat the velocities between� 3.2 and 4.2 km s� 1

and extends further than the eastern limits of our map. We believe that this

cometary-like structure is associated with the motion of PV Ceph through the

cloud (seeGoodman & Arce 2002). The north-south structure seenin Figure 5.5c
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extendsabout 1.750 (� 0:25 pc), and resembles a curving (or wiggling) CO jet,

with an eastward bent at � 10 south of PV Ceph.

At high (redshifted) out
o w velocities (seeFigure 5.5d) we detect a north-south
12CO structure similar to the one seenin Figure 5.5c. The east-west cometary

structure seenin Figure 5.5c is not detected at thesevelocities. About 50 to

6000south of PV Ceph there is a \bump", where the collimated north-south

structure widens. As discussedlater (x5.4.3), this bump is most probably due to

the entrainment of the ambient gasby a redshifted counter-episode of HH 215

(seeFigure 5.5). South of the bump the jet-lik e structure continues,and it ends

about 20 (� 0:29 pc) south of PV Ceph, slightly further south than the north-south

structure in Figure 5.5c.

13CO emission

In Figure 5.6 we show three di�eren t velocity-integrated intensity maps of the
13CO(1{0) emissionin the hh215 area. Similar to the other velocity-integrated

maps presented here, the rangesof integration were chosento group di�eren t

velocity (spectral) channelswith similar 13CO(1{0) emissionstructure.

Figure 5.6a shows the most blueshifted 13CO emissionin the hh215area, at

velocities between1.73 and 2.28 km s� 1. The velocity range is very narrow (only

0.55 km s� 1 wide) and the velocities are closeto the central ambient gasvelocity

(2.5 km s� 1). The blueshifted 13CO integrated intensity map (Figure 5.6a) shows

a clear V-shaped structure with its apex at the position of PV Ceph. As shown

in Figure 5.7, this 13CO structure is coincident with the the optical re
ection

nebula north of PV Ceph (Cohen et al. 1981;Gledhill, Warren-Smith, & Scarrot

1987; Levreault & Opal 1987; Neckel et al. 1987Scarrot, Rolph, & Tadhunter

1991;RBD; GKW), and enclosesthe wide-angle12CO(2{1) blueshifted out
o w

seenin Figure 5.5b. Thus, it appearsthat 13CO in this velocity range traces the

limb-brightened walls of a wind-blown cavit y. We will discussthis further in x5.4.3.

The other two velocity-integrated intensity maps of 13CO(1{0) comefrom
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the position of the spectrum shown in the panel (in Figure 5.8) with the sameletter.
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Table 5.5. Massat di�eren t velocity rangesin hh215

Velocity Rangea Mass Momentumb Kinetic Energyb

[km s� 1] [M� ] [M� km s� 1] [1043 erg]

� 0:15 < v < 0:74 0.01 0.03 0.06
1:62 < v < 2:06 0.94 0.43 0.23
3:16 < v < 4:15 1.31 1.25 1.28
4:15 < v < 6:46 0.27 0.30 1.51

aVelocity rangesare the samerangesas the onesin Fig-
ure 5.5.

bRadial component only. Value not corrected for the in-
clination of the out
o w axis with respect to the plane of the
sky.

redshifted velocities (comparedto the ambient cloud velocity of 2.5 km s� 1). The

velocity rangeof Figure 5.6b is 3:15 < v < 3:71 km s� 1, which is the slowest (less

redshifted) half of the velocity rangein Figure 5.5c. The 13CO integrated intensity

emissionin Figure 5.6b resembles (and coincideswith) the east-west cometary-like

structure in the 12CO(2{1) integrated intensity map in Figure 5.5c. In addition

to the east-west structure there is a low-emissionnorth-south elongation, which

coincideswith the north-south 12CO(2{1) jet-lik e structure in Figure 5.5c. The
13CO north-south structure extendsonly � 1:30 (0.18 pc) south of PV Ceph.

The most redshifted13CO emissionin the hh215regionis shown in Figure 5.6c.

The velocity rangeof integration is 3:71 < v < 4:15 km s� 1, which is the fastest

(more redshifted) half of the velocity range in Figure 5.5c. At thesevelocities

the 13CO emissionis very weak comparedto the other velocities shown, and the

maximum emissionis just south of PV Ceph. In Figure 5.6c the east-west and the

north-south structures have the sameweak intensities.

In Table5.5we list the massfor each of the velocity rangesshown in Figure 5.5.

The masswas obtained using our IRAM 30 m 12CO(1{0) and 13CO(1{0) data,
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Fig. 5.8.| Sample12CO(2{1) (black) and 13CO(1{0) (grey) spectra of the hh215region. Panels
[a] through [g] show spectra from the positions shown in Figures 5.5 and 5.6. The spectra shown
in panel [d] comesfrom the position of the out
o w source,PV Ceph. Each spectrum ([a] through
[g]) was taken from a single 700by 700pixel, of a molecular line map convolved with a 1400beam.
In panel [h] we show the averagespectra over the whole hh215 region. The dotted vertical line
indicates the position of v = 2:5 km s� 1.
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using the proceduredescribed in Chapter 4 (with Tex = 10:5 for all velocity ranges).

In Figure 5.8 we show sample12CO(2{1) and 13CO(1{0) spectra from the hh215

region.

5.3.3 The region surrounding HH 315E

The sensitivity of our observations in the hh315eregion is similar to that of the

other regions(seeTable 5.3). So, if the column density of the out
o wing CO gas

in the hh315eregion weresimilar to that of the other regions,then out
o wing CO

should be easily detectable. But, even though HH 315E is the counter-knot of

HH 315B |where we detect CO with the highest blueshifted out
o w velocities|

we do not detect any out
o w emissionit the region surrounding the optical knot

HH 315E.

In Figure 5.9 we show an average12CO(2{1) spectrum of the hh315eregion.

The spectrum does not show any redshifted low-level wing, or another velocity

component redshifted from the ambient emission,as might be expected for a

redshiftedCO out
o w lobe spectrum. Instead, the spectrum shows mainly ambient

gasemissionfrom the cloud associated with PV Ceph (the \PV Ceph cloud"),

which peaksat v � 2:5 km s� 1 (seeChapter 4). The bump in the spectrum seen

at blueshifted velocities is due to \contaminating" emissionfrom another cloud on

the sameline of sight (cloud X, seeChapter 4). We �t a double Gaussianto the

averagespectrum and from the �t we obtain that the PV Ceph cloud component

(centered at � 2:5 km s� 1) hasa width (FWHM) of � 0:8 km s� 1. Even if we �t a

singleGaussian,the resultant velocity width is 1.1 km s� 1.

A 12CO(2{1) spectrum with such a narrow velocity is usually observed in

quiescent ambient gasclouds, rather than in regionsa�ected by stellar out
o ws.

HH knots delineateshocks arising from the interaction of a high-velocity 
o w of gas

ejectedby a young stellar object and the ambient medium. Thus, we know that

the out
o w massejection responsible for the HH 315E optical knot is interacting

with its surrounding medium becauseHH 315E is detected. It is strangethat even

though the column density of the ambient gasin the hh315eregion is more than
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v = 2:5 km s� 1. The main component, with a peak in Tmb at v = 2:5 km s� 1, is due to ambient
gasfrom the cloud associated with PV Ceph. The bump in the spectrum at blueshifted velocities
is due to emissionfrom another cloud on the sameline of sight.

the column density of the ambient gassurroundingHH 315B,we seeno evidenceof

out
o w-cloud interaction in our CO spectra. One possibleexplanation is that the

relatively high CO column density observed is all (or mostly) due to CO in front

of HH 315E,and that HH 315E is interacting only with atomic gasbehind the PV

Ceph cloud.

5.4 Analysis and Discussion

5.4.1 Temp erature distribution

We use our 12CO(1{0) and 12CO(2{1) data in concert to study the excitation

temperature (Tex) acrossthe mapped regions. We then use the estimate of the

temperature variations in our map to discernbetweendi�eren t molecular out
o w

entrainment models. The theory (and equations) usedto obtain the excitation

temperature from the 12CO(2{1) to 12CO(1{0) ratio are discussedin Appendix A.

Sinceestimating the excitation temperature of optically thick (� > 1) gasis

very unreliable, we will only try to estimate the excitation temperature of optically
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thin (� < 1) CO gas. And so, in our temperature estimateswe will usethe optically

thin approximation of Equation A.3, that is, Equation A.9.

We warn that Equation A.9 is only exact in the optically thin limit (� << 1).

For example,using Equation A.9 with gaswith an opacity as low as � � 0:1 would

lead to an underestimationof the real excitation temperature (seeFigure A.1). If

� � 0:1, the discrepancystays within 20% for CO line ratios lower than 2.5, but

for line ratios higher than 2.8, the error in Tex exceeds40%. In any case,it still

true that for any given opacity, the higher the line ratio, the higher the excitation

temperature. So even though Equation A.9 doesnot give a perfect estimate for

� �> 0:01, we can still useit to investigatethe relative temperature distribution.

The hh315b+c region

To estimatethe excitation temperature of the out
o w gasin the regionsurrounding

the optical knots HH 315B and HH 315Cwe usedvelocity-integrated mapsof the
12CO(2{1) and 12CO(1{0) lines. For each velocity-integrated map, we produced

a map of the line ratio (R12=10), and then a map of the excitation temperature,

using Equation A.9. Five grey-scalemaps of Tex are shown in Figure 5.10 (the

velocity rangesof integration are the sameas Figures 5.2b to 5.2f). Gas with

velocities closeto the ambient velocity are optically thick, and so we do not obtain

an estimateof Tex for gasat thosevelocities. For each grey-scaletemperature map,

we superimposedthe 12CO(2{1) velocity-integrated intensity contours. We only

obtain a value of Tex for pixels with a signal to noiseratio of at least 5, in both
12CO(2{1) and 12CO(1{0). We masked (set Tex = 0) the low signal-to-noisepixels

and those(few) which gave unphysical negative valuesof Tex.

In all panelsof Figure 5.10, there is a discernible trend in which there is a

temperature increasein regionswith high velocity CO emission(seeTable 5.4).

In Figures 5.10a, 5.10b, and 5.10c, the temperature peaksof Tex � 23 � 30 K

coincidewith (or are very near) the peaksin the integrated intensity. The average

excitation temperature in Figure 5.10a is higher than the averagetemperature of

Figures 5.10b and 5.10c (seeTable 5.4). As discussedabove (x5.3.1), the emission
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Fig. 5.10.| Grey-scaleexcitation temperature maps of the CO out
o w gas in the hh315b+c
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grated intensity. The velocity range of integration is shown at the top of each panel. The �rst
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at velocities � 15:27 < v < � 10:42 km s� 1 (Figures 5.2b and 5.10a) seemsto

delineatethe region whereHH 315B is currently entraining the ambient gas(i.e.,

the shock head in a bow shock-drive out
o w). Thus, we seea general increase

in excitation temperature towards the presumedshock head in the out
o w gas

associated with HH 315B.

In Figure 5.10d, where the integrated intensity contours clearly show the CO

bow-like structure associated with HH 315C, the temperature is approximately

constant with a value of Tex � 11 � 13 K in most of the bow shock structure.

Similarly, in Figure 5.10e most of the body of the HH 315C CO shell structure

shows a higher temperature (Tex � 11� 13 K) than the ambient gastemperature

of 10.5 K (as derived in Chapter 4). There is also a general increasein the

temperature at the head of the CO bow structure (in both Figure 5.10d and

5.10e), at about (� ; � )1950 � (20h44m34s; 67� 5303000), wherethe out
o w gasreaches

excitation temperaturesof 25 to 35 K.

The spatial temperature distribution of the high-velocity gasin the hh315b+c

area is consistent with the temperature distribution expected for a molecular

out
o w formed by bow shock prompt-entrainment. Analytical and numerical

jet-driven bow shock models show that the temperature of the acceleratedgas

which forms the molecular out
o w should be higher than the ambient gas. The

temperature is also expected to peak near the bow shock head |where most

of the energy input occurs| and decreasetoward the source(e.g., Hatchell et

al. 1999; Lee et al. 2001) . Similar to the models, our results show that the

out
o w temperature (with Tex > 11 K) is higher that the quiescent ambient gas

temperature (Tex � 10:5 K), and there is a noticeable increasein temperature

near the headof the bow shock-like CO structures coincident with HH 315B and

HH 315C.

Bow shock entrainment modelspredict temperaturesat the headof the shock

of � 103 K (Hatchell et al. 1999)to temperaturesof � 104 K (Lee et al. 2001). The

discrepancybetweenour resultsand the temperaturespredictedby modelscould be

due to a variety of factors. First, as stated above, if the gasis not in the optically
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thin limit, the temperature obtained using Equation A.9, will be underestimated.

Also, it is known that most of the very hot gas(a few 103 K) is traced by near

infrared lines of H2 and not by millimeter molecular lines (Bachiller 1996). In any

case,even if our results do not show the actual (absolute) excitation temperature

of the map, it still givesan indication of the relative temperature variations in the

gas.

The hh215 region

The 12CO gas detected (at most velocities) in the hh215 region is moderately

optically thick (� � 1, seeChapter 4), and so estimatesof the excitation

temperature are very unreliable (seeAppendix A). Hence,we study the relative

temperature distribution by studying the spatial distribution of the CO line ratio

(R21=10).

The map of CO line ratio of the blueshifted out
o w gasin the hh215region

doesnot show any signi�cant structure, and henceis not shown. The only clear

trend in this map is that there is an increasein R21=10 at the position of the source,

implying there is an increasein temperature at the position of PV Ceph.

In Figure 5.11 we plot the averageline ratio along the axis of the redshifted

molecular out
o w lobe. To do this, we determine the averagevalue of R21=10 over

the width of the jet-lik e out
o w lobe, for each row of pixels, and then plot it as a

function of declination o�set from the source.The line ratio shown in Figure 5.11

has a maximum at the sourceposition, then it decreaseswith distance from the

sourceup to about 3600south of PV Ceph. At about 6000south of the out
o w

sourceposition R21=10 reachesa local maximum. Further south, along the out
o w

lobe axis, the CO line ratio stays approximately constant.

Models where the molecular out
o w is formed by turbulent mixing of the

ambient gasalong the sidesof a jet or wind predict that the gas temperature

should have a maximum temperature at (Cant�o & Raga 1991) or very closeto

(Lizano & Giovanardi 1995)the position of the source,and decreasemonotonically
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182 H�ector G. Arce Nazario

with distancefrom the source. Entrainment models where the gas is accelerated

solelyby the leadingbow shock in a jet predict that the gastemperature should be

minimum at the out
o w source,and increasetoward the head of the bow shock,

where the gas temperature peaks. Therefore, the gas temperature distribution

implied by our measurements of R21=10 is not entirely consistent with an out
o w

entrained by the leading jet bow shock nor by a turbulent mixing layer along the

sidesof a jet.

One alternative explanation is that the out
o w is entrained by a time-varying

(pulsed) jet. A time-varying jet will have internal bow shocks (usually called

internal working surfaces)along its axis (see,e.g., Raga et al. 1990; Stone &

Norman 1993b;Lee et al. 2001), and the gastemperature should increaseat the

head of each internal shock. Thus, each local increasein the CO line ratio could

arise from the local increasein temperature expectedat the headof each internal

bow shock. In this picture, the increasein line ratio 6000south of PV Ceph could

be due to the redshifted counter-knot of HH 215(1) |presumably also responsible

for the \bump" in the integrated intensity of the redshifted molecularout
o w lobe

(seeFigure 5.11). We further discussthis in x5.4.3. The increasein temperature

at the sourceposition could arise from an unresolved internal working surfacevery

closeto PV Ceph.

5.4.2 Kinematics and momen tum distribution

Studying the velocity and momentum distribution of the molecular out
o w may

help us distinguish betweendi�eren t entrainment models. It also helps us better

understandhow young stellar out
o ws interact with the ambient gas.

Kinematics of the hh315b+c region

In Figure 5.12 we show a 12CO(2{1) position-velocity (p � v) diagram of the

hh315b+c region. This p � v diagram wasconstructedby rotating our imageof the

hh315b+c region by 43� and summing the 12CO(2{1) spectra at each row of pixels.
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Figure 5.12clearly shows that the velocity peaksat the position of HH 315B,

and decreasestowards the position of the source.This velocity distribution, where

the velocity peaksat the shock head and decreasestowards the out
o w source,

is consistent with models of bow shock-entrained molecular out
o ws. For these

modelssuch velocity structure is a natural consequenceof the fact that the highest

(radial) velocities are found at the head of the bow shock, while the velocity

decreasestowards the wings.

Lee and coworker's recent analytical (Lee et al. 2000)and numerical (Lee et

al. 2001)studiesshow detail p � v diagramsof wide-anglewind-driven molecular

out
o ws. Their results indicate that the p � v diagramsof wide-anglewind-driven

molecular out
o ws have noticeabledi�erences comparedwith the predicted p � v

diagram for bow shock-entrained molecularout
o ws (seeTable 5.1 for a schematic

illustration on this). We do not seeany indication in Figure 5.12 of a structure

similar to that shown in the p� v diagramsof Leeet al. (2000;2001)for wide-angle

wind-driven molecularout
o ws.

Figure 5.12 shows that the highest out
o w velocities are at the head of the

shock (i.e., HH 315B), and that the rise in velocity associated with HH 315B is

restricted to a limited region of no more than 10000(� 0:2 pc). This indicates that

most, if not all, of the entrainment is taking place at the head of the HH 315B

shock. Thus, we totally discard turbulent entrainment along the sidesof a jet (or

wind) as the mechanism responsible for the out
o wing gasassociated with the

HH 315B optical knot, and we suggestthat bow shock entrainment is responsible

instead.

North of HH 315B, there are two more local peaks in the velocity (see

Figure 5.12). Both of the velocity peakscomefrom out
o wing gasassociated with

the HH 315C molecular bow structure. The northernmost local velocity peak is

coincident with the brightest optical emissionin HH 315C,which is also the head

of the optical bow shock. The other local peak in velocity associated with HH 315C

(at � 10000 north of HH 315B) comesfrom out
o w gasin the wingsof the HH 315C

CO bow (seeFigures 5.2c and 5.2d). As discussedabove, a bow shock-entrained
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molecular out
o w should have the peak velocity at the head of the shock, and

no local peak in velocity is expected at the bow wings. The velocity structure

of the out
o wing gas associated with HH 315C does not resemble the velocity

structure of a wide-angle-wind-driven molecularout
o w either (seeLeeet al. 2000;

2001). Turbulent entrainment is again discardedas the headof the shock doesnot

show the slowest velocities in the out
o w, as predicted by turbulent jet models.

Although the kinematicsof the molecularout
o w associated with HH 315Care not

entirely consistent with bow shock entrainment, other piecesof evidencepresented

heresuggestthat bow shock entrainment is still the best candidate (seex5.4.3 for

further discussion).

Momen tum distribution in the hh315b+c region

In order to study the momentum distribution of the blueshifted out
o wing gas

surrounding HH 315B and HH315C, we constructed a momentum map of the

region. The map was producedusing the technique to estimate massdescribed in

Chapter 4. With this method we obtain a map of the out
o w massfor each position

pixel and velocity channel (x; y; v). We multiply the massat each (x; y; v) by the

out
o w velocity corresponding to the given velocity channel (vout = v � vo nor th )

to obtain a momentum at each pixel and channel. By integrating (summing) over

velocity channels[� m(x; y; vi )vout;i = P(x; y)], we obtain a momentum map over a

given velocity range.

In Figure 5.13we show the momentum map of the hh315b+c region, integrated

over the velocity range � 15:27 < v < � 0:09 km s� 1. The bow-like structure of

the out
o wing gas associated with HH 315C is clearly seenin the momentum

map. In this structure the bow wings show more momentum than the headof the

bow. In addition, the southwesternwing has considerablymore momentum than

the northeastern bow wing. The maximum momentum in Figure 5.13 is nearly

coincident with the brightest optical emissionin HH 315B, and it is surrounded

by a region of relatively high momentum extending south and extending east of

the momentum peak. This extensiontraces the bow wings of the HH 315B CO
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bow shock, similar to what is seenin the HH 315CCO bow shock, but at a smaller

scale.

In a bow shock-driven out
o w model the out
o wing gasvelocity peaksat the

headof the bow shock. The momentum (p = mv), on the other hand, is dependent

on the underlying ambient cloud massdistribution (Chernin & Masson1995). If

a bow shock from a stellar wind massejection were to interact with an ambient

gaswith a perfectly uniform density distribution, the resultant molecular out
o w

momentum would peak at the head of the bow shock. This is not the casefor

HH 315C.As discussedin x5.3.1, in this region there is a gradient in the ambient

cloud density (seenin the ambient CO emission,seeFigures 5.2j and 5.2k), which

increasesfrom east to west. This explainswhy the southwest bow wing has more

momentum than the northeast bow wings. Near both southwest and northeast

bow wings the gasis denserthan the gasat the headof the bow structure (we only

detect 13CO emissionnear the HH 315CCO bow wings, seeFigure 5.4). Thus, the

increasein momentum along the bow wings with respect to the bow head. We

concludethat the momentum distribution of the HH 315Cmolecularbow structure

can be explainedby the bow shock entrainment of ambient gaswith non-uniform

density distribution.

The momentum distribution of the out
o wing gasassociated with HH 315B

follows what is expected for a bow shock-entrained out
o w in a relatively 
at

ambient density distribution. As can be seenin Figure 5.2 the out
o wing gas

associated with HH 315B is constrainedto a small area surrounding HH 315B,

and the ambient cloud density is approximately constant within that area. In

Figure 5.13, the momentum peakspractically at the presumedbow shock head,

and the momentum decreasesaway from the head, along the wings, towards the

direction of the out
o w source.

Velocit y distribution in the hh215 Region

Similar to hh315b+c, we studied the velocity distribution of the hh215 area by

constructing a position-velocity diagram of the 12CO(2{1) emission. The p � v,
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shown in Figure 5.14,wasmadeby summingall spectra over the width of the hh215

areaat each di�eren t row of pixels, resulting in a declination-velocity diagram.

There are several interesting features in the hh215 p � v diagram. The

redshifted gas, shows two distinctive velocity peaks;one is coincident with the

position of PV Ceph, and the other is � 6000 (0.15 pc) south of PV Ceph. Most of

the slow redshifted velocity coincident with the out
o w sourceposition comesfrom

the east-west cometary-like structure seenin Figure 5.5c. We believe that most of

this structure is a result of the motion of PV Ceph through its parent cloud (see

Goodman & Arce 2002). So, most of the slow redshifted gasat the position of PV

Ceph is not related to the HH 315 out
o w. Thus, we only considerthe redshifted

gassouth of PV Ceph as being part of the out
o w.

The peak in velocity, � 0:15 pc south of PV Ceph, is coincident (within the

1100beam of the telescope) with the \out
o w clump" (or local maximum in the

out
o wing CO) south of PV Ceph, seenin the 12CO(2{1) velocity-integrated map

shown in Figure 5.5d. A peak in out
o w velocity coincident with the position of

an out
o w clump has beenattributed, in other out
o ws, to be evidencefor bow

shock (prompt) entrainment from a massejection episode (e.g., RNO 43, Benceet

al. 1996;HH 300,Chapter 2).

We believe the optically undetectedredshifted counter-knots of the HH 215

chain of knots (seeFigure 5.5) are responsiblefor the entrainment of the redshifted

out
o w gassouth of PV Ceph. Each of the 3 major blueshifted knots of HH 315

(knots A, B, and C) have a redshifted counter-knot (seeFigure 5.1), and for each

of the three redshifted-blueshiftedknot pairs the distance from PV Ceph to the

blueshifted knot is the same(within 10%) to the distance from PV Ceph to the

corresponding redshifted counter-knot (RBD). One would reasonablyexpect the

samefor the HH 215 knots, and so we believe that the rise in velocity � 0:15 pc

south of PV Ceph is produced by the (unseen)counter-knot of HH 215(1). It

is very probable that optical observations have not detected HH knots in the

corresponding location south of PV Ceph becauseof the high extinction in this

region.
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As discussedin x5.3.2, we detect a wide-angleblueshifted out
o w emission

north of PV Ceph, in the hh215 region. In the p � v diagram (Figure 5.14), the

blueshifted gasshows a Hubble-like velocity distribution; the slowest blueshifted

velocities (detached from the ambient cloud emissionin the p � v diagram) is at

� 0:1 pc north of PV Ceph and the averageblueshifted out
o w velocity increases

with distance from the source,o� our map limits (seeFigure 5.14). Given the

limited coverageof the area, we cannot concludeif such velocity distribution is

consistent with a bow shock-driven out
o w model or a wide-anglewind-driven

molecularout
o w model.

Momen tum distribution in the hh215 region

As discussedin x5.3.2, we are unable to estimate the total massand momentum

from the blueshifted out
o w gas just north of PV Ceph (in the hh215 region)

becauseof contamination from the emissionfrom another cloud in the sameline of

sight. This hinders our abilit y to comparethe total blueshifted momentum with

that expectedby di�eren t entrainment models. Hence,we do not considerit here.

One the other hand, we can study the out
o w momentum distribution of

the redshifted lobe. In Figure 5.15, we plot the averagemomentum along the

redshifted out
o w axis, using a momentum map integrated over the velocity

range of 3:16 < v < 6:46 km s� 1. This plot was constructed by calculating the

averagemomentum at each horizontal row of pixels along the north-south axis of

the out
o w, and then plotting the averagemomentum as a function of distance

from the source. In order to avoid redshifted emissionnot associated with the

redshiftedout
o w lobe (i.e., the cometary-like east-weststructure), we averagedthe

momentum over a restricted area, which only includesthe north-south redshifted

jet-lik e out
o w structure (seeFigure 5.15). The averagemomentum along the

redshifted lobe axis has a maximum at the sourceposition and it decreaseswith

distance from the source. This momentum distribution is very similar to that

predicted by Chernin & Masson(1995) for an out
o w consisting of material

swept-up by a jet bow shock traveling through an ambient cloud with a density
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gradient proportional to r � a, where to 1 � a � 2. In this model the out
o w

momentum decreaseswith distancefrom the out
o w sourcebecausethe ambient

cloud density decreaseswith distance from the young star. The ambient density

of the PV Ceph cloud (as implied by the integrated intensity 13CO maps of the

cloud in Chapter 4) monotonically decreaseswith distancefrom PV Ceph in the

region wherewe detect the redshifted jet-lik e out
o w feature. Therefore, the bow

shock entrainment model of Chernin & Masson(1995) can be usedto explain the

momentum distribution along the axis of the redshifted out
o w lobe in the hh215

region.

5.4.3 Bow shocks, jets, and wide-angle winds

The temperature distribution, the kinematics, the momentum distribution, and

the morphology of the out
o w gas may all be used to deducethe most likely

entrainment mechanism responsible for the molecular out
o w. In this section

we summarizeour results, and discusswhich are the most likely entrainment

mechanismsthat acceleratethe molecular gasof the out
o w associated with PV

Ceph.

Blueshifted CO bow shocks in HH 315C and HH 315B

In Table 5.6 we list the properties of the out
o w gasassociated with HH 315B.

The morphology, as well as the temperature, velocity, and momentum distribution

of the out
o w gasare all consistent with bow shock entrainment models. Thus we

concludethat the out
o w gasassociated with HH 315B is bow shock-driven.

In Table 5.7 we list the characteristicsof the molecularout
o w gasassociated

with HH 315C.Someof the properties listed are both consistent with bow shock

and wide-anglewind entrainment. As discussedbelow, HH 315 is an episodic

out
o w, in which HH 315C and HH 315B comefrom consecutive episodes. The

massejection episode responsible for HH 315B entrains the ambient gaswith a

bow shock, so the sameis expected for HH 315C. It is highly unlikely that two
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Table 5.6. Comparisonof molecularout
o w associated with HH 315B and
entrainment models

Consistent with model?
Parameter Description Figure Turbulent Bow Wide-angle

Jet Shock Wind

Morphology Small bow-like, with wings extend-
ing in direction of out
o w source

5.2 NO YES NO

Temperature Tex of out
o w > ambient Tex , also
increasein Tex at shock head

5.10 NO YES NO

Velocity \Spur-lik e"|maxim um velocity at
position of HH 315B (shock head)

5.12 NO YES NO

Momentum Maximum at bow head 5.13 NO YES NO

consecutive massejection episodes interact with the environment through two

di�eren t mechanisms. Thus, we suspect that the out
o w gas associated with

HH 315B and HH 315C are both produced by the bow shock entrainment of an

episodic jet.

We note that there is still the possibility that the underlying stellar wind

that producesthe out
o w in this area is technically not a jet bow shock, but a

very collimated angle-dependent wind. How a wide-anglewind interacts with the

ambient gasdependson the angular distribution of the wind force (e.g, Matzner

& McKee 1999,and referencestherein). If the wind force is highly concentrated

on the pole, then the wind would essentially be jet-lik e. This jet-lik e wind would

interact with the ambient medium very much like a bona �de jet. Thus, out
o ws

createdby a highly collimated angle-dependent wind and out
o ws createdby a

jet show very similar morphologies,and velocity and momentum distributions

|an y di�erences would be indistinguishable by our observations. Thus, a very

collimated angle-dependent wind, and a bona �de jet will producepractically the

sameentrainment mechanism.
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Table 5.7. Comparisonof molecularout
o w associated with HH 315Cand
entrainment models

Consistent with model?
Parameter Description Figure Turbulent Bow Wide-angle

Jet Shock Wind

Morphology Large and wide shell- (or bow-) like,
with wings extending in direction of
out
o w source

5.2 NO YES YES

Temperature Tex of out
o w > ambient Tex , also
increasein Tex at shell head(coinci-
dent with HH 315C knot)

5.10 NO YES NO

Velocity Double-peaked velocity distribution 5.12 NO NO NO

Momentum Higher in bow (shell) wings due to
underlying ambient density distri-
bution

5.13 NO YES YES

The redshifted CO jet south of PV Ceph

The properties of the redshifted molecular out
o w lobe (south of PV Ceph in the

hh215 region) are listed in Table 5.8. The redshifted out
o w gas in this region

shows a clear jet-lik e (very collimated) structure that extendssouth of PV Ceph

(seeFigure 5.16). Turbulent entrainment hasbeenproposedasan attractiv e model

to explain other molecular out
o ws with similar highly collimated morphologies

(e.g., HH211,Gueth & Guilloteau; and NGC 2024,Richer et al. 1992). But, ascan

be seenin Table 5.8, the morphology is the only characteristic of the redshifted

out
o w lobe that is consistent with turbulent jet entrainment models.

Bow shock entrainment by a variable jet with internal working surfacesseems

to better explain our results. A major internal working surfaceat � 6000 (0.15 pc)

south of PV Ceph may naturally explain all of the following characteristicswhich

are seenthere: 1) the local increasein out
o w gascolumn density (i.e., out
o w

clump or hot spot) seenin Figure 5.5d; 2) the slight rise in the CO line ratio
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Table 5.8. Comparisonof redshifted molecularout
o w lobe south of PV Ceph
and results of entrainment models

Consistent with model?
Parameter Description Figure Turbulent Bow Wide-angle

Jet Shock Wind

Morphology jet-lik e, with wiggling axis 5.16 YES YES NO

Temperature Out
o w Tex > ambient Tex , with lo-
cal maxima at source position and
� 6000 south of sourcealong axis

5.11 NO YES a NO

Velocity velocity peak at source and � 6000

south of source
5.14 NO YES b NO

Momentum Maximum at source, general de-
creasewith distance from source

5.15 NO YES c NO

aConsistent with bow shock entrainment by several internal working surfaces,each responsible
for the rise in temperature.

bConsistent with bow shock entrainment by several internal working surfaces,each responsible
for the rise in velocity. Note, most of the low-velocity redshifted emissionat the sourceposition is
not due to the PV Ceph out
o w.

cConsistent with bow shock entrainment with an underlying ambient density gradient of r � a ,
where 1 � a � 2.

(Figure 5.11); and 3) the peak in out
o w velocity (Figure 5.14). We thus conclude

that the redshifted out
o w gassouth of PV Ceph has most likely beenentrained

by a variable jet with internal bow shocks.

The chain of optical HH knots that form HH 215 is also highly suggestive

of a variable jet morphology. The averageaxis of HH 215 is coincident with the

generalnorth-south axis of the redshiftedmolecularout
o w lobe south of PV Ceph

(seeFigure 5.16). The HH 215knots show a wiggling pattern somewhatsimilar to

the redshifted out
o w lobe axis (seeFigure 5.16). In addition, HH 215(1) |the

brightest knot in HH 215| is � 5500 north of PV Ceph. Thus, we strongly believe

that the redshifted molecular out
o w is entrained by the counter jet of HH 215,

and that the featuresobserved � 6000 south of PV Ceph are produced by the
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counter-knot of HH 215(1).

It is interesting to note that although the out
o w gasin the hh315b+c region

(Figure 5.2) and the redshifted out
o w in the hh215 region (Figure 5.16) are

both presumably entrained by the samemechanism, they have very di�eren t

morphologies. The sourceof this seeminginconsistencyis apparent from the

morphology of the optical HH 315 
o w. Similar to other HH 
o ws [e.g., HH 34

(Reipurth et al. 1986; Devine et al. 1997); and HH 111 (Reipurth et al. 1992;

Reipurth et al. 1997;RBD)] the HH objects which make up the HH 315, increase

in size, the further away they are from the out
o w source. We should expect the

redshifted counter-knots of HH 215, south of PV Ceph, to be as compact and

small as HH 215. Therefore, the redshifted gassouth of PV Ceph has a jet-lik e

appearancebecauseit is most probably entrained by a continuous (unresolved)

chain of small bow shocks, which have a jet-lik e appearance.On the other hand, the

transversesizeof the bow shock responsible for the blueshifted out
o w associated

with HH 315C is larger than the shocks associated with HH 215, and so the CO

out
o w shell-like structure producedis very well resolved by our observations.

Evidence for a blueshifted wide-angle wind north of PV Ceph

The blueshifted 12CO and 13CO gasjust north of PV Ceph, in the hh215region,

shows a wide-anglestructure. The 13CO integrated emissionhasa V-lik e structure

which enclosesthe blueshifted emissionseenin CO (seeFigure 5.7). In addition,

the 13CO V-structure coincideswith the walls of the optical conical re
ection

nebula. Thus, we are con�dent that the observed blueshifted 13CO structure traces

the limb-brightened walls of a wind-blown cavit y. This structure is similar to that

observed in the inner regionsof the B5-IRS1 out
o w (Langer, Velusamy, & Xie

1996;Velusamy & Langer 1998;Yu et al. 1999,hereafterYBB).

Approximately coincident with the cavit y axis, lie the HH 215chain of knots.

Theseoptical knots trace the gasthat has recently beenexcited by a much more

collimated wind than the wind responsiblefor the blueshiftedV-shaped out
o w and
13CO cavit y walls. Therefore,it seemsthat we have two di�eren t wind components
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Fig. 5.16.| 12CO(2{1) integrated intensity contours of the wiggling molecular redshifted out
o w
lobe in the hh215region, near PV Ceph. The contours are the sameasthe left panel of Figure 5.9.
The emission centroid (obtained from Gaussian �ts to the intensity pro�le) is indicated by the
thick black line. The star symbol represents the position of PV Ceph. The crossesrepresent the
position of the HH 215(1) through HH 215(5) knots, and the number besideeach crossindicates
the HH 215 knot number.
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in the northern (blueshifted) lobe closeto PV Ceph: 1) a collimated (jet-lik e) wind

responsible for the HH 215 knots; and 2) a wide-anglewind responsible for the

poorly collimated blueshifted CO immediately north of PV Ceph, and the 13CO

V-shaped structure. A similar two-component wind is observed in the inner region

of the B5-IRS1 out
o w (seeYBB).

There is evidencethat a dual wind component is also present in the southern

(redshifted) lobe of the out
o w associated with PV Ceph. As discussedabove,

the collimated out
o w lobe south of PV Ceph is most probably produced by a

variable jet (the counter jet of HH 215). We do not detect a wide-anglewind in the

redshiftedlobe south of PV Ceph,but optical observations of the regioncloseto PV

Ceph (Gledhill et al. 1987;Levreault & Opal 1987;Neckel et al. 1987;RBD) have

detecteda fan-shaped re
ection nebula south of PV Ceph, similar to the re
ection

nebula north of PV Ceph (seeFigure 5.7). It is very probable that the redshifted

molecular gas emissionof the wide-anglewind south of PV Ceph is \hidden"

under the optically thick ambient cloud emissionof the region. Interferometric

observations of the area will certainly help us detect the limb brightened walls of

the southern cavit y, as interferometric observations are excellent for �ltering out

large scalecloud structures.

A model which allows for the coexistenceof both wide-angledand a very

collimated wind is neededto explain the out
o w from PV Ceph, similar to the

B5-IRS1 out
o w (YBB). So, we come to a similar conclusionas YBB do for

B5-IRS1: we can best describe the sum of all the observations of the PV Ceph

out
o w near the sourcewith a two-component model or a single-wind model in

which the wind splits into a very collimated (axial) component and a wide-angle

component. Of the latter categoryof models, the X-wind (Shu et al. 1994a;Shu et

al. 1994b;Najita & Shu 1994;Ostriker & Shu 1995;Shu et al. 1995) is the most

popular (but there are other models of the samecategory, e.g., Lery et al. 1999).

In the X-wind model the out
o w originates in the boundary layer betweenthe

accretion disk and the stellar magnetic �eld (the X-point), and the out
o w is

acceleratedalongmagnetic�eld lines. At the baseof the out
o w (near the X-point)

the wind originates as a very wide-anglewind, with all streamlines(except the
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equatorial one) slowly convergingto the rotational pole of the youngstar at in�nit y

(Shu et al. 1995). The streamlinesclosestto the pole will focustowards the pole the

closestto the star. Thus, the innermost streamlineswill collimate into a \jet-lik e"

wind at distancesfrom the young star as closeas � 300 AU (Shanget al. 1998).

The streamlineswhich do not focus fast enoughtowards the pole will produce a

wide-anglewind.

As mentioned above, the other possiblekind of model which could explain the

observed characteristicsof the PV Ceph 
o w near the source,is a two-component

wind model. One example is the MHD model of Hirose et al. (1997), where

two types of out
o ws having di�eren t origins form in the vicinit y of the young

star-circumstellar disk system. The highly collimated (or jet-lik e) component

is launched in the interface between the young star's magnetosphereand the

circumstellar disk. The other, lesscollimated (wide-angle)wind component comes

from the disk and is acceleratedby the large-scalemagnetic �eld which penetrates

the extendedregionsof the circumstellar disk (seealsoKudoh & Shibata 1995,and

referencestherein).

5.4.4 Episo dicit y and axis wandering of the HH 315 
o w

Episo dicit y

Previous optical studies have pointed out the possibleepisodic nature of the

HH 315 giant HH 
o w (GKW, RBD). The optical evidencefor the episodicity of

HH 315 comesfrom the fact that each of the three major HH knots in each lobe

is about 0.35pc from each other, with no HH-like emissionbetweenthem. An HH

knot is producedby the shock arising from the interaction of a high-velocity 
o w

of gasejectedby a young star and the ambient medium. In HH 315, the HH knot

pairs C-F, B-E, and A-D (seeFigure 5.1) are thought to arise from three di�eren t

massejection episodes.

Our millimeter line data show further evidencefor the episodic nature of the

HH 315 
o w. The out
o w gassurrounding the HH 315B and HH 315C knots
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has a spatially discretestructure (Figure 5.2) which shows a shell-like or bow-like

structure at the position of each of the two knots. At the head of each of these

shell-like structures there is an increasein out
o w velocity (Figure 5.12). A velocity

increaseat the position of the optical HH knots A, B, C, and D is alsoobserved in

the large-scale12CO(2{1) p � v diagram of the HH 315out
o w (Figure 4.11). Such

morphology and velocity distribution in the molecular out
o w gasis not expected

if the underlying stellar wind responsiblefor the creation of the molecularout
o w

were madeof a continuous constant 
o w of ejectedmass. The multiple CO shell

structure, and the peak molecular out
o w velocity at the head of the shock (the

position of the HH knot) is better understood if the molecular out
o w from PV

Ceph is formed by a wind with sporadic episodesof copiousmassloss(seeArce &

Goodman 2001a/Chapter3).

Wandering ejection axis

The fact that the ejection axis of HH 315 changesover time has been well

establishedby the optical imagesof the 
o w, where it is clearly seenthat the HH

knots trace an S-shaped path. Tracing a line from PV Ceph to the location of each

knot, it is seenthat each major knot has a di�eren t position angle on the sky.

Each massejection should travel in a straight line after being ejectedby the young

star, unlessit collideswith a denseclump which could changeits tra jectory. Our

large scalemolecular gasmaps (Chapter 4) do not show any evidencefor dense

clumps which could have perturbed the ballistic tra jectory of any ejection. Thus,

the HH knots in HH 315are at di�eren t angleswith respect to PV Ceph, because

PV Ceph's angleof ejection is changing over time (i.e., wandering or precessing).

GKW have successfullyreproduced the morphology of the HH 315 
o w with a

simple precessionmodel, assuminga jet velocity of 200 km s� 1, a precessioncone

with full opening angleof � 45� , an inclination to the plane of the sky of � 10� ,

and a precessionperiod of about 8300yr. Goodman & Arce (2002) show that a

westward motion of PV Ceph, in addition to a time-varying ejection angle,explain

the position of the HH knot pairs (A-D, B-E, and C-F) with respect to the source

better than modelswithout transversesourcemotion.
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In addition to the \precession" (or changein ejection angle) traced by the

optical HH knots, our millimeter CO data for the redshifted out
o w gas in the

hh215regionshow signsof a small scaletime-varying ejection angle. In Figure 5.16

we show the integrated intensity contours of the redshiftedgasin the hh215region,

integrated over the velocity range where we detect out
o w emission. We made

east-west intensity cuts for all pixel rows, for the extent of the north-south (jet-lik e)

out
o w structure. Most of the cuts show Gaussian-like intensity pro�les, so we

�t a Gaussianto each cut and obtained the position of the Gaussiancentroid

from each �t. In Figure 5.16, the thick black solid line plotted over the intensity

contours indicates the position of the integrated emissioncentroid (obtained from

the Gaussian�t) along the length of the redshiftedCO jet-lik e structure. Assuming

the emissioncentroid indicates the position of the out
o w axis, we can state that

the axis varies in direction over time (it wiggles). Similar wiggling morphologyhas

beendetectedin optical HH jets (e.g., Heathcoteet al. 1996)and other molecular

out
o ws (e.g., Davis et al. 1997).

In Figure 5.17a we plot the presumedtra jectory of the jet axis, traced by the
12CO(2{1) velocity-integrated intensity centroid. It can be seenin Figure 5.17a

that the points trace a sine-like path with a slope. We �t the centroid path with

a straight line, and we then subtract the �t to the points, and show the result in

Figure 5.17b. A sinewave wassubsequently �tted to the slope-correctedpoints (see

Figure 5.17b). Notice that the points at the peaksand valleys (of the sinusoidal

trace) increasinglydeviate from the sine �t, the furthest away from the source.

This behavior, where the axis traces a cone(projected on the plane of the sky)

rather than a cylinder, is suggestive of a \precessioncone" expectedfor a 
o w with

a quasi-periodic time-varying ejection axis (due to pure periodic precessionor to a

quasi-periodic random wanderingof the ejection axis).

Assuming the sinusoidal appearanceof the redshifted lobe comesfrom a

purely periodic precessionin the ejection axis, we may use the \w avelength"

(� � 28; 820 AU) of the sine �t made to the points in Figure 5.17b to obtain a

precessionperiod. If we assumea jet velocity of 200 km s� 1 (the sameas GKW

and RBD), we then obtain a precessionperiod (T = �=v j et) of � 680yr.
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�t to the points, and the resultant �t parameters are shown. Axes are in arcsecondo�sets and
distance in AU from the source. In both panels, the errors shown are 3-� errors.
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Tidal interactions betweenbinary components and a circumstellar disk is

one possiblemechanism which could induce precessionon a young star. Terquem

et al. (1999) give an approximate expressionfor the precessionperiod of a disk

around a young star in a binary system,wherethe disk surroundsonly the primary

star. The expressionis given in terms of the primary mass(M p), the massratio of

the two stars, the disk radius (R), and the binary separation(D). Observations

show that if PV Ceph has a binary companionit must be lessthan 50 AU apart

(Leinert et al. 1997). We can useEquation 1 in Terquem(1999) and solve for the

binary separation,to seeif a precessionperiod of � 680yr is possiblefor a binary

systemwith a separationof lessthan 50 AU betweenits members. If we assume

PV Ceph is the primary star with a massof 4 M� (Fuente et al. 1998a),a primary

to secondarymassratio of about 0.25, and a 15 AU disk radius, then a binary

separationof � 21 AU would be neededto drive a precessionwith a period of

680yr. Even if we wereto changeour assumptionsto a primary-to secondarymass

ration of 1 and a disk radius of 25 AU, the binary separationwould be 43 AU.

Thus, it is possiblethat the wiggling of the jet is due to precessionof the out
o w

sourceinduced by tidal interactions betweenPV Ceph, a yet undetectedbinary

companion,and PV Ceph'scircumstellar disk.

The precessionperiod of � 680 yr, from our observations of the wiggling

redshifted CO out
o w lobe, is about a factor of 12 lessthan the precessionperiod

obtained by GKW (from modeling the tra jectory traced by the optical HH knots in

HH 315). This apparent di�erence in precessionperiod seemsto indicate that: 1)

the precessionperiod is changingover time; or 2) there aretwo di�eren t mechanisms

which are responsiblefor the di�eren t apparent precession-like motions.

Theoretically, the ejection of a third companionin a hierarchical triple system

could lead to the formation of a tighter binary (seeReipurth 2000for moredetails).

But, in the caseof PV Cephthe tightening of the binary systemwould had to occur

in a very short time-scaleof 2000yr.1 In addition, it is extremely coincidental

that we would be observingPV Ceph right at the moment after the tightening

1This is the approximate time-scalebetweenthe eruptions responsible for the HH 215 chain of
knots and the HH 315A-D knot pair (seeFigure 5.1), assumingvj et � 200 km s� 1.
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of the binary system. Thus, it is highly unlikely that this scenarioapplies to PV

Ceph. It seemsmore likely then, that the large-scaleaxis wandering is due to

someother (unknown) mechanism. Someother possiblemechanismswhich could

produce precession-like motions of the out
o w ejection axis are: changesin the

out
o w source'smagnetic �eld orientation; or a precession-like motion induced by

tidal interactions of multiple stellar companionsand their circumstellar disks.

In summary, we may explain the short-time scaleaxis wandering observed in

the HH 315out
o w by circumstellar disk precession.But, it is highly unlikely that

the samemechanism is responsiblefor the large-scaleaxis wandering.

5.5 Summary

We observe, at high velocity and spatial resolution, the moleculargassurrounding

several knots of the giant Herbig-Haro 
o w HH 315, from the young star PV Ceph.

The observations wereaimed at studying the interaction betweenthe HH 
o w and

the ambient gas. The data obtained include simultaneousobservations, at the

IRAM 30 m telescope, of the 12CO(1{0), 12CO(2{1), and 13CO(1{0), molecular

lines. The three regionsobserved include: 1) an areasurrounding two blueshifted

knots (HH 315Cand HH 315B) about 0.9 to 1.2 pc northwest of PV Ceph; 2) an

areawhich includesthe gassurrounding the out
o w source,the HH 215blueshifted

optical knots 2000to 5500north of PV Ceph, and the collimated redshiftedmolecular

gassouth of PV Ceph; and 3) an area surrounding the redshifted optical knot

HH 315E,about 0.9 pc southeastfrom the out
o w source.The main points derived

from our study can be summarizedas follows:

1) We �nd that the blueshiftedout
o w gasin the regionsurroundingHH 315B

and HH 315Chasclearly beenacceleratedby bow shock entrainment of an episodic

jet. The molecularout
o w gasshows a spectacularbow-shock-shaped morphology,

which hasa width of about 0.4 pc at the slowest out
o w velocities. The headof the

CO out
o w bow structure coincideswith the position of the bow-shaped optical

knot HH 315C. There is also blueshifted molecular out
o w gascoincident with
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the optical knot HH 315B which exhibits a structure suggestive of a bow shock

morphology. A bow-like structure coincident with each knot, and the fact that both

the excitation temperature and the velocity of the out
o w gasshow peaksat the

position of the headof each bow-like structure, are all consistent with an out
o w

formed by two di�eren t bow shocks. Each of thesetwo bow shocks were formed by

a di�eren t massejection episode, whereHH 315Cis the \leading jet head" of the

HH 315giant 
o w, and HH 315B is a shock formed by a subsequent massejection

episode.

2) Near PV Ceph (within 0.3 pc), the stellar out
o w shows evidencefor the

coexistenceof a wide-anglewind and a collimated (jet-lik e) wind. The blueshifted
13CO integrated emissionshows a V-shaped morphology with an opening angle

of � 90� , which is coincident with an optical re
ection nebula. The blueshifted
12CO has a fan-like morphology which �lls the cavit y delineatedby the 13CO

V-shape structure. We concludethat the 13CO traces the limb-brightened walls

of a wide-anglewind-blown cavit y. Along the axis of the wide-angleblueshifted
12CO out
o w lie the previously detectedoptical knots HH 215. Thesesmall knots

delineatethe collimated component of the blueshifted wind north of PV Ceph. We

can best describe the sum of all the observations of the PV Ceph out
o w near the

sourcewith a two-component model (like that of Hiroseet al. 1997)or a single-wind

model in which the wind splits into a very collimated (axial) component and a

wide-anglecomponent (like the X-wind model of Shu et al. 1995).

3) We �nd that the redshifted molecular out
o w lobe south of PV Ceph is

most likely entrained by a variable jet with several internal working surfaces(bow

shocks). The redshifted out
o w hasa collimated wiggling jet-lik e appearance,with

an \average" north-south axis, which extendsto about 0.3 pc south of PV Ceph.

The momentum distribution is consistent with jet bow shock entrainment in an

ambient medium with density decreasingwith distancefrom the source. Also the

velocity and temperature distribution of the molecular out
o w gasare consistent

with it being entrained by a jet with several internal bow shocks. We show that

the same(bipolar) massejection episode responsible for the blueshifted HH 215

knots is also responsible for the entrainment of the redshifted out
o w lobe. There
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has beenno optical detection of the redshifted counter-jet of HH 215 becauseof

the heavy extinction in the region south of PV Ceph.

4) We �nd that the wiggling observed in the redshifted CO out
o w lobe near

PV Ceph is most probably due to a time-varying ejection axis. Assuming the

wiggling is due to precessionof the out
o w source,and a jet velocity of 200km s� 1,

then the precessionperiod is 680 yr. This is about a factor of 10 lessthan the

precessionperiod deducedfrom the large-scaleoptical HH 
o w. We may explain

the short time-scaleaxis wandering observed in the redshifted molecular out
o w

lobe by precessioninduced by tidal interactions between (undetected) binary

companionsand a circumstellar disk. But, it is highly unlikely that the same

mechanism is responsiblefor the large-scaleaxis wandering.

5) We do not detect any out
o w emissionin the region surrounding the

HH 315E optical knot. The CO spectra in this region has a FWHM of only

� 1 km s� 1, and shows no evidenceof out
o w-ambient gas interaction. It is

puzzling to �nd such a narrow CO width in a region presumablya�ected by a

stellar out
o w. It is probable that all of the CO observed at the direction of

HH 315E is in front of HH 315E(on the sameline-of -sight), and that HH 315E is

interacting mainly with atomic gasbehind the molecularcloud.



Chapter 6

A Quan titativ e Comparison

ABSTRACT

We present a reviewof the resultspresented in this thesis,in the context of previous

similar studies. We compile and study a sampleof 5 giant molecular out
o ws

(and their parent clouds), including results from our own studiesof PV Ceph and

HH 300, and three other sourcesfrom the literature. The results from this small

sampleindicate that an \average"singlemolecularout
o w hasenoughenergyand

momentum to potentially disrupt a cloud no more massive than � 80 M� . We

also investigate the current known out
o w activit y in the B18 cloud in order to

study the potential e�ects of multiple out
o ws on their parent cloud. Our �ndings,

combined with other similar studies,suggestthat out
o ws have enoughenergyand

momentum to have a profound e�ect on a cloud's evolution and fate. We alsoo�er

a review of molecular out
o w entrainment studies. Most out
o w studiessuggest

that the bow shock entrainment model �ts the data best. There are, though, an

increasingnumber of out
o w studies which indicate that the observed out
o w

properties are better explainedwith a combination of both a wide-anglewind and

a collimated jet-lik e wind. The episodic and wandering nature of giant out
o ws is

alsodiscussed.
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6.1 Out
o w-cloud in teraction

6.1.1 Disruption of a cloud by a gian t out
o w

The results of this thesis have provided a signi�cant contribution to our

understanding of giant HH 
o ws e�ects on their surroundings. Our study of

HH 300 (Chapter 2) shows that this giant HH 
o w has not only been able to

create a parsec-scaleCO out
o w, but also that it has been able to accelerate

medium-density gas (n � 103 cm� 3) up to distancesof about 1 pc away from

the out
o w source. The linewidth of the medium-density gas (traced by our
13CO observations) has also beenenhancedalong the 1 pc-length of the out
o w.

Thus, the HH 300 
o w has a�ected the velocity and spacedistribution of the

medium-density gas in its host cloud, in ways that can lead to cloud dispersal.

Our study of the HH 315 
o w (Chapter 4) shows that this 2.6-pc long HH 
o w

is severely e�ecting the density and kinematic distribution of its parent cloud

at a distanceas far as 1.5 pc from the source. We �nd that the southern lobe

of the stellar wind from PV Ceph has beenable to create a cavit y in the cloud

near the source. The northern lobe has beenable to push more than 6 M� of

medium-density gasin a shell-like structure, and is also responsible for a velocity

gradient in the ambient gas. Moreover, our results indicate that both the HH 300

and HH 315 
o ws have injected the surrounding moleculargaswith kinetic energy

comparableto their respective clouds' gravitational binding and turbulent energy.

The results of this thesis, in combination with the other (few) existing studies

(seeChapter 1), show the disruptive e�ects that out
o ws can have on their parent

cloud. But, can we yet generalizeand state that giant HH 
o ws could be the main

disrupting agent of a molecularcloud?

We searched the literature for parsec-scaleHH 
o ws that had createdgiant

(linear extent of 1 pc or more) CO out
o ws in non-crowed sitesof low- to mid-mass

star-formation. We restricted our literature search to giant molecular out
o ws

studies which include correctionsfor gasopacity when calculating the out
o w's

massand/or had addedthe massof the slow molecularout
o w component traced
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by 13CO (similar to our studies of HH 300 and PV Ceph). This correction is

very important, as not correcting for the opacity of optically thick gasand not

including the slowly moving out
o wing masstraced by the 13CO may result in

an underestimation of the out
o w gasby a factor of �v e to ten (seeChapter 2;

Moriart y-Schieven & Snell 1988;Tafalla & Myers 1997). Also, we restricted our

search to giant HH 
o ws in cloudswhich have beenmapped in 13CO .

The search yielded only three more out
o ws in addition to the two out
o ws

presented in this thesis (seeFigure 6.1; Tables6.1 and 6.2). Theseare: 1) the

L1551-IRS5molecularout
o w in the L1551cloud in Taurus;2) the L1228molecular

out
o w producedby the HH 199 
o w, from the sourceIRAS 20582+7724,in the

L1228cloud; and 3) the B5-IRS1 molecularout
o w in the B5 cloud in Perseus.All

of the large-scale13CO cloud maps (from which we obtain the data presented in

Table 6.2) have telescope beamsno larger than 1.60. Table 6.1 shows the physical

properties of each of the �v e out
o ws in our sample. In Table 6.2 we show the

properties of the �v e di�eren t parent molecularcloudswhich harbor the molecular

out
o ws shown in Table6.1. In Table6.3 we show the potential e�ects each out
o w

hason its parent cloud, using the out
o ws' and clouds' physical parameters.

As it should be expected,the quantities shown in Tables6.1, 6.2, and 6.3 have

uncertainties. The distanceto the cloud hasan uncertainty not more than a factor

of two. The major sourceof uncertainty in the estimatedmassof the out
o ws and

cloudscomesfrom the uncertainty in the assumedratio of H2 column density to
13CO column density (NH 2 =N13). The uncertainty in NH 2 =N13 is about a factor

of 2 to 3 (Frerking et al. 1982). The uncertainty in the out
o w inclination angle

(i ) could result in uncertainties in the out
o w momentum and kinetic energyby

factors of 3 to 4 and 10 to 20, respectively.

The very small sampleshown in Table 6.3 (seealsoFigure 6.2) indicates that

most giant molecularout
o ws have kinetic energiescomparableto (or larger than)

their host cloud's turbulent energy. So,unlessthe coupling betweenout
o w energy

and cloud turbulent energyis very ine�cien t, giant molecular out
o ws should be

able to drive the turbulence inside their host clouds.
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1 pc

1 pc

L1551-IRS5

L1228

(HH 199)

Fig. 6.1.| Maps of 5 giant molecular out
o ws and their host clouds. The grey-scalein all panels
shows the 13CO(1{0) integrated intensity map of the parent cloud. The blue and the red contours
represent the blueshifted and redshifted lobesof the 12CO out
o w. L1551-IRS1: 13CO(1{0) map
basedon Moriart y-Schieven & Snell (1998); 12CO(1{0) out
o w data from Pound & Bally (1991).
L1228: 13CO(1{0) basedon Haikala & Laureijs (1989); 12CO(1{0) out
o w data from Tafalla &
Myers (1997). The dashedbox indicates the 300 by 300 region mapped (with a 1.60 beam) by Bally
et al. (1995), from where they obtain the (lower limit) cloud massestimate (used in this chapter).
Haikala & Laureijs (1989) mapped a larger region (shown in this �gure) with a larger beam size
(� 40), but they do not give a massestimate.
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1 pc

1 pc 1 pc

HH 300
PV Ceph

B5-IRS1

Fig. 6.1.| Continued.
B5-IRS1: 13CO(1{0) map based on Langer et al. (1989); 12CO(2{1) out
o w data from Yu et
al. (1999). HH 300: data from Chapter 2. PV Ceph: data from Chapter 4.
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Table 6.1. Physical Parametersof Giant Molecular Out
o ws

Out
o w Source HH 
o w i a L f l ow
b M f l ow Pf l ow Ef l ow _Ef l ow

c Reference

[deg] [pc] [M� ] [M� km s� 1] [1044 erg] [L� ]

L1551-IRS5d HH 262/264 15 1.2 2.7 46 110 0.45 1, 2

IRAS 20582+7724 HH 199 45 1.7 7.3 11 3 0.01 3

B5-IRS1 HH 366 13 3.1 9.6 51 32 0.13 4

IRAS 04239+2436 HH 300 10 1.0 4.3 18 9 0.03 5, 6

PV Ceph HH 315 10 0.5 1.8 12 10 0.04 7, 8

aAverageout
o w axis angle with respect to the plane of the sky. The values of the out
o w momenta and
kinetic energiesgiven in this Table are corrected by i . In the caseof HH 199, there is no estimate of i , so we
use i = 45� .

bLength of the molecular out
o w which lies inside the parent molecular cloud (corrected by i ).
cOut
o w power = Ef l ow =� f l ow , where we assumeall out
o ws are of, approximately, the sameage: � f l ow =

2 � 105 yr (Parker et al. 1991)

dData have beencorrected for a distance of 140 pc to the Taurus cloud complex.

References.| (1) Moriart y-Schieven & Snell 1998; (2) Snell & Schloerb 1985; (3) Tafalla & Myers 1988;
(4) Yu et al. 1999;(5) Chapter 2; (6) Reipurth et al. 2000;(7) Chapter 4; (8) G�omezet al. 1997.
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Table 6.2. Physical Parametersof Clouds with Giant Molecular Out
o ws

Cloud Rc
a M c

b � V c E tur b
d Egr av

e vesc
f References

[pc] [M� ] [km s� 1] [1044 erg] [1044 erg] [km s� 1]

L1551g 0.65 38 1.0h 2 2 0.7 1

L1228 1.3i 181i 1.5h 22 22 1.1 2

B5 2.2 790 1.0 45 243 1.8 3

B18w 0.55 72 0.8 3 8 1.1 4

PV Ceph 0.7 74 0.6 1 7 0.9 5

aThe cloud radius is half the geometric mean of the two axesof the cloud.

bMass of cloud obtained from the 13CO(1{0) emission,assumingLTE.

cAverageFWHM of the 13CO(1{0) line in the cloud.

dTurbulent energygiven by 3
16 ln 2 M c� V 2.

eGravitational binding energygiven by GM 2
c =Rc.

f Escape velocity of the cloud given by (2GM c=Rc)1=2.

gData have beencorrected for a distance of 140 pc to the Taurus cloud complex.

h� V obtained from Miesch & Bally (1994), assuming� V = 2:355� t .

i In the caseof L1228, the cloud massand radius are lower limits (seeFigure 6.1).

References.| (1) Moriart y-Schieven& Snell1998;(2) Bally et al. 1995;(3) Yu et al. 1999;(4)
Chapter 2; (5) Chapter 4.
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Table 6.3. Comparisonof Giant Out
o ws and their Host Clouds

Out
o w Source HH 
o w Cloud Ef l ow =Etur b Ef l ow =Egr av M esc
a M esc=M c L M H D

b _Ef l ow =L M H D

[%] [%] [M� ] [%] [L� ] [%]

L1551-IRS5 HH 262/264 L1551 5500 5500 66 180 0.03 1500

IRAS 20582+7724 HH 199 L1228 10 10 10 5 0.38 30

B5-IRS1 HH 366 B5 70 10 29 5 0.29 50

IRAS 04239+2436 HH 300 B18w 300 110 17 25 0.04 90

PV Ceph HH 315 PV Ceph 1000 140 13 20 0.03 130

aM esc = Pout =vesc

bInput power, at a length scale equal to L f l ow , neededto maintain MHD turbulence in cloud. The value is given by
L M H D � M cl k (� V )3, where k = 2� =Lf l ow (Mac Low 1999;Stone et al. 1998).
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In Table 6.3 we also show that each giant molecular out
o w possesat least a

substantial fraction of the power neededto maintain the MHD turbulence (L M H D )

in their parent clouds (seealso Figure 6.2). To obtain this estimate we have

assumedthat the out
o w injects energyat a size scaleequal to the molecular

out
o w's length (L f low), and that MHD turbulence is responsible for the 13CO

velocity width (� V) of the clouds. It should alsobe noted that the value of L M H D

is basedon numerical studiesof the energydissipation from uniformly driven MHD

turbulence(Mac Low 1999,Stoneet al. 1998). The simulations useparametersthat

are appropriate to conditions found in molecularclouds. Yet, the spacedependence

of the driving function in thesenumerical simulations (which is uniform throughout

the simulation cube) di�ers substantially with the way out
o ws interact with their

parent cloud. The dissipation rate of MHD turbulence and the value of L M H D

could vary depending on the spacedependenceof the driving force, and thus the

numbers given in Table 6.3 are only rough estimates. Even so, our estimatesof

L M H D can be usedto concludethat giant out
o ws are a sourceof non-negligible

power in clouds, and they should be treated as such in numerical simulations of

MHD turbulence in star-forming clouds.

From our small sample we seethat the three giant molecular out
o ws

(L1551-IRS5,HH 300, and PV Ceph) in small clouds (with radius and massless

than 0.8 pc and 80 M� , respectively) all have kinetic energiescomparableto or

greaterthan their parent cloud's binding energy(seeTable6.3, and Figure 6.3). On

the other hand, the L1228and B5-IRS1 out
o ws, although powerful, do not have

enoughenergyto surpassthe binding energyof their respective clouds |whic h

have massesof more than 180M� and radii of more than 1 pc.

We de�ne the \escape mass" (M esc) as the massthat could potentially be

dispersedby the out
o w, assumingall the out
o w momentum is usedto accelerate

M esc to the cloud's escape velocity, that is M esc = Pf low=vesc. We note that the

molecular out
o ws in our small samplecurrently entrain a masslower than M esc,

but by the end of the out
o w stagethey could easily entrain as much (or more)

massthan M esc. Sincewe do not know how much masswill eventually be entrained

by the out
o w, we useM esc as a measureof the potential disruptive e�ect out
o ws
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Fig. 6.2.| Comparison of out
o w energyand power with cloud turbulence. The left plot shows
the ratio of out
o w kinetic energy (E f l ow ) to cloud turbulent energy (E tur b) for the �v e giant
molecular out
o ws in our sample. The right plot shows the ratio of out
o w power ( _E f l ow ) to the
power neededto sustain MHD turbulence in the given cloud (L M H D ).
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Fig. 6.3.| Comparisonof out
o w energyand momentum with cloud gravitational binding energy
and mass. The left plot shows the ratio of out
o w kinetic energy (E f l ow ) to cloud gravitational
binding energy (Egr av ) for the �v e giant molecular out
o ws in our sample. The right plot shows
the ratio of \escape mass" (M esc = Pout =vesc, seetext) to cloud massfor all �v e out
o ws and their
host clouds in our sample.
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have on their cloud. The L1551-IRS5,HH 300, and PV Ceph out
o ws have

enoughmomentum to potentially disperseabout 20% or more of their respective

cloud's mass(seeTable 6.3 and Figure 6.3). This would have a disruptive e�ect

on the cloud, sincea lossof 20% of the original massof a cloud, would translate

in a decreaseof the gravitational potential energy to 64% of the original value

(depending on how the cloud is de�ned, seex6.1.3). The L1228 and B5-IRS1

out
o ws lie inside cloudswith much more massthan the other three out
o ws, and

so even though L1228 and B5-IRS1 have comparable(or larger) momenta than

the other three out
o ws, they only have the potential to eject about 5% of their

respective parent cloud's mass.

We may concludefrom our limited samplethat a singlegiant out
o w may have

a disruptive e�ect only on relatively small molecularclouds,with linear extents of

1.5 pc (Rc � 0:75 pc) or less,and masslessthan � 100M� . Larger clouds,as one

might expect, are too massive to be dispersedby the energyand momentum input

of a singlegiant out
o w.

6.1.2 Man y out
o ws in one cloud

Clouds with massgreater than � 100 M� typically harbor more than one young

star, so it is possiblethat a combination of giant (and small) out
o ws from all

the young stars in the cloud could inject enoughenergyand momentum to their

surroundingsto be able to disrupt a major fraction of the cloud. An example

of such a cloud is B18 in Taurus. This cloud has a massof 440 M� , and long

and short axesof 5.3 pc, and 2.5 pc, respectively (Heyer et al. 1987a). Therefore

the cloud radius (Rc) is about 1.8 pc; the gravitational binding energy(Egr av) is

9:2 � 1045 erg; and the escape velocity (vesc) is about 1 km s� 1. The B18 cloud has

18 young stellar systems|eac h onewith one to three members (seeFigure 6.4).

In Figure 6.4 we marked the stars which are known to power out
o ws, through

optical studies(HH 
o ws) or millimeter studies(mapped CO out
o ws or large � v

in the CO spectra surrounding the source),or both (seeTable 6.4). We expect

that the vast majorit y (if not all) of the B18 stars are or wereout
o w sources,but



The impact of giant stellar out
o ws on molecularclouds 219

G
al

ac
tic

 L
at

itu
de

Galactic Longitude

Fig. 6.4.| 13CO integrated intensity map of the B18 cloud in Taurus for the velocity range
2:9 < v < 8:9 km s� 1. The map is part of the large scale13CO map of the Taurus molecular cloud
complex from Mizuno et al. (1995). The young stars associated with the B18 cloud are identi�ed.
ClassI stars are represented by white stars, ClassI I stars are represented by solid black triangles,
and Class I I I stars are represented by solid black squares. Known out
o w sourcesare identi�ed
with a black circle. The known length of the out
o w (through millimeter or optical observations)
is indicated by arrows. The out
o w sourcefurthest to the left powers an out
o w which extends
further than the limit of the 13CO map.



220 H�ector G. Arce Nazario

Table 6.4. List of known young stars powering out
o ws in B18

Star Out
o w Comments Reference

IRAS 04239+2436 HH 300 giant HH 
o w, and giant CO out
o w mapped 1, 2

IRAS 04264+2433 HH 414/413 small HH jet nearsource+ oneHH knot 0.2pc
away, no CO observations

3

GV Tau HH 410/411 giant HH 
o w, on sourcepointing shows wide
CO line

3,4,5

ZZ Tau � � � mono-lobe CO out
o w mapped 6

HK Tau � � � wide CO spectra on sourceand north of source 4,7

GK/GI Tau HH 466{468 several HH knots observed near this binary
source,no CO observations

8

IRAS 04325+2402 HH 434{436 one 0.6 pc-long CO lobe mapped and 2.4 pc
long HH 
o w observed (not coincident with
CO lobe)

6, 9

References.| (1) Chapter 2; (2) RBD. (3) Devine et al. 1999;(4) Levreault 1988;(5) Terebey
et al. 1989; (6) Heyer et al. 1987; (7) Lichten 1982; (8) Aspin & Reipurth 2000; (9) Wang et
al. 2001.

the limited past search for out
o ws (and lack of sensitive deepobservations) in the

region have resulted in only 7 known out
o w sources.Two of the seven out
o ws

[HH 300,poweredby IRAS 04239+2436(Reipurth et al. 1997c),and HH 410/411,

poweredby GV Tau (Devine et al. 1999)]are \giant" and were discoveredwithin

just the past 5 years. So there is a high probability that more, as yet undetected,

out
o ws exist in the B18 cloud, but we will only considerthe onesthat have been

detected.

In Figure 6.4 we show the presumedlength of the out
o w denotedby the

extent of the molecular out
o w or by the extent of the HH 
o w. We can seethat

the out
o ws are evenly distributed through the cloud and that they cover a fair

amount of area. Out of the seven out
o ws, only the redshifted lobe of HH 300has
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beencarefully mapped in CO and the masshas beenestimated by correcting for

the optical depth of the 12CO(1{0) line (seeChapter 2). So, we assumethat each

known (HH or molecular) out
o w sourcein B18 (seeTable 6.4) powers a bipolar

molecular out
o w with a momentum and kinetic energy in each lobe similar to

the redshifted molecular out
o w lobe of HH 300 (seeTable 6.1). This results in

a total momentum and kinetic energyfrom all (presumed)molecular out
o ws in

B18 of 258 M� km s� 1 and 12� 1045 erg, respectively. Thus, the presumedtotal

out
o w momentum is enoughto potentially disperse� 60% of the cloud's mass

(M esc = 258 M� ), and the estimated total kinetic energyof all out
o ws is larger

than the gravitational binding energyof the cloud. Given the current distribution

of out
o w lobes, the momentum and kinetic energyinput to the cloud would be

approximately evenly distributed, and thus the cloud could potentially be disrupted

by the young stellar out
o ws.

Recent studies of regionswith many out
o w sourceshave also found that

out
o ws acting in concert have a disruptive e�ect on their parent cloud or cloud

complex. Bally et al. (1999) suggestthat the sameprocesswhich, at small scales

(0.3-0.5 pc), is currently making the cavities seenin the region of HH 56/57

(Reipurth et al. 1997a,seeFigure 1.7) producesthe \Swiss cheese"appearance

of the Circinus dark cloud complex (seeFigure 6.5). That is, past out
o w events

from young stars which currently do not power molecular out
o ws were able to

create the many � 1 pc cavities now seenin the Circinus cloud complex. Knee &

Sandell (2000) studied the molecular out
o ws from the stars in NGC 1333,which

are clustered in a region about 0.5 by 0.7 pc. They estimate that if the current

energyinjection rate from the out
o ws to the cloud is maintained over � 107 yr,

it would be enoughto dispersethe whole NGC 1333cloud. In addition, the data

suggestthat the out
o ws have beenable to break up the star-forming core into

cavities and shells(seeFigure 1.9; Knee& Sandell2000;Sandell& Knee 2000). So,

evidenceis mounting for the disruptive power of out
o ws in a molecularcloud.
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2 pc

Circinus Molecular Cloud Complex

Fig. 6.5.| R-band photograph of the Circinus cloud complex from Bally et al. (1999). Notice
the many cavities, about 1 pc in size, revealedas regionsof lower extinction.
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6.1.3 Recip e for destruction

In principle, there are two ways in which out
o ws could destroy their parent cloud:

1) via \cloud evaporation"; and 2) by \ripping them apart". Molecular cloudsmay

be \evaporated" if out
o ws inject su�cien t turbulent energyon the moleculargas

as to gravitationally unbind it. In this picture the bulk motions of the entrained

gaseventually decay to produceturbulence in the cloud. If out
o ws were to be the

solesuppliersof turbulent energyin the cloud, then:

M c � 2
tur b � � �E f low N f low; (6.1)

where � tur b is the turbulent velocity dispersion in the cloud, �E f low is the average

molecular out
o w kinetic energy, N f low is the number of out
o ws in the cloud.

Also, � is the e�ciency of transferring out
o w kinetic energyto turbulent motions.

The cloud will eventually \evaporate" if the turbulent energyof the cloud becomes

much larger than the gravitational binding energyof the cloud:

M c � 2
tur b �

GM 2
c

Rc
(6.2)

We speculate that this processwill be rather ine�cien t. Not all the molecular

out
o w energywill be converted to cloud turbulent energysincesomeof that energy

is radiated away. In addition, although out
o ws are usually evenly distributed

inside a cloud (e.g., Fukui et al. 1993;also seeFigure 6.4) they will not directly

a�ect all the gas inside the cloud. Out
o ws can excite MHD waves,which can

then help propagatethe out
o w-induced turbulence to other parts of the cloud.

Therefore,someof the out
o w energywill be spent exciting MHD waves.

A more direct (and e�cien t) way to destroy a cloud would be for out
o ws to

\rip it apart" by pushing large amounts of gasaway from the cloud's gravitational

center. In this picture out
o ws push and accelerategasto velocities greater than

the cloud's escape velocity, thereby unbinding the gasfrom the gasgravitational

potential. If su�cien t gas is acceleratedto v > vesc, then the whole cloud could

be dispersed. Say, there are a number N f low of out
o ws with averagemomentum
�Pf low, inside a cloud with massM c. Then, the masswhich could potentially be
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dispersedby the out
o ws (M esc), is given by:

M esc =
�Pf low

vesc
N f low (6.3)

If a total massof gasM esc is unbounded,then the remaining binding energyof the

cloud (Egr av) would be:

Egr av =
G(M c � M esc)2

Rc
(6.4)

As we have observed, out
o ws can push gasaround producing cavities, and

regionsof lower density in the cloud, asschematically illustrated in Figure 6.6. The

�nal result of the creation of thesecavities (and the regionsof lesscolumn density)

could essentially be to divide the cloud into several \clumps" (seeFigure 6.6). If

the di�eren t clumps have a velocity dispersion (� clumps ), then they will not stay

gravitationally boundedif:

� 2
clumps >

G(M c � M esc)
Rc

(6.5)

Take, for example the B18 cloud (from the previous section). Here

M c = 440 M� , Rc = 1:8 pc, and we estimate that M esc � 258 M� . If the

out
o ws in B18 are able to \divide" the cloud in di�eren t clumpsby gravitationally

unbinding a total massof M esc, then the clumps will not remain gravitationally

bound if they have a velocity dispersionas low as 0.7 km s� 1. In any cloud, even if

the clumpsstay gravitationally bound the out
o ws will be able to sculpt the cloud,

leaving their mark with fossil out
o w cavities. A cavit y about 0.3 pc wide may last

for � 105 yr, after the out
o w turns o�, assuminga turbulent velocity dispersion

in the cloud of � 1 km s� 1.

6.1.4 Concluding Remarks

Observations reveal that the energyand momentum in out
o ws is measuredto be

adequatefor cloud disruption. We detect out
o w-blown cavities, massive clumps

of gasput into motion by out
o ws, and large-scalevelocity gradients induced by

out
o ws on the ambient gas. But, can out
o ws really evaporate a whole molecular
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clump 1

clump 2

After

Before

Fig. 6.6.| Schematic illustration of cloud disruption by out
o ws. Top. Initial state of out
o w-
harboring cloud. Dashedlines delimit the lobesof the three bipolar out
o ws in the cartoon cloud.
Bottom. After sometime the out
o ws will push and gravitationally unbind gas, leaving hollowed-
out cavities in the cloud. The processcould divide the cloud in several \clumps" (as identi�ed in
the �gure). If the velocity dispersion of the clumps is larger than the remaining gasmassbinding
energy, the clumps will gravitationally unbind.
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cloud? Are out
o ws the primary agent of molecular gasdispersion, or are just

perturbations to the cloud? How well does the out
o w energy couple to the

molecular clouds? Theseare amongsomeof the yet unanswered questionsthat

needto be resolved. Clearly, further studiesare needed.

With the e�cien t on-the-
y mapping technique now available in several

millimeter-wave telescopes, and the advent of focal plane array millimeter-wave

receivers, it is now possibleto image large areason the sky in a relatively short

time. Thesetechnological advanceshave made possiblethe e�cien t and timely

mapping of large out
o ws and their parent clouds in more than one molecular

line, which is essential to the study of the out
o w-cloud interaction. With this

new technology at hand, we anticipate there will be more work devoted to study

the out
o w-cloud interaction in di�eren t star-forming regions with di�eren t

environments and at di�eren t evolutionary stages. Thesestudies are neededin

order to really understandhow out
o ws a�ect the evolution and lifetime of their

parent cloud.

6.2 Driving mechanism

Recent high spatial resolution studies of molecular out
o ws, with millimeter

single dish and interferometric arrays, have made it possibleto start testing the

di�eren t entrainment models with observations. No mechanism seems\p erfect,"

and observations' most important role may be in constraining future entrainment

modeling. Most of the high-resolution out
o w studies suggestthat the best

entrainment mechanism for explaining CO out
o w is the bow shock (prompt)

entrainment model. But, as we explain below, an increasingnumber of studies

suggestthat a jet-lik e wind is not enoughto explain the observed properties.

Di�eren t piecesof observational evidenceareusedto concludethat an observed

molecularout
o w is most likely bow shock-driven:

1) Morphology . Theoretical modelsand numerical simulations of bow shock

jet-driven out
o ws show that the headof a molecularout
o w is expectedto have a
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bow shock (or shell-like) morphology. Thus, a collimated molecular out
o w with

a bow shock structure, coincident with HH knots or H2 knots may be considered

to be a jet bow shock-driven out
o w, solelybasedon the morphologyof out
o wing

CO |as in, for examplethe B5-IRS1 out
o w (Yu et al. 1999), and the out
o w

from PV Ceph (Figure 5.2). Several studies |of both low-massYSO out
o ws

(e.g., HH 211, Gueth & Guilloteau 1999) and high-massYSO out
o ws (e.g.,

W75N, Davis et al. 1998)| have carried out detailed comparisonsof the observed

out
o w morphologyand the bow shock entrainment models,and successfullymatch

observations with the results of the models.

2) Morphology and Kinematics. Somefairly collimated molecularout
o ws

show no clearbow shock structure, but rather oneor moreCO \hot spots" (or local

CO integrated intensity maxima), which most of the time are coincident with the

position of HH knots or H2 knots (seeFigure 1.12 for an example). The molecular

out
o w velocity peaksat the position of the CO hot spots, and decreasestowards

the out
o w source. This morphology and velocity distribution is consistent with

an out
o w entrained by a jet with several bow shocks, where each CO hot spot

coincideswith the head of each bow shock. Examplesof such out
o ws include

L1448 (Bachiller et al. 1990), IRAS 03282+3035(Bachiller et al. 1991),RNO 43

(Benceet al. 1996), HH 212 (Lee et al. 2000). When the momentum along the

out
o w axis is estimated,it is observed to peakat the position of the hot spots, like

seenin the RNO 15-FIR (Davis et al. 1997), the HH 25MMS (Gibb & Davis 1998)

and the HH 300 (Chapter 2, seeFigure 2.10) molecular out
o ws. Furthermore,

Davis et al. (2000), comparethe CO out
o w mass-velocity distribution along the

axis of the V380 Ori-NE out
o w, and show that the largest ratios of high-to-low

velocity gasmassare detectedjust behind H2 shock features. This is exactly what

is expectedfor a shock-driven (prompt entrainment) molecularout
o w.

3) Morphology and Chemistry . Further evidencefor bow shock-entrained

out
o ws may comefrom the presenceof shock-enhancedmolecules(like SiO)

coincident (in position, morphology and velocity) with the CO out
o w. A �ne

exampleof such an out
o w is L1157(Gueth et al. 1998),shown in Figure 1.13,but

there are other out
o ws which also show this (e.g., HH 211, Chandler & Richer
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0.1 pc

B5-IRS1 inner region

Fig. 6.7.| Wide-angle wind in the B5-IRS1 out
o w. 12CO(1{0) velocity-integrated emission
maps of the inner region of the B5-IRS molecular out
o w. From left to right, the panelsshow the
blueshifted out
o w, the ambient gas,and the redshifted out
o w. The velocity rangeof integration
is shown on the top of each map. Plot is basedon �gure from Langer et al. (1996).

2001).

Even though the evidencefor bow shock-driven out
o ws is plentiful, an

increasingnumber of studiessuggestthat the coexistenceof a jet-lik e wind and a

wide-anglewind better explain the observed out
o w properties. For example,the

stellar wind from B5-IRS1 has beenable to produce: 1) a very collimated � 3 pc

CO out
o w (seeFigure 6.1) consistent with jet (bow shock)-driven models; and

2) a wind-blown cavit y with an opening angle of about 90� seenin high velocity

CO as a limb-brightened parabolic-shaped cone,which extendslessthan 0.1 pc

from the source(seeFigure 6.7). Similarly, PV Ceph shows a very collimated CO

out
o w, and a wind-blown cavit y with an opening angleof � 90� (seeFigure 5.7)

very closeto the star (�< 0:3 pc). In both cases,the jet bow shock entrainment

model can explain the collimated component, but it fails to explain the wide-angle

CO out
o w.

Evidencefor a wide-anglewind (in addition to a collimated wind) alsocomes

from the large-scalemorphology of the out
o w gas. For example,in the low-mass

star L1228out
o w, the chain of HH knots (Bally et al. 1995)trace a collimated 
o w

(HH 199), but the 13CO out
o w (Tafalla & Myers 1997) is very poorly collimated

(seeFigure 1.10),a concurrencehard to explain with any jet-driven models(Tafalla

& Myers 1997). Other examplesof poorly collimated CO out
o ws coexisting

with a jet-lik e component include L1551-IRS1(e.g., Davis et al. 1995), HH 111
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(Cernicharo & Reipurth 1996;Nagar et al. 1997;Lee et al. 2000), the massive

out
o w G192.16(Shepherdet al. 1998),and possibly also in HH 7-11(Bachiller &

Cernicharo 1990;Bachiller et al. 2000). In addition, observations of the L43 (or

RNO 91) molecularout
o w show no evidencefor jet entrainment, and the data are

better explainedby solely wide-anglewind entrainment (Benceet al. 1998).

Recently, Lee et al. (2000) obtained high-resolution data for �v e CO out
o ws

in order to comparethe kinematics and morphology of the observed out
o w with

that predicted by the wide-anglewind and bow shock entrainment models. They

found that in two sources(HH 212 and HH 240/241) the CO out
o w is best

explainedby the bow shock model and in other two sources(VLA 05487and RNO

91) the CO out
o w is best explainedby the wide-anglewind model. In onesource

(HH 111), the CO out
o w shows characteristics of both models. So, it can be

seenthat there is no consensuson a singleentrainment mechanism to describe all

molecularout
o ws.

One possiblescenariothat could reconcilethe observations is that in all

out
o ws a collimated jet-lik e wind coexists with a wide-anglewind. One extant

model which o�ers such a scenariois the X-wind model (Shu et al. 1995,and

referencestherein). The X-wind model is a single-stellarwind model in which the

wind splits into a very collimated (axial) component and a wide-anglecomponent.

In this MHD model, the out
o w is acceleratedalong magnetic �eld lines. At the

baseof the out
o w (near the X-point) the 
o w originates as a very wide-angle

wind, with all streamlines(except the equatorial one) slowly converging to the

rotational pole of the young star at in�nit y (Shu et al. 1995). The streamlines

closestto the pole will focus towards the pole the closestto the star. Thus, the

innermost streamlineswill collimate into a \jet-lik e" wind at distancesfrom the

young star as closeas � 300 AU (Shanget al. 1998). The streamlineswhich do

not focus fast enoughtowards the pole carry a wide-anglewind, which should be

colder and lessdensethan the collimated wind. In addition, if the wind force

of an angle-dependent wind is highly concentrated on the poles, then the wind

would essentially be a jet-lik e wind. This jet-lik e wind would interact with the

ambient medium very much like a bona �de jet which entrains the gasthrough bow
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shocks. Out
o ws createdby a highly collimated wind and out
o ws createdby a jet

will show very similar shell morphology, kinematics, and momentum distribution

|an y di�erences would be indistinguishable by most observations. Thus, an

angle-dependent wind which is very collimated, and a jet could essentially produce

the sameentrainment mechanism.

Whether the observations detect an out
o w better explainedby a wide-angle

wind or a jet-lik e wind (or both) will depend on the entrainment e�ciency of one

mechanism over the other, and on the nature of the millimeter line observations.

The fact that most high-resolution studies of molecular out
o ws show that

jet-driven models best describe the data, can be explained if in most casesthe

collimated component is more e�cien t, at entraining the surrounding ambient

gas, than the wide-anglecomponent. It is also possiblethat the velocity of the

out
o wing material dependson angle, where the out
o wing gaswith the highest

velocities is entrained by the collimated wind component, and the wide-angle

component producesonly slowly-moving out
o w gas. In fact, many molecular

out
o ws show a dependenceof collimation on velocity (e.g., HH 211,L1448, IRAS

03282+3035,NGC 2264G). The L1228 out
o w has a wide-angle13CO out
o w

component (Figure 1.10) at velocities as low as 0.25 km s� 1 with respect to the

central ambient velocity. Similarly, the the wide-angleout
o w component near PV

Ceph (Chapter 4) is only detectedat out
o w velocities as low as0.5 km s� 1. Thus,

it could be that a wide-anglewind-entrained component is not observed in many

molecular out
o ws, becausethe low-velocity out
o w gasis hidden under the CO

ambient cloud emission.

In addition, it has beensuggestedthat the wide-anglecomponent could be

more important at later stagesof the star-formation process,when the collimated

component might be too weak to e�ectiv ely entrain gas (Richer et al. 2000).

Molecular out
o ws from Class0 (deeply embedded,very young) sourcesare very

collimated, while the out
o ws from more evolved ClassI sourcesare lesscollimated

(e.g.,Richer et al. 2000). The RNO 91 molecularout
o w in the L43 cloud (powered

by a Class II/I I I star), is thought to be solely entrained by a wide-anglewind.

Furthermore, the interferometric study of Velusamy & Langer (1998) shows that
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the B5-IRS out
o w cavit y (seeFigure 6.7) haswidenedwith time.

In conclusion,the scenarioof two coexisting wind components seemsto agree

best with the observational data. But, further out
o w studiesare neededto verify

the existenceof a wide-anglewind component in more out
o ws. Also, a consistent

study of out
o ws of di�eren t ages,in similar environments, is neededin order to

verify the suggestionthat out
o w opening angle and/or dominant entrainment

mechanism changesover time.

6.3 Episo dicit y

Our results, together with those of several other out
o w studies, indicate that

episodicity is a commoncharacteristic of stellar winds. Thus, any entrainment or

stellar wind model should include the e�ects of episodic time variabilit y.

Our millimeter observations of HH 300 and PV Ceph, have con�rmed the

episodic nature of theseout
o ws, �rst proposedby the optical observations of

the HH 
o ws (Reipurth et al. 1997c). We �nd that a steepmass-velocity relation

(
 >> 2, wheredM=dv / v� 
 ) in the molecularout
o w may arisefrom an episodic

stellar wind. The presenceof \Hubble-wedges"(or spurs) in the molecularout
o w

position-velocity (p � v) diagram, is another indication that the underlying stellar

wind is episodic. In fact, many other molecular out
o ws show clear evidenceof

episodicity in their position-velocity diagrams|ev en though someof the papers

presenting the 
o w data may not addresstime-dependence(seeChapter 3).

Optical and infrared observations show that giant HH 
o ws are madeof well

separatedHH knots, and in many casesa knot in one lobe has a corresponding

counter-knot in the opposite lobe. A continuous jet, with variable out
o w velocity

can produce multiple, contiguous, emission(HH) knots (e.g., Raga et al. 1990)

which would look like the small (0.1 pc) sectionof HH 111 shown in Figure 1.3.

Giant HH 
o ws, wherecontiguous HH knots may be separatedby distancesof 0.1

to 2.0 pc (or more) and no HH-like emissionis detectedbetweencontiguous knots,

are hard to explain with only variable-velocity models. It is easierto understand
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this HH 
o w morphology with each HH knot (or group of tightly packed knots)

being producedby a di�eren t massout
o w episode.

By a massout
o w \episode" we meana suddenincreasein the stellar wind's

masslossrate. In this way, we usethe term \episodic out
o w" to meanan out
o w

that variesin masslossrate in an unpredictableway and it is \not-strictly-p eriodic".

In our picture, episodic out
o ws (with agesabout 104 to 105 yr) are characterized

by events of violent massejection rate ( _M out � 10� 5 to 10� 4 M� yr � 1) every 500

to 103 yr or so,with statesof no, or very low ( _M out � 10� 8 to 10� 7 M� yr � 1) mass

ejection betweenthe violent outburst episodes(e.g., Hartmann et al. 1993;Bell &

Lin 1994;Reipurth 2000). Several mechanismswhich produce episodic out
o ws

from young stars have beendiscussedin the literature (e.g., self-regulatedthermal

disk instabilities, Bell & Lin 1994;companion-diskinteractions in a multiple stellar

system,Reipurth 2000,and referencestherein).

The massejection rate from a YSO has the characteristics of a random

process. Observations of giant HH 
o ws commonly reveal three to four major

ejection episodes,producing large, bright HH knots, with a time interval between

episodesof � 1000� 2000yr (e.g., Reipurth et al. 1997;Reipurth 2000). Many

of thesegiant HH 
o ws also show a seriesof smaller knots with time interval

betweencontiguous ejectionsof about 30� 100yr1 (Reipurth 2000). This behavior

is similar to what one would expect from a random Gaussiandistribution, where

the most intense(or violent) events take placemuch lessfrequently than moderate

events. In Figure 6.8 we show a schematic illustration of this. The plot shows a

randomly generatedset of points with a Gaussiandistribution. As can be seen,

large valuesof the massejection rate (corresponding to the massejection episodes

which produce the widely-spacedlarge-scalebow shocks in giant HH 
o ws) are

much lessfrequent than valuesof smaller massejection rate (corresponding to the

small massejection episodesresponsiblefor the small, tightly-packed, knots in HH

jets). De�nitely , longer time baselinesare neededto study the temporal behavior

1These small knots are usually found closeto the source,and sometimes,the knots with the
shortest time intervals may produce what looks like a contiguous jet-lik e 
o w. For example, the
seriesof small knots which make up the nice collimated HH jet shown Figure 1.3 (HH 111), have
an ejection time interval of about 30 yr.
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of this phenomenon,which will help us understandthe causeof out
o w episodicity.

Even though the mechanism which producesepisodicity remainsa mystery,

we do know that it is a commoncharacteristic of stellar winds. Thus, it should

be taken in considerationwhen modeling stellar winds, and their e�ects on the

ambient medium. Pulsed jet (or wind) models are not episodic, since in these

modelsonly the wind velocity changesin a purely sinusoidal fashion,and in a very

short timescale(� 102 yr or less). In order to correctly assesthe energeticrole of

out
o ws in a magnetizedISM, it is now necessaryto account for the time history

of their interaction with their surroundings. Out
o w episodicity may changethe

e�ectiv e length and timescaleson which the momentum and energyare injected,

which is important in modeling a magnetizedturbulent ISM (e.g., Mac Low

1999;Padoan& Nordlund 1999;Ostriker, Stone,& Gammie 2001,and references

therein).

6.4 Wandering out
o w axis

As more giant HH 
o ws are discovered, it is apparent that out
o w axis wandering

is a commoncharacteristic amongthem. Massejectedfrom a young stellar object

should follow, approximately, a linear tra jectory onceit leavesthe star-disk system

from where it originates, unlessits tra jectory is perturbed by a collision with a

denseclump. In a giant HH 
o w each major HH knot is believed to be caused

by a major massejection episode (seeabove). So, HH knots of the sameHH 
o w

showing di�eren t tra jectory angleson the plane of the sky, with respect to the

out
o w source,most probably have beenejectedat di�eren t angles;denseclumps

that could changean ejecta's tra jectory are rarely found. Many, but not all, giant

HH 
o ws show such time-varying ejection axis (see,e.g., Eisl•o�el & Mundt 1997;

Reipurth et al. 1997c;Mader et al. 1999;Eisl•o�el 2000;Stanke, McCaughrean,&

Zinnecker 2000)

Our millimeter observations reveal a time-varying axis in both of the sources

we studied. In detail, the HH 300 
o w is known to have a small (� 1000AU)
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wiggling jet near the source(seeFigure 6.9), revealedby space-based,near-infrared

(NIR) observations (Reipurth et al. 2000). Our millimeter observations show the

giant (1.1 pc long) molecular out
o w from HH 300 also has a wandering axis (see

Figure 6.9) at much larger scales.The small NIR jet shows anglevariations in its

ejection axis no greater than 3� . On the other hand, the large-scaleaxis wandering

of the molecular out
o w has anglevariations as big as 30� . The timescaleof the

large-scaleaxis wandering in the molecular out
o w is about a factor of 50 larger

than the timescaleof the small-scaleaxis wandering in the NIR jet.

In the caseof PV Ceph, the optical observations of HH 315 show that the

HH knots delineate a spectacular S-shaped (2.6 pc long) giant HH 
o w (see

Figure 6.10). The largest changein ejection angleamongthe HH 315optical knots

is � 20� . Our millimeter data revealsthat the redshifted (� 0:3 pc long) molecular

out
o w lobe hasa wiggling axis (seeFigure 6.10), with anglevariations no greater

than 12� . The axis wonderingthat producesthe (small-scale)wiggling out
o w lobe

hasa timescalea factor of 12 lessthan the timescaleof the axis variation shown by

the (large-scale)HH knots.

Thus, both sourcesshow large- and small-scaleaxis wandering with di�eren t

timescales.In both cases,pure precessionof the out
o w sourcedue to tidal forces

betweenbinary components and a circumstellar disk may explain only one of the

two axis wandering timescales.But, it is very hard to explain the coexistenceof

more than one time- and size-scalesin axis anglevariation by pure precessionof a

simple systemcomposedof two stars and a circumstellar disk. It is probable then

that more than one mechanism is responsible for the time-varying ejection axis

observed in HH 315 and HH 3002. Somepossiblemechanismsinclude: changesin

the out
o w source'smagnetic �eld orientation; or a precession-like motion induced

by tidal interactions of multiple stellar companionsand their circumstellar disks.

2In HH 300 and HH 315, orbital motions of the out
o w source(around a binary) are discarded
as a possibleexplanation to the axis wandering.
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Chapter 7

Summary and Future Work

7.1 Summary

We usenew millimeter wavelength observations to reveal the important e�ects

that out
o ws from young stellar objects have on their surroundings. We observed,

in great detail, the surrounding gasand parent cloud of two giant (parsec-scale)

Herbig-Haro (HH) 
o ws. The HH 
o ws studied were HH 300 from the young star

IRAS 04239+2436,at a distanceof 140 pc, and HH 315 from the young star PV

Ceph, at a distanceof 500 pc. Theseout
o ws were thoroughly mapped in the
12CO(2{1) line, with a beamsizeof 2700. Theseobservations wereaimedat mapping

the giant out
o ws and investigating their morphologyand velocity distribution.

Also, larger mapsof the region surrounding each out
o w wereobtained in the
12CO(1{0) and 13CO(1{0) lines, with 4500and 4700beam sizes,respectively. By

observinga large extent of the gassurrounding the out
o w we are able to study

the out
o w in the context of its surrounding medium. The 13CO(1{0) observations

alsohelp us assessthe e�ects the out
o ws have on the surroundingmedium-density

(n � 103 cm� 3) gasstructure and kinematics. Moreover, the combined 12CO(1{0)

and 13CO(1{0) line observations enableus to properly estimate the massof the

out
o w by correcting for the velocity-dependent opacity of the 12CO(1{0) line.

We performedhigher spatial (� 1000) and velocity (� 0:1 km s� 1) resolution

239
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observations of the molecular gassurrounding several HH knots of the HH 315


o w. Thesehigh-resolution observations were aimed at studying the entrainment

mechanism of the out
o w from PV Ceph.

Our main results may be summarizedas follows:

1) Gian t HH 
o ws entrain large quan tities of mass and inject a

vast amoun t of momen tum and kinetic energy in to their host molecular

cloud. Our results show that the total massof the HH 300 molecular redshifted

out
o w lobe is � 4 M� , and for both lobesof the HH 315 molecular out
o w the

total massis � 7 M� . The momentum and kinetic energyof the redshiftedout
o w

lobe of both out
o ws are � 10 M� km s� 1, and � 1044 erg, respectively.

2) Gian t HH 
o ws are able to redistribute their surrounding

medium-densit y gas, even at parsec-scale distances from the out
o w

source. Both of the giant HH 
o ws we studied have beenable to modify the

density and velocity distribution of their parent clouds. The e�ects of these

out
o ws on the surrounding n � 103 cm� 3 medium are observed at distancesas far

as 1 to 1.5 pc from the source.

3) The energy input of gian t HH 
o ws in to the surrounding ambien t

medium is comparable to the turbulen t energy of the paren t molecular

cloud. Our detailed study of two giant out
o ws (HH 300 and HH 315) and their

host clouds, combined with information about three other giant out
o ws and

their parent clouds, indicate that giant molecular out
o ws have kinetic energies

comparableto or larger than the turbulent energyof their respective host cloud.

Although the amount of kinetic energytransferred from the molecular out
o w to

the cloud dependson an unknown coupling e�ciency , out
o ws certainly have the

potential to be a major sourceof turbulent energy in clouds. Further detailed

numerical simulations of out
o w-cloud interactions, which can estimate a coupling

e�ciency , are neededin order to understand the energytransfer betweenout
o w

and cloud.

4) Gian t HH 
o ws are a source of non-negligible power whic h may

help driv e the MHD turbulence in clouds. Using the small sampleof 5 giant
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out
o ws and their host clouds,described above (in summary # 3), we compared

the out
o ws' power with the power neededto maintain the MHD turbulence in

their respective host clouds |based on the results of published numerical studies.

We �nd that in all �v e casesthe out
o w power is more than 25%the power needed

to sustain MHD turbulence in the host cloud.

5) A single gian t out
o w has the poten tial to gravitationally perturb

and disrupt a small cloud or clump with a radius of � 0:8 pc and

mass of � 80 M � . Using the small sampleof 5 giant out
o ws and their host

clouds, described above (in summary # 3), we comparethe kinetic energyof

each molecular out
o w and its host cloud's gravitational binding energy. We also

comparethe out
o w momentum with the cloud's massand escape velocity in order

to investigatewhat percentage of the cloud's masscould potentially be dispersed.

We �nd that the kinetic energyof a giant molecularout
o w is typically comparable

to the binding energyof a cloud with massof � 80 M� . And, a giant out
o w

in such a cloud has enoughmomentum to potentially disperseabout 20% of the

cloud's mass.Larger clouds,asonemight expect, are more massive and have much

greater gravitational binding energy, and so a single molecular out
o w doesnot

have the energyand momentum to causea major perturbation in the cloud.

6) The cum ulativ e action of many gian t out
o ws will certainly

have a profound e�ect on a cloud's evolution and fate. Typically, clouds

with massgreater than � 100 M� harbor more than one young star capableof

producing a giant molecular out
o w. So, in principle, a medium sizedcloud with

a mass� 100 M� could ultimately be dispersedby just a handful of out
o ws.

Further detailed studies of star-forming clouds with many out
o ws, at di�eren t

evolutionary stages,are neededin order to better understand the processof cloud

dispersalby out
o ws.

7) Episo dicit y is a general characteristic of gian t HH 
o ws. We �nd

tremendouslystrong evidencefor the episodic nature of giant HH 
o ws in their

mass-and position-velocity relations and in their morphology. We explain how

recent observational results disagreewith the predictions of non-episodic out
o w
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models, and we o�er simple explanationsfor the discrepancies.We discusshow

an episodic stellar out
o w can steepen the power-law slope of the mass-velocity

relation in a molecular out
o w. And, we illustrate how an episodic out
o w

can produce multiple \Hubble-wedges"in the position-velocity distribution of

a molecular out
o w. Further support for the episodic nature of out
o ws comes

from the fact that the observed giant molecularout
o ws show a clumpy (spatially

discrete) morphology, instead of a continuous smooth morphology. The out
o w

clumps are readily apparent in position-position-velocity space,exhibit di�eren t

sizesand shapes,and someare spatially coincident with HH knots. In general,a

local increasein the molecularout
o w velocity (a Hubble-wedge)is observed at the

position of theseclumps.

8) A time-v arying (w andering) out
o w axis is a common characteris-

tic among gian t HH 
o ws. Our millimeter observations of HH 300and HH 315

(PV Ceph) both reveal a time-varying out
o w axis. In addition, both sourcesshow

large-and small- scaleaxis wanderingwith di�eren t timescales.In both cases,pure

precessionof the out
o w sourcedue to tidal forcesbetweenbinary components and

a circumstellar disk may explain only one of the two axis wandering timescales.

But, it is very hard to explain the coexistenceof more than one time- and size-

scalein axis anglevariation by pure precessionof a simple systemcomposedof two

stars and a circumstellar disk.

9) Jet bow shock entrainmen t by an episodic stellar wind, with a

time-v arying axis, pro duces most of the high-v elocit y molecular out
o w

observ ed in the two sources studied. In the caseof HH 300, we draw this

conclusionfrom the facts that the spatial distribution of the clumps, the velocity

structure, and the momentum distribution of the out
o w are all consistent with

bow shock entrainment by an episodic jet. In the caseof HH 315, using our

high-resolution observations we are able to comparethe temperature, momentum

and velocity distributions, as well as the 
o w morphology, with those expected

from di�eren t entrainment models. Our detailed comparisonshows that bow shock

entrainment best describesmost (but not all, seebelow) of the properties of the

molecularout
o w gasin HH 315.
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10) Our high resolution data of the out
o w within 0.3 pc of PV

Ceph, shows evidence for the coexistence of a wide-angle wind and a

collimated (jet-lik e) wind. There are an increasingnumber of studies which

suggest,that both a collimated (jet-lik e) component and a wide-angle(poorly

collimated) component are neededto explain the observed out
o w properties,

similar to what we �nd in PV Ceph. Thus, a stellar wind model which allows for

the coexistenceof thesetwo components (e.g., the X-wind model of Shu et al. 1995

or another similar model) is neededto explain the observed properties of out
o ws

showing such characteristics.

7.2 Future Work

In this last sectionwe discusspossiblefuture work that could be doneto widen our

knowledgeof the e�ects of giant HH 
o ws on their surroundings:

� Expand the sampleof observed giant molecular out
o ws and their parent

clouds. Our results show that giant out
o ws have the potential to disrupt their

host cloud, but more data are neededto statistically quantify how \good" this

potential is. The observations should be carried out in 12CO and 13CO in order

to properly correct for the velocity-dependent 12CO opacity. Most of the out
o w

massis found at low-velocities, where the opacity is greater. So, proper opacity

correction is essential in order to obtain accurateout
o w mass,momentum and

energyestimates. Plenty of giant HH 
o ws have beenoptically observed, it is now

time to study their molecularsurroundings.

� Study the e�ects that many out
o ws acting in concert have on their parent

cloud. A very limited number of such studiesexist. Di�eren t star-forming regions

with di�eren t environments and at di�eren t evolutionary stagesshould be studied,

in order to understand how out
o ws a�ect the evolution and lifetime of their

parent cloud. This, of course,would take an enormousamount of observingtime

with the current technology. But there is hope; in the very near future mm-wave

telescopeswill be able to do on-the-
y mapping with focal plane array receivers,
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while observingtwo (or more) spectral lines simultaneously.

� Investigate how, exactly, out
o ws disrupt their parent core. One of the

goalsof the study would be to produce an empirical model of core disruption at

di�eren t evolutionary stages. It has beenestablishedthat corescan be disrupted

by out
o ws, but an exact picture of the out
o w-core interaction at di�eren t

evolutionary stagesis lacking. Existing focal plane array receivers (e.g., SEQUOIA

at the FCRAO 14 m) can be usedto easilyobtain a statistical sampleof coreswith

out
o ws, at di�eren t evolutionary stages,observed in molecular lines tracing a

variety of density regimes.This study could serve alsoas a path to understanding

the disruption of cloudsby out
o ws (seeabove), before the instrumentation for

the study discussedin the previous paragraph becomesavailable. Studying the

evolution of coredisruption by out
o ws could shedimportant information on how

the sameprocessworks on larger scales.

� Study the kinematics of giant HH 
o ws. Although more than 30 giant HH


o ws have beendiscovered, the kinematics of only two giant HH 
o ws have been

thoroughly studied. Proper motion measurements of HH knots in combination

with (optical) spectral line observations can be usedto derive three-dimensional

velocities for featuresin a giant HH 
o w. One can then usethe inferred 3D velocity

of the molecular gasassociated with the HH knots to obtain accurateestimatesof

the molecular out
o w momentum and kinetic energy. Measuringproper motions

for a large (� 10) sampleof HH 
o ws should not be hard. Imagesat di�eren t

epochs of the sameHH knot in a 
o w can be usedto calculate its proper motion.

Assuminga (typical) tangential velocity of 200 km s� 1 and a distanceto the HH


o w of about 500 pc, the knot's proper motion should be about 0.0800yr � 1. The

majorit y of the currently known giant HH 
o ws were observed about 5 yearsago

and lie within 500 pc of the Sun, so it will be relatively easyto measuretheir

proper motions, even from ground-basedoptical telescopes|displacemen ts of as

low as 0.3" can be detectedby ground-basedobservations. So, in principle, a new

set of optical imagesfor each 
o w studied, spectroscopicdata for each knot, and

patiencereducing the data is all that is neededto carry out a kinematical study of

giant HH 
o ws.



The impact of giant stellar out
o ws on molecularclouds 245

� Investigate the e�ects of giant HH 
o ws on the intercloud medium (ICM).

Many giant HH 
o ws contain HH knots found in regionsof little or no CO emission,

well outside their parent cloudsand cores.Thus, it is evident that theseHH 
o ws

have blown out of their host clouds, and are injecting someof their momentum

and energy into the ICM. One way to investigate the e�ects of giant HH 
o ws

on the mostly neutral ICM, is by studying the high-velocity neutral hydrogen

(HI) entrained by the HH 
o ws. Trying to detect a low-level high-velocity wing

of entrained HI is very di�cult becauseof \contaminating" Galactic HI emission.

The width of the spectral line (at its base)at any given position usually is about

80 to 100km s� 1. So, in order to be able to detect the low-level emissionfrom the

neutral gasentrained by the HH 
o w: 1) the HI must have beenacceleratedto

velocities high enough(�> 40 km s� 1) so that the \HI out
o w" emissionis not lost

under the Galactic HI emission;2) even if the entrained HI attains extremely high

velocities oneneedsto properly subtract the Galactic HI from the spectra, in order

to cancelany (unknown) contaminating Galactic HI high-velocity feature which is

not due to the HH 
o w; and 3) the observations needto be highly sensitive. It was

our original plan to include a project, in this thesis, to study the e�ects of giant

HH 
o ws on the ICM. We were awarded observingtime in Arecibo to conduct

the study, but unfortunately, the baselinesof our spectral observations were not

stable enoughto detect a low-level high-velocity wing. Although it is a di�cult

experiment, we believe that the atomic gasentrained by a giant HH 
o w, can be

detected. The upgradedArecibo telescope, the new GBT, and (in the near future)

the expandedVLA will be all excellent instruments for this experiment.

� Study the out
o w-circumstellar envelope interaction. The stellar out
o w

originates very closeto the star, so it must interact with the massenvelope

surrounding the YSO. The out
o w-envelope interaction could play a crucial role in

the YSO mass-assembling process,and in determining the �nal massof the forming

star. The commonbelief is that the stellar out
o w cavit y (near the source)widens

with time, thereby halting infall and the accreting phaseof the protostar. Yet,

strong evidencefor out
o w cavit y widening with time is only evident in the inner

region of the B5-IRS1. Thus, additional observations are neededto con�rm that
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widening of out
o w cavities holds in general.To perform the study, high-sensitivity

millimeter-line interferometric observations of the circumstellar envelope of several

out
o ws sourcesare needed.Instruments like the OVRO-MMA and CARMA are

perfect for conducting this study.

� Expand the list of molecularout
o ws observed at high resolution. Additional

high spatial resolution observations are always useful to further constrain the

theoretical numerical entrainment models. Speci�cally, though, more observations

are neededto determinewhether the coexistenceof a jet-lik e wind and a wide-angle

is common,and whether the ratio of massin onekind of wind to the other depends

on physical conditions, or on time.



App endix A

Estimating Excitation

Temp erature Using CO Line

Ratios

In this Appendix, we discusshow to estimate the excitation temperature of the CO

gas,using the 12CO(2{1) to 12CO(1{0) line ratio.

The radiativetransfer equation,which givesthe observedradiation temperature

(TR ) of a molecular line emissionat frequency� , is given by:

TR = [� mb� f � ]� 1[J� (Tex) � J� (Tbg)](1 � e� � � ): (A.1)

The �rst set of terms in the right hand sizeof Equation A.1 convert the apparent

intensity (T �
A ) into the radiation temperature (TR ). Speci�cally, � mb� is the main

beame�ciency of the telescope (a known quantit y, seeWild 1999for the valuesof

the IRAM 30 m telescope) and f � is the beam �lling factor at frequency� (see,

e.g.,Kutner & Ulich 1981;Rohlfs & Wilson 2000). Also,

J� (T) =
To�

eTo� =Tex � 1
; (A.2)

wherewe de�ne To� = h� =k, Tex is the excitation temperature, Tbg is the microwave

background temperature (2.7 K), and � � is the optical depth of the observed line
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emissionat the frequency� . We de�ne the ratio of brightnesstemperaturesof the
12CO(2{1) and 12CO(1{0) lines as R21=10 which, from Equation A.1, is given by:

R21=10 =
[� mb12 ]� 1[J21(Tex) � J21(Tbg)](1 � e� � 21 )
[� mb10 ]� 1[J10(Tex) � J10(Tbg)](1 � e� � 10 )

: (A.3)

In Equation A.3 we assumedthe excitation temperature of the 1 ! 0 transition is

the sameas the Tex of the 2 ! 1 transition. In addition, sincewe are able to grid

and smooth our 12CO(2{1) and 12CO(1{0) OTF mapsto the samebeamand pixel

sizes,we can set f 10 = f 21.

Consider also the equation which gives the value of the opacity � � of a

molecular line two-level transition from level u to level l , with frequency� :

� ul =
c3

8� � 3
Aul Nu(eTo� =Tex � 1); (A.4)

where Nu is the column density of moleculesin the upper level, and Aul is the

Einstein A coe�cien t for the CO line transition betweenu and l. Then, the ratio

of optical depths of the 2 ! 1 and 1 ! 0 transitions is given by:

� 21

� 10
=

A21

A10

N2

N1

eTo21 =Tex � 1
eTo10 =Tex � 1

� � 10

� 21

� 3
(A.5)

AssumingLTE, we may useBoltzmann's equation:

N1

N2
=

g1

g2
eTo21 =Tex ; (A.6)

where g is the statistical weight of the given level. Then, Equation A.5 can be

written as:
� 21

� 10
=

A21

A10

g2

g1

1 � e� To21 =Tex � 1
eTo10 =Tex � 1

� � 10

� 21

� 3
: (A.7)

Using the valuesof � , A, and g for the 2 ! 1 and 1 ! 0 transitions we obtain that

the optical depth of the 2 ! 1 transition can be expressedin terms of the 1 ! 0

optical depth and the excitation temperature by:

� 21 = 2 � 10
1 � e� 11:06=Tex

e5:53=Tex � 1
: (A.8)

Thus, if available, one may usean estimate of the 12CO(1{0) optical depth, the

observed 12CO(2{1) to 12CO(1{0) line ratio, and Equations A.3 and A.8 to obtain

an estimateof the excitation temperature.
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In Figure A.1 we show the 12CO(2{1) to 12CO(1{0) line ratio as a function of

excitation temperature for di�eren t valuesof the 12CO(1{0) line opacity. As can

be seenin Figure A.1 only in the optically thin limit is the line ratio reasonably

sensitive to the excitation temperature. For higher 12CO(1{0) optical depths the

line ratio becomeslesssensitive to Tex, and so it is usually very unreliable to obtain

an estimateof the excitation temperature for optically thick gas(� > 1).

If only optically thin gas is used, then one may usethe optical thin caseof

Equation A.3 to obtain a simpler relation betweenR21=10 and Tex:

R21=10 = 4
� mb21

� mb10

e� To21 =Tex ; (A.9)

where we assumedthat the microwave background terms are negligible, as

J� (Tbg) = 0:19 K for 12CO(2{1) and 0.82K for 12CO(1{0).
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Fig. A.1.| 12CO(2{1) to 12CO(1{0) line ratio (R21=10) as a function of excitation temperature
(Tex ) for di�eren t valuesof the 12CO(1{0) line opacity (� ).
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