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Abstract

The main goal of this thesls 1s to 1nvest1gate the phys1cal condrtrons of the star-formrng
env1ronment in stellar clusters, espec1ally for the: formatron of low-mass cluster members.
Embedded, young, and 1ntermed1ate-mass stellar “clusters around Herb1g Ae/Be stars are
sampled Mid- and near 1nfrared observatlons 1dent1®1ng young ‘stars and mrlhmeter
~1nterferometr1c observations prob1ng dense molecular gas and dust cont1nuum are presented.
: These observatlons are used to reveal the large— cale young stellar populatlon around the v1c1n1ty
where the sampled clusters form probe the phys1ca1 cond1trons of dense molecular clumps ‘which
are capable of forming 1nd1v1dual low—mass cluster members, and examlne the 1nﬂuence of the
‘ most massive star in the cluster on 1ts siblings and natal cluster-formmg cloud ThlS study shows
that stars w1th1n the cluster tend to seem younger than those outs1de the cluster suggestlng a
higher and contrnuous star-formrng rate within the cluster than outs1de or massive stars are
initiated later than low-mass stars w1th1n the same cloud A thorough 1nvest1gatlon of young stars
and dense gas toward the MWC:1080 cluster further suggests a dom1nat10n of the most massive
star 1n the cluster on both the natal cloud d1spersa1 and its low-mass cluster members As active.
outﬂows and winds from the Herb1g Ae/Be stars. 1ncrease the non—thermal motron in the cloud,
low-mass cluster members are formed w1th1n denser and more turbulent cores, than isolated low-
mass star—formrng cores. In addltron the' strong gas dlspersal from the Herblg Ae/Be stars also
helps the removal of the circumstellar material around nearby low—mass stars Thls makes these
low-mass cluster members appear older In summary, this thesis prov1des the observatwnal
evidence showing how the most mass1ve star in the cluster affects the formatron and evolutlon of

low-mass cluster members and the physrcal conditions of star formatro_n in ,the cluster.
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Chapter '1

IﬂtrddUct ion

The main thrust of th'is‘thesis is to investigate the physical conditions of the star-forming environ-

ment in young embedded stellar clusters with 1nfrared and millimeter interferometric observations.
Infrared observations reveal the dust morphology and the circumstellar properties of young stars,
while millimeter observations provrde the dynamical and kinematic information of natal molecu-
lar gas of forming stars. Indeed, with the capability of high-resolution millimeter interferometry,
inditfidual dense molecnlar clumps capable of forming single star can be well distinguished.

| In this thesis, I focus on observ1ng clusters around one to a few Herbig Ae/Be stars (HAeBes,
| ’Herblg 1960) (3 20 MQ) with age <'a few Myr and a few tens to a hundred companion low mass
~ stars. These systems are still embedded or at least partially embedded within molecular clouds

(Fuente et al. 1998a). With these observations, two primary questions to be addressed are:

e How does a solar-type low-mass star form and evolve in a cluster environment, compared

with the well established picture of isolated star formation?

. o What are the roles of clustering and massive stars in the natal molecular cloud and the

formation and evolution of low-mass cluster members?

1.1 Stars are ;Blo‘rn Deep Within Molecular Clouds

| Over the last feW decades, a picture of isolated solar-like star formation has been well established
e g " Shu et al. 1993). The bas1c idea is that the forming low mass star gathers mass via active

infalling and. c1rcumstellar accretion after the onset of gravitational collapse. Therefore, the star
' w1ll exper1ence an envelope phase (Class 0/1 protostar) when there exists an optically thick envelope

with heav1ly 1nfalhng matter, a d1sk phase (Class II protostar, also known as T-Tauri star, CTT)
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“when thé envelope Has been mostly evaporated but a massive disk is still accreting, and then a pre-
main‘sequénc‘e phase (Class III, also known as weak-line T-Tauri star, WTT) when most material
in the disk ha.é disap‘i)eargd 'but a solar-like planetary system may be developing.

: As the star ié formihg,‘ it also effectively disperses the surrounding molecular gas via outflows

- and jetis‘ (see review, Arce ef al. 2007). Molecular outflows have been suggested to be the main
sdurcés clearing the circumstellar material around a forming low mass star. Highly collimated CO

flows are ubiquitous with low mass protostars of age < 10° yrs, having velocities of 10-100 km

s~! and typical mass loss rates of 107¢ Mgyr~L.

However, there has been increasing evidence
showing.that the Qutﬂow Chafacteristics, especially the collimation, and even the mechanisms,
actually évolve with the low mass protostar (e.g. Tobin et al. 2007). Nevertheless, the star forming
environment is dramaticauy'impactéd by the evolution of the forming star.

, The forination of an intermediate-mass star (3 - 20 M) is probably similar to low-mass star
formation. For example, Her'bi'g Ae/Be stars are thought to be the intermediate-mass classical
T-Tauri stars (see reVieW, Waters & Waelkens 1998). However, more and more observational
evidencé suggesté that the formation of fnassive stars, especially with spectral types of early B to
' O,vis‘not simply a'scaled-up version of low-mass. star formation (see review, Zinnecker & Yorke
- 2007). »Neverrt_vheles’s,’ like a low mass star, gasydispersal is also expected for a HAeBe. Fuente

“etyal."(1998a, 2002) mapped the molecular gas around HAeBes with different evolutionary stages
and showed that t’he material around HAeBes are usually continuously swept out by outflows to
" form cavities as the _HAeBes evblve. This also implies an alternative classification to characterize
the evolutionary stage of HAeBes, in addition to the near-infrared scheme (Hillenbrand et al.
1992). Indeed, ou‘éﬂowéassbéiafed With intermediate mass to massive protostars have started to be
idéntiﬁed (e.g. Wu‘et al. 2005). It is suggesfed that the outflows of B stars have higher mass loss
~ rates of 107° to 1073 Myr~! with less collimation (e.g. Wu et al. 2005), compared to outflows

from low-mass protostars.

1.2 The Majority of Stars in the Galaxy Form in Clusters

However, the majorityy‘ofgstars in the Galaxy form in clusters, rather than in isolation (e.g. Car-

penter‘?OOO;,Lada & Lada 2003). Such clusters normally contain one or many massive stars
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accompanied‘ by a large number of lower mass stars. This should not be too surprising, as there

has been growing: evidence showing that even the Sun was born in a cluster. Isotopic studies of
the s‘hort-vli.ved radiqnuclide in the early solar system suggest the contamination from a nearby
sUpernOva (~ 0.02-1.6 pc distance, e.g. Looney et al. 2007), which implies that the Sun formed
‘ina clusterverivilr‘onmént with at least one cluster member that was massive enough to undergo a

supernova explosion while the Sun was still forming.

'Although »cl‘ustérs‘i,are the major mode of star formation, it is still poorly understood whether
there is’any fundamentallyb discrepancy between stars forming in isolation and clusters. Recently,
- more and more studies have started to focus on cluster systems. For example, Ridge et al. (2003)

mdpped the dénse gas around young chtsters within 1 kpc and also suggested a similar classification
of cloud evc‘i.lution,' as ‘s’een in HAeBe systems (Fuénte et al. 1998a, 2002). Nevertheless, examining
| the star—formin'grénvironment is crucial to understand the major mode of star formation. Therefore,
~‘based on the ‘khowledge of isolated star formation, it is the aim of this thesis to provide insights in

star formation in the cluster mode, by comparing to the isolated mode.

Further'morev,‘one' woul'd_expe‘ct that clusters might complicate the star-forming processes. For
example, bothtile initiél kcllistering and thethe contimious interaction between cluster members
could contributé"to the cbmple_)tity. The ihitial’clustering dominates the initial mass function (IMF),
WhiCh might be dete;‘mined by the turbulent fragmentation in clouds or competitive accretion
v bet‘we’eI‘l star forming co‘res?:(P_ud‘ritz 2002). On the other hand, the dynamical interaction between
| cluster membets ‘include‘s the plose encounter between forming stars (Pfalzner et al. 2006) and
_impat:ts from vmalssive stars on the natal cloud, such as strong outflows, stellar winds, and UV
radiat_ion. These faétors are probably significant enough to modify the star forming processes
in ;clu‘sters from the v‘vsténdard isolated star formation picture, as stars form with much higher

efficiencies and form much more closely in clusters than in isolation.

For examblé; "disk truncations of young stars by UV radiation from massive stars have been
‘suggested“both theoreticall&'and observationally. Studies on how EUV and FUV photons truncate
.- the mrcumstellar dlSk and affect the formatlon of planets are increasing to date, especially theoret-
'1cally It'is predlcted that the disk mass loss decreases with the FUV flux, thus the distance to the

,masswe star, so that the disk size would i increase with the distance to the massive star within the
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FUV domlnated regime (Storzer & Hollenbach 1999). In addition, the star-disk encounter model
| (Pfalzner et al. 2006) also suggests a dependence between the disk mass loss and the distance to
the cluster center, and further predlcts that high and low mass stars are actually affected more
serlously than 1ntermed1ate mass stars. In fact, the discrepancy of the disk fraction between differ-
ent spectral types of stars has been observed toward a nearby cluster, IC 348 (Lada et al. 2006).
Moreover, direct observat10nal evidence of truncated disks is also found in nearby clusters, such as
the Proplyds in Orion (e.g., Vicente & Alves 2005).
| indeed, clusters host much more active and rapidly changing environments than isolated stars.
e ‘Exarnining the star formation and evolution in clusters and comparing with isolated stars will help

exténd our understanding of the formation of most stars in the Galaxy, including the Sun.

1.3 Young Stellar Clusters around Herbig Ae/Be Stars

~ Although star formation can be simply characterized into two modes, isolation and cluster, there
actuallyexist various star forming systems that probably result from different mechanisms. In
particular, for/cluster mode, there are (1) low mass clusters with a loose distribution of numbers of
low rnass stars, . (2) intermediate mass clusters containing one to a few intermediate to high mass
stars accompanied by 10’s to 100’s low mass stars, and (3) massive clusters including O stars or
even OB associations surrOunding a large number of low mass stars. Hillenbrand et al. (1995a)
suggests that the number of cluster members seems to show a positive correspondence to the mass
of the most rnassive stars in the cluster. Adams et al. (2006) even derives a relationship between
the size of clusters and the number of cluster members, based on an 1nfrared survey of nearby
_embedded clusters (Lada & Lada 2003).
. In this thes1s, I study the second type, the intermediate mass clusters around one to a few
: Herbig Ae/Be stars, for the following reasons. First of all, they are the simplest clusters that
' contain intermediate mass to massive stars. Indeed, massive clusters have higher probability to host
more massive stars, wh1ch produce more feedback on the environment. These clusters, therefore,
‘increase the ability to detect environmental effects on young cluster members observationally, but
also increasethe 'observational complexity. On the contrary, intermediate mass clusters, as the

. simplest clusters, can simplify the physical conditions and avoid the complexity due to the coupling
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effects from multiple massive stars.

Secondly, théy can be tréated as basic units of star formation in clusters. Spitzer observations of
‘young massive: clusters revealed the existence of sub-structures (Allen et al. 2006). Wang & Looney
(2007) further 1nd1cates that the sizes of these intermediate mass clusters are actually comparable

to those sub-structures seen in massive clusters. Thirdly, the majority of cluster members of these

» 1ntermed1ate mass clusters are all Sun like low mass stars. This gives us a relatively smaller mass

'spread than that in massive clusters, so that we can approximatively waive the mass dependence
- while examining the age‘distribution in clusters.

. Finslly, v_vith the ‘ages of HAeBes less than a few Myrs, these intermediate mass clusters are
- still forming ahd embedded within their molecular clouds. This indicates that they are old enough
for low-mass cluster members to have been born but young enough for natal molecular gas to be

dispersing. ‘Therefore, not only can young stars to be revealed and examined, but also can gas

removal processes be investigated.







Chaptér 2

Samples

. I sample eléven neérby young stellar clusters around HAeBes with a few Myr within 2 kpe. The
distance criteria is required so that it increases the sensitivity to detect lower mass cluster members
as completely as possible. Table 1 lists the stellar parameters of the most massive star or stars in

clusters. Short descr‘ip‘tionr of each cluster is also summarized as follows:

e BD40 cOntaiﬁs t‘hrée_HAEBE stars, BD + 40° 4124 , V1686 Cyg, and the southern star of
V1318 Cygvbin‘ary, with age ~ 1 Myr at 1 kpc. Molecular clumps have been detected centered
on the southern star of V1318 Cyg, which is therefore believed to be the youngest and most

| actively fo;;hihg star (e.g. Looney et al. 2006a). Moreover, more than 80% of the group

. rﬁembefé show near infrared excess (Hillenbrand et al. 1995a), which implies the youthfulness
‘of this' group. The fact that both massive and low mass stars form simultaneously within
such a small scale provides us an excellent environment to study the star formation in the

cluster.

. NGC 7129 is a reflection nebula that contains three Herbig Be stars, LkHa 234, BD +
B 65° 1637, and BD +65° 1638. A number of young stars have been found in this system, along
' With molecﬁular' outflows (Edwards & Snell 1983; Fuente et al. 2001) and dense molecular
v“clumps éenfered on LkHa 234 (Wang & Looney 2007). It has been suggested LkHa 234
is the youngest among the three Be stars (Hillenbrand et al. 1992).‘ Several authors have
published thé Spitzer photometric and spectroscopic results for this system (e.g. Megeath
“et al. 2004; Morris et al. 2004; Gutermuth et al. 2004). It is included as one of our sources

for completeness.

e MWC 297 is an O% star at 450 pc (Hillenbrand et al. 1992). B1.5V at 250 pc is also

*suggested by other authors (e.g. Drew et al. 1997). We use the former in this paper. Dense
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molecular eniission, such as 13CO and C'®O (Fuente et al. 2002; Ridge et al. 2003), and
molecular outflows (e.g. Drew et al. 1997) have been detected around MWC 297, which

suggests an active star forming environment.

VY Mon is a B8e star with age ~ 0.1 Myrs, surrounded by ~ 25 stars (Testi et al. 1998).

1300 and C!80 observations show that the dense molecular gas is distributed along an

extended ridge around VY Mon (Ridge et al. 2003). Two 10 um companions were detected
(Habart’et al. 2003).’

, VV,Ser is a B9e star with age ~ 0.6 Myrs, surrounded by ~ 24 stars (Testi et al. 1998).

13CO and C'80 observations show that the dense molecular gas is extended and VV Ser is

" located within a cavity of this dense gas (Ridge et al. 2003).

HD 97048 is an AQe star surrounded by a few stars.

BD46 system is embedded within a molecular cloud that includes the Herbig AOe star,
BD + 46° 3471, and the BO star, BD 4 46° 3474. BD + 46° 3474 illuminates an emission

~nebula, IC 5146, that contains more than 100 stars, including four other late B stars; while

~ 3.5 pc away, BD + 46° 3471 illuminates another emission nebula including more than 10

- stars with an average age of 0.2 Myrs (Herbig & Dahm 2002). How two clusters with such

different sizes form closely in the same cloud is still unsolved and it also makes this system

" interesting for the study of star formation.

V921 Sco 1s aﬁ Be star away from the HII region, GAL 343.49-00.03, at the distance of ~

- 2 pe. This HII region contains the IR source, IRAS 16558-4228, and several radio sources.

Fou‘r_ 10 pm companions around V921 Sco were detected (Habart et al. 2003).

MWQC 1080 (V628 Cas) has been classified as a BOe star (Cohen & Kuhi 1979), with 20.6
Mg, 10 Le (Hillenbrand et al. 1992, 1995a), and a flat optically thick circumstellar disk

_ (Hillenbrand Class I object for Herbig Ae/Be stars). See more details in Chapter 5.

HD "200775; a B3 star, is the oldest system in my sample (8 Myr, Fuente et al. 2002) and

has illuminated the reflection nebula, NGC 7023. A large biconical outflow cavity with a size

~ 1.5'pc x 0.8 pc has been constructed (Fuente et al. 1998b).
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Table 2.1. Stellar Paremeters of the Sources

Target*  Distance MassiveP M Spectral Age Refs.
: " (kpe) Star Mp) Type (Myrs)
BD40 1.00 BD +40° 4124 13.0 B2e 0.06 1,2
, V1686 Cyg 4.5 B5e 0.6 1,2
: V1318 Cyg-S - mid A-Fe 0.6 1,2
NGC 7129 1.00 BD +65° 1637 9.2 B3e - 1
SR ‘ , LkHa 234 8.5 B3e 0.1 1
' , BD + 65° 1638 - B2 - 3
MWC 297 0.45 MWC 297 . 26.5 0% 0.1-10 14
VY Mon: - 0.80 VY Mon - B8e 0.1 4
VV Ser 0.44 ' VV Ser 3.3 B9e 0.6 14
HD 97048 0.16 HD 97048 3.4 AQe . > 5.0 1,4
~BD46 .- 0.90 BD +46° 3471 7.3 AQe 0.1-0.3 1,5
R BD + 46° 3474 - BO 1.0 5
V921'Sco. -~ 0.8~ V921 Sco - BOe 0.1-1.0 4
SR ' GAL343.49-00.03 - - - 6

aName of the clu‘ste‘r‘system used here.

o ‘bMassive stars that are included within the same cluster system or within the
~same molecular cloud.

Réferenceé. — (1) Hillenbrand et al. (1992) (2) Hillenbrand et al. (1995a) (3)
Harvey et al. (1984) (4) Habart et al. (2003) (5) Herbig & Dahm (2002) (6) Caswell
& Haynes (1987)

°Z CMa is a close (< 100 AU) binary including a optically bright FU Orionis star, which is
}Sfobébly a3 Me T-Tauri star undergoing an active disk accretion, and a 16 Mg Herbig BOe
star (Coifino ef al. 1984; Koresko et al. 1991; Hartmann et al. 1989; Polomski et al. 2005; van
den Ancker et al. 2004)? This system is still young as CO outflows, jets, and numbers of HH
objecﬁs liaye been identified (Evans et al. 1994; Veldzquez & Rodriguez 2001).







Chapter 3

Identifying Low-Mass Young Stellar
Objects

Infrared color-color diagram is one of the most common way to separate young stars from normal
stars. Reééntstudies in ne;arby embedded clusters have shown that photometry of Spitzer mid-
infrared observations is efficient to identify young stars, especially to distinguish between stars with
disks ahd envelopes (e.g. Allen et al. 2004; Megeath et al. 2004; Allen et al. 2006). For example,
- Hartmann et al. (2005) plofs Taurus young stars with known classes (i.e. WTTs, CTTs, and Class
I protostars), and shows that all of them are well separated in the color-color diagram, [3.6] - [4.5]
VS;_ | (5.8] - [8.0]. In addition, the color-color diagrams that combine IRAC and MIPS bands, for
example [3.6] - [8.0] vs. [8.0] - [24] and [3.6] - [5.8] vs [8.0] - [24], are also efficiently used to identify
_young stars, especially for highly embedded stars and stars with significant inner holes (e.g. Rho
et al. 2006; Lada et al. 2006). [3.6], [4.5], [5.8], [8.0], and [24] are Spitzer IRAC and MIPS bands
at 3.6, ’4’.5, 5.8, 8.0,'and 24 pm. Indeed, unlike the near infrared (e.g. JHK) emission from young
stars, the IRAC ([3.6], [4.5], [5.8], and [8.0]) and MIPS [24] channels contain a significant fraction
' of emission fI‘OII_I‘ circumstellar material (disk or envelope) over the stellar photosphere, so these
channéls afe more sensitive to probe the circumstellar characteristics than the near-infrared.
HOWéver{, aithough technique using Spitzer observations has been proven useful to identify
young ‘s‘tars‘, ﬁot'all‘sou‘rces cén be simultaneously detected at all bands, especially for low-mass
protostars. “This is because the [3.6] and [4.5] are much more sensitive than others (Fazio et al.
2004)>. ‘On the other hand, [5.8] and [8.0] contain strong PAH emission that easily confuse the
detection and photometry of point sources. Since the infrared data in this thesis are not deep
| and 'fhe majority of the young stellar population in sampled clusters are low-mass, photometry
using only the IRAC bands is not reliable to identify young stars. Therefore, due to the intrinsic
difficulties of nebulosity confusion and sensitivity at [5.8] and [8.0], only the [3.6] and [4.5] IRAC

; Bands'are used in this thesis and combined with J, H, and Ks to identify young stellar objects. In

11




fact, the J to [4.5] colors have been used in some studies of embedded clusters (e.g. Gutermuth

Cetal 2004). (0

Theréfore, the rﬁain goal of this chapter is to investigate how the Class I/II protostars and Class
b, I1I/normal stars ,céh be best separated by using only J, H, Ks, and IRAC [3.6] and [4.5] band. In
~order to uI;derstand the ihfrared emission of low-mass young stars in these bands, I examine the
cdlofs of one of the‘n’ldsf well studied and nearby young clusters IC 348 using the published infrared

data (Luhman et al. 2003; Lada et al. 2006), and apply the results to my sample.

3.1 Case Study of IC 348

IC348 is a ’partiall‘y embedded young cluster with age ~ 2 Myrs at 260 pc, which contains ~ 300
cluster members wit}i spectral types from early B down to M (Muench et al. 2003). It is a cluster
with an age,anci nlimb.er of cluster members larger than sampled clusters in this thesis. I simply
B aSsume that “the‘ young stars in IC 348 are generally similar to those in my sample, so that I can
A corhpare techniq'u‘eslt'o identify young stars. Published NIR and Spitzer data of IC 348 are used,
including the colors at J, H, Ks (Luhman et al. 2003), [3.6] and [4.5], SED-derived Ay, and classes
of protostars (Lada et al. 2006). In order to obtain the intrinsic colors, the interstellar extinctions
are corrected by applying the extinction laws from Rieke & Lebofsky (1985) for J, H, and Ks
and »In'deb'etouw et al. (2005)‘ for the IRAC bands, which corresponds to Ry = 5.5. Moreover, in
the ;;éper‘of Lada et al. (2006), stars are classified as stars with pure stellar photospheres (star,
hereaftér called normal Stér), optically thick disks (thick), and anemic disks (anemic). Those stars
,‘ with ojjtically thick disks are most likely CTTs that have primordial disks while those with anemic
diskszaré mére like tfansition ones with mostly depleted disks. Here I only include stars with thick
disks as youhg stars, in 6rder to identify the primordial disk populations.

Figure 3.1 plots the aBsolute magnitude at [4.5] of normal and thick disk stars by applying
the extinction anydbdistance correctioné. Using this figure, the range of spectral types of identified
young stars at an assumed distance can be estimated. Figure 3.2 plots the dereddened color-color
diagrams of H- (3.6] VS. [3.6] - [4.5] and Ks - [3.6] vs. [3.6] - [4.5] for IC 348, which are the methods
oftenk suggested by other authofs (e.g. Hartmann et al. 2005; Allen et al. 2006). For example,

Hartmann et al. (2005) showed that Taurus Class I/II protostars are clearly distinguished from
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Class III sources in both diagrams, especially in the diagram of H - [3.6] vs. [3.6] - [4.5]. In Figure
3.2, hormal and thick disk stars in IC 348 are indeed distributed as two groups in the color-color
diegrams'. However, normal stars will mix with thick disk stars when they are highly extincted;
extinction is usually significant in embedded clusters. In addition, the solid lines in Figure 3.2,
, Which Were arr’owsdrawn in the Taurus study (Figure 3 in Hartmann et al. 2005), can not separate

3 thick disk stars from normal stars in IC 348 as well as those in Taurus.

Figure 3.3(a) and 3.3(b) plot two dereddened color-color J to [4.5] diagrams for normal and
thick disk stars in IC 348. They are the best color-color diagrams to separate normal and thick

disk sfars. I deriyve lines that divide the normal and thick disk stars,

| J—[3.6] = %ﬁ% % (Ks — [4.5]) — 0.36 (3.1)
- (solid hneln Figui'e 3.3(a) and 3.3(c)) and
H—[3.6) = %‘% x (Ks — [4.5]) = 02, (3.2)

(solidline in Figufe 3.3(b) and 3.3(d)), which are both along the direction of extinction with
E(J - [3;6]) =0.219 x Ay, B(H — [3.6]) = 0.112 x Ay, and E(K's — [4.5]) = 0.064 x Ay (Rieke &
7 ﬂebofsky 1985; Indebetouw et al. 2005). Because Equation (3.1) and (3.2) are along the direction of

extinction, normal and thick disk stars can be still separated no matter how large the extinction. I
“also compare these two diagrams to Taurus’ results (Hartmann et al. 2005). Figure 3.3(c) and 3.3(d)
~plot the coyl'o.rsv of Class I-III protostars in Taurus in the same color-color diagrams as 3.3(a) and
3;3(‘b). They show that Equation (3.1) and (3.2) can also discriminate most stars with circumstellar
“ matér’iai (CTTS end Class I) from stars without disks (WTTs). According to the results of IC 348

and Taurus, it can be concluded that at least 90% of young stars will be identified using Equation
(3.1) and (3.2), and 'at, most 10% of them are normal star contamination.

'In summary, the color-color diagrams of J - [3.6] vs. Ks - [4.5] and H - [3.6] vs. Ks - [4.5]
" can best Separet'e :young stars from normal stars when using J to [4.5] colors only. These methods
are especially useful for those low-mass clusters similar to Taurus and intermediate-sized clusters

similar to IC 348. Methods of identifying young stars in different environments may be different
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~ due-to the environmental impacts on the young stars. Therefore, in the future, this should be

tested in other environments, such as massive clusters.

3.2 YSO Loci and Circﬁmstellar Parameters

From Figure 3.3, not ohly can the thick disk stars in IC 348 be identified in Figure 3.3(a) and
3.3(b), théy are also disfﬁributed within narrow bands. Therefore, I obtain two loci (dashed lines in

Figure 3.3) via least-squére fittings,

J —[3.6] = (1.01 £ 0.04) x (K's — [4.5]) -+ 0.79 & 0.04; (3.3)

H —[3.6] = (0.95 £ 0.04) x (Ks — [4.5]) +0.12 £ 0.04, (3.4)

which are called YSO loci here.

Meyer et al. (1997) first showed that the intrinsic near-infrared colors of CT'Ts in Taurus are
disffibuted within narrow bands in the color-color diagrams of J- Hvs. H-Kand H-K vs. K - L,
éo éalled CT’II“s‘ loci. It is suggested that young stars having accretion disks with disk accretion rates
of 1078~ iO”G‘M@ yr~1, inner disk holes with sizes of 1 - 6 R,, and random inclinations, can explain
the'CTTs loci. Mb:eover, Figure 3.4 shows that thick disk stars in IC 348 also roughly locate along
the CTTS logi. This means that thosé thick disk stars in IC 348 are probably just typical CTTs.
In addition, Figure 3.3 and Equation (3.3) and (3.4) further suggest that this characteristic that
young stars distribute within 'nafrow bands in near-infrared color-color diagrams, is also valid in
‘the mid-ihfrared. Indeed, the YSO loci could be treated as the extension of CTTs loci.
| In order to undersfand the physical parameters of those thick disk stars in IC 348 and how they
relate to the YSO’ loci, I obtain their stellar and circumstellar parameters by fitting their colors at
J, H, Ks, and ’the »_fbl’.ll‘ bands of IRAC with young stellar models (Robitaille et al. 2006, 2007). I
choose fhe,model with,a best fit (with the least x2) for each star. Although the best-fit models do
not necessarily provide the true values of stellar and circumstellar parameters of young stars, the
‘ﬁttin’g results cah still provide some indications, such as ranges of these parameters.

k Figure 3.5 plots the histogram of some parameters of these stars from the fitting, including the
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age, the stellar mass, the disk mass, and the disk accretion rate. This figure suggests a parameter
range for those stars along the YSO loci. I also obtain the parameters for Class II protostars
: (CTTs) in Taui‘us, for comparison (Figure 3.5). The fitting results and the Figure 3.5 show that
>low-‘1ﬁass starsv‘with typice;l accretion disks having disk accretion rates of 10714 - 1076 Mg yr—,
disk inner héles With Sizes of 0.01 - 10 AU, and random disk inclinations can have colors along the
YSO0 loci. |

Furfhermore, in,order to understand the relation between colors and circumstellar parameters
for those stars along the YSO loci, their ages and disk accretion rates vs. dereddened H - K and
K - [4.5] are also plotted in Figure 3.6 and 3.7. Trends showing positive correlations are shown in
theée figures, especially between colors and the disk accretion rate.
~In summary; fhése results have shown that the intrinsic near- to mid-infrared colors of stars
with disks with a wild ryange of circumstellar parameters can still distribute within narrow bands in
fhé color-color diagrams, and stars in the low-mass cluster (like Taurus) and in the intermediate-
size clﬁsfer (like IC 348) 5re actually along the same loci. This also implies that not only can the
color-color diagrams o‘f J - [3.6] vs. Ks - [4.5] and H - [3.6] vs. Ks - [4.5] be used to separate young
stérs from normal ‘sta:rs, fhey can also be used to estimate a range of interstellar extinctions in the

 cluster by applying the YSO loci, for different clusters.
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" Figure 3.1 The absolute magnitude at [4.5] vs. the spectral type for normal (small dot) and thick
disk (open circle) stars in IC 348 using the published data in Luhman et al. (2003) and Lada et al.
- (2006). o
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Figure 3.2 The dereddened color-color diagrams of H - [3.6] vs. [3.6] - [4.5] and Ks - [3.6] vs. [3.6]
- [4.5] for normal and thick disk stars in IC 348. The small dot and open circle label the normal
and thick disk stars (from GO to M9), respectively. Two solid triangles are A type thick disk stars
(thus, Herbig Ae stars). The solid lines are from the arrows that separate between Class I/II and
Class III protostars in Taurus in Hartmann et al. (2005). The small arrows on the left side are the

‘extinction vectors for Ay = 5.
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Figure 3.3 (a) and (b) are the color-color diagrams of J - [3.6] vs. Ks - [4.5] and H - [3.6] vs.
Ks - [4.5] for dereddened normal and thick disk stars in IC 348; while (c) and (d) are those (not
- dereddened) for protostars in Taurus. In addition to the labels described in the figure, the solid
- triangles are Herbig Ae stars. The solid lines are Equation (8.1) for (a) and (c), and Equation (3.2)
for (b) and (d). The arrows show Ay = 5. The dashed lines are YSO loci, Equation (3.3) and (3.4)
~ (see Ch. 3.2). :
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Figure 3.4 Color-color diagrams for thick disk stars in IC 348. Most of these stars distribute along

“the CTTs loci (the solid lines, Meyer et al. 1997), which are derived based on the intrinsic colors
of CTTs in Taurus. This indicates that these thick disk stars in IC 348 have similar circumstellar
properties as CTTs in Taurus.
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Figure 3.5 Histograms of fitted parameters of thick disk stars in IC 348 (solid lines) and Class II
protostars in Taurus (dashed lines). This plot gives a range of the fitted age, stellar mass, disk
mass, and disk accretion rate of those stars along the CTTs and YSO loci (Equation (3.3) and

(3.4)).
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‘Figure 3.6 This figure pllots the relation between colors and the fitted disk accretion rate for thick
disk stars in IC 348. It is shown here that the redder stars show, the higher disk accretion rates
stars are experiencing, for stars along the CTTs and YSO loci.
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| Chapter 4

Large-Scale Young Stellar Population
‘around Herbig Ae/Be Stars: A
Low-Mass YSO Census

~In order to understand thé star-forming environment around HAeBes, the first step is to reveal the
_young stellar population and clustering around these systems. In this chapter, I present near- and
‘ mid—infrared observations 6f eight embedded young stellar clusters around HAeBes using archived
prtzer IRAC data and the 2MASS point source catalog. With Spitzer and 2MASS's spatial
» resolutlon (~ 2 arcseconds) and Spitzer’s wide field of view, young stars from as close as ~ 0.3 pc
to a few pc radius from the HAeBes can be identified in my sample. Therefore, I can probe the
“ ybung stellar distribution (1) around HAeBes to determine the sizes of clustering and (2) outside
clusters to display the large-scale star-forming environments within which clusters form. This is a
“scale v&hich is dominated by the initial clustering of stars in the natal molecular cloud. In addition,
with Spitzer’s high sensitivity, I can identify low-mass stars with mass down to early M drawfs.
This gives 10 '-‘100 cluster members per cluster— enough to be studied statistically.

Mairi qu.estibons to be investigated are: (1) How are low-mass young stars distributed compared
to the HAeBes; (2) Is there any clustering or environmental effects; and (3) What are the IR
propertles of 1dent1ﬁed young stars compared to isolated stars.

The Ihajority of this chapter was published as ” Young Stellar Groups Around Herbig Ae/Be
Stars: A Lova~Mass‘YSO Census”, Wang & Looney, 2007, ApJ, 659, 1360.

4.1 Observations

~ Young stars aré normally detected at infrared bands because their circumstellar dust re-emits the
stellaf light into the infrared regime and enhances the infrared luminosity (so called infrared excess).

‘T use d;cmta from the 2MASS (Skrutskie et al. 2006) point source catalog and the Spitzer Archive
to obtain the photometry at near- (2MASS: J, H, and Ks) and mid- (Spitzer IRAC: [3.6], [4.5],
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[5.8], and [8.0]) (Fazio et al. 2004) infrared bands. Table 4.1 summarizes the observational details of
my sarhple from the Si)itzer Archive, The source position and photometry of JHKs were obtained
directly from!the 2MASS point source catalog; the point source detection and photometry of IRAC
“data, which‘a\re' PBCD in the Spitzer Archive, were accomplished using IRAF APPHOT package
' (daofind énd phot tasks). . Only sources above 5 o are considered. I use an aperture radius of 3
piﬁ:el (3.6") and sky annulus from 3 (3.6") to 7 (8.4") pixels for all point sources. I also use the zero
" magnitude of 21,108, 20.635, 20.1667, and 19.5 for IRAC [3.6, [4.5], [5.8], and [8.0], respectively
(Fazio et ai.’2004). The uncertainty of IRAC magnitudes is less than 0.05 mag for each channel of
all sources. The detection limit at J band, J = 17, is applied, which corresponds to the 0.2 mag
uncertainty. Table 4.2 list the deteétion limit at each band of the identified YSO candidates in this
stlidy. Th_é last column in Table 4.2 is the spectral type whose color is the detection limit at [4.5]

uéjng Figure 3.1(b) (mbre details about Figure 3.1 in Ch. 3).

42 Spitzer Images and YSO Candidates

4.2.1. Dust Morphoiogy

’ RG,\B_cdlor corﬁpoéite images of all sources are plotted in Figure 4.1, where [3.6], [4.5], and [8.0]
aré displayed as blﬁe, green, and red, respectively. This figure shows the distribution of dust in
red, (w‘hich contributes significantly at [8.0]. The emission comes from thermal dust continuum
illumiﬁated by‘ the maésive HAeBes and the PAHs, that often trace the star forming regions. From
- this ﬁgure, we caﬁ see that all but two of my sources show bright diffuse emission in channel [8.0].
Howé&er, the most massi?e star in the system, the HAeBe, is not always at the center of the dust.
For example, the BD40'system is in a dust-rich environment and located right at the intersection
of two ,brahchés‘of dust with different position angles. This is consistent with the two systemic
- velbcities of dense gas that suggests that the high star forming activity is due to the collision of

~ clouds. (Loongy et al. 2006a). Unlike MWC 297, which has a basically centered symmetric dust

. nebula, thek_VY Mon and NGC 7129 systems are located at the edge of dust structures. These
one-side structures may result from the disruption of the natal cloud by the massive star in one

. direction. However, we can not exclude the possibility that massive stars may not primordially
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form in the cenfer of a dense cloud. Two of our systems, HD 97048 and VV Ser, show very little

dust emission. This might be because they are both at the lower mass end of HAeBe stars (3.4

“and 3.3 M'®, ‘resp‘ectively)’— not energetic enough to illuminate their environments.

B Interestingly, the bright dust structures in two systems, BD46 and V921 Sco, are actually not
associated Wifh the HAeBes, BD + 46° 3471 and V921 Sco, respectively. In the BD46 system, a
syinmetfic morphology of dust wifh radius ~ 2 pc is centered on the BO star, BD + 46° 3474, while
nyo ‘ob\}i‘ous"dust ‘i's’detected around the AOe star, BD + 46° 3471. Again, this might be because
BD + 46° 3471 is not massive enough, as it is an AQe star. On the other hand, in the V921 Sco
systém, thére are multiple dust -accumulations. The brightest dust feature is centered on the HII
regioh, GAL  343.49-00.03, with radius ~ 1 pc and ~ 2 pc away from the BOe star V921 Sco. The
Spitz>yér image alsQ shows there is a large group of optically invisible stars deeply embedded within
fhis HII _régibn, that might suggest it is the most active star forming region in the area. Two
chef small dust clumps with radius < 0.5 pc are centered on two IRAS sources, IRAS 16566-4229
and IRAS 16570'-4227, ~ 2 and 25 pc away from the HII region, respectively. As shown in Fig.
‘ 4,,there’ is also some dust around the BOe star, V921 Sco. How the small groups of stars around
VBD4’—46° 3471 and V921 Sco form so closely to the large clusters around BD +46° 3474 and the HII
region is interesting and still unknown. For the BD46 system, the BD 4-46° 3471 cluster might form
and es'c‘apé while the; gas Within fhe BD + 46° 3474 cluster was dispersing, because BD + 46° 3471
séems to be isoiated ‘Without any diﬁ"use dust connected fo the BD + 46° 3474 nebula. However,
‘for theﬁV921’ Sco systém, the V921 Sco cluster might form due to the collision of turbulent clouds
‘near the ééti\}ely fofming cluster (the HII region), because both of them are surrounded by a large

scale diffuse dust. .

Table 4 lists the estimated spatial radial scales for the dust around the massive stars, defined as
Rg. We briefly concludé that clusters around the HAeBes whose spectral types are earlier than B8
'are usually associated with bright dust and PAH emissions, although the formation mechanisms of

- my sample may be varied due to their different morphologies.
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4.2.2 Coiloﬂr-Color Diagrams

As shown in Ch. 3, after exéinining the intrinsic colors of young stars in IC 348 and comparing
them to the results in Taurus, I decide to use the color-color diagram of J - [3.6] vs. Ks - [4.5] as
the todl of identifying young stars in this thesis. All stars with colors redder than Equation (3.1)

in this color-color diagram are young stellar candidates (hereafter called YSO candidates).

' Figure v4‘.v2'shows tvhe,color—color diagrams of J - [3.6] vs. Ks - [4.5] for all sources. The solid
and dashed line are Equation (3.1) and (3.3), respectively. Stars redder (rightward) than the solid
lines bare chéiacterized as YSO candidates; while those YSO candidates above the dashed lines are
most likely’ thick disk stars (CTTs). From this figure, we can see that most of YSO candidates are
| indeed CTT-like. Those YSO candidates below the dashed lines and with large Ks - [4.5] may be
iyouiig‘ A oir F stars, similar to those in the color-color diagram of J - H vs. H - K in Figure 15 of
Hillenbrand et al. (1992).

Table 4.3‘a1so summarizes the total number of identified YSO candidates for each source in the
whole data ﬁéld and inside the cluster, respectively. I simply define that the stars within the dust
regioil (Ra4, estimated in the Ch. 4.2.1) are inside the cluster. Adams et al. (2006) derived the
reiationship betweenthe number of cluster members (N) and radius of the cluster (R), R = v/3
- pe (N/300)2/2, Based on this equation, I calculate the cluster radius (R in Table 4.3) assuming
that th;a entire population consists of the YSO candidates. The result that R is comparable or less
than Ry v(see Table 4.3) shows that the number of detected YSO candidates in clusters is actually
close to orkl’éss thén the number of cluster members. Based on the number of YSO candidates,
" my sample can be sorted into ihree divisions: (1) ~ 10 YSO candidates for HAeBes later than
Bo: BD -+ 46° 3471 and HD 97048; (2) 20-50 for single HAeBes earlier than B9: MWC 297, VY
- Mon, VV Ser, and V 921 Sco; (3) > 50 for multiple HAeBes or B stars: BD40, NGC 7129, and
- BD +46° 3474. The HII region in the V921 Sco system is not included because it is actually not
“a HAeBe ciu_stef. This categorization implies a positive trend between the mass and number of
massive‘ s‘gais and the number of young stars in clusters, just as suggested by other authors (e.g.
Hillenbrand’et al. 1995a; Palla et al. 1995). Despite the categorization, we can simply conclude

that 'thefe' are normally 10 - 50 young stars distributed centered at or close to the HAeBes.

- Moreover, acéordiiig to Figure 4.2, the interstellar extinction for each CTT-like YSO candidate
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can be estimated using the offset from the YSO locus (Equation (3.3)). Except the V921 Sco
systém; which shows a relatively high extinction (Ay ~ 10 - 20 in average), the majority of the
extinction is < 10 (péak at ~ 5) for YSO candidates in my sample.

Figure 4.3 plots those YSO candidates in my sample with the identification of all four IRAC

vbands':in" the color-color ‘diagram of [3.6] - [4.5] vs. [5.8] - [8.0]. We use the classification scheme
proposedv' m Mégeath et al. (2004) to characterize these YSO candidates: 10 %, 3 %, 80 %, 1 %, and
6 % of vther’n are Class 0/1, Class I/1I, Class II, reddened Class II, and normal stars, respectively.
Thisﬂ is coﬁsisfent with the conclusion that more than 90 % of YSO candidates are most likely
| young st‘aréz from the case study of IC 348 in Ch. 3.

Thei‘e is theb‘pos’sibility of contamination from background galaxies in our YSO candidate sam-
p.le. Harvey et al. (2006) use the Spitzer Wide-Area Infrared Extragalactic Survey (SWIRE) Elais
N1 data; (Suféce et al. 2004) to determine the extragalactic contaminates; they find that ~ 25 of
the 591 sources (assuming they are all extragalactic) within 0.89 degree? meet their YSO selection

| criteria. In other ﬁfvords, on average ~ 25 exfragalactic sources are misidentified as YSO candidates
within 0.89 degreéZ. Although our YSO selection criteria are different (see Section 3), my results
- can be éompared nuinericélly, as most of the sources are foreground or background sources. For
~ example, jn'sampled clusters, ~ 5 - 15 % of identified point sources are YSO candidates, only
| slightly larger than the ~ 5 % in Harvey et al. (2006). This is not surprising as it is expected to
have mofe YSCs ih my sample of pointed star formation observations compared to the large-scale
survey. In other vGOrds, the YSO selection criteria are consistent with each other. Moreover, the
detectioﬂ limit at [‘8.0]' in my sample, < 14.0 (Table 4.2), is higher than that of the 25 extragalactic
sources.. ‘Therefore; I adopt their value of 25 extragalactic sources in 0.89 degree? as an upper limit
"'to' extragalactic contamination of my YSO candidates. For my sources, with small fields of view,
itv is unlikely that there will be more than a few extragalactic sources in each of sampled fields.

Therefore, I can conclude that the contamination from background galaxies should be negligible.

4.2.3  Spatial Distribution of YSO Candidates

Qne of the most basic questions when studying star formation in clusters is the location of the young

stellar pOpulatién. Two elements determine the distribution of young stars in the cluster, the initial
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cloud condition "and the interaction of cluster members. Clusters form through the fragmentation
of the mqléculér éloud, which is determined by the initial conditions, such as the gravitational
: f)bt’éntial',‘ velocity field of the gas, magnetic field, and turbulence (see review, Meyer et al. 2000).
"~ However, after the onset of individual collapse in the cluster, the forming stars will continue being
affected by the ‘dynémical évolution of the cluster, for example, the removal of gas, feedback of stars,
and collision between cluster members. With the continuous modification of the dynamical state in
theb cluéter, the ‘distribution of stars might change dramatically. Adams et al. (2006) modelled the
early evolution (within 10 Myr) of clusters with 100 - 1000 members with respect to the boundness,
cluster size, "x}irial ratio, and number of cluster members with time. Their results showed that the
- gas dispersal p\laﬁ a primary role in the evolution of these parameters. For example, in their Figure

3, the Vfr’action of bounded cluster members is decreased from 1 to 0.2 within 5 Myrs after the gas
* dispersed for the virial initial condition. Although this depends on the real gas dispersal processes
dfamatically, it ‘impylies that there is a significant fraction of cluster members that will escape the
cluster eventually; there should be a significant fraction of isolated stars actually formed in clusters.
Moreover, Allen ep al. (2006) séﬁdied several embedded clusters from the Spitzer survey and showed
that iarotosfaifs tend to distribute in elongated morphologies around massive stars, along with some
"sub-clus'tered structures. They suggested that the distribution of protostars may still appear as the
primordial structure of the natal cloud. Indeed, studying the spatial distribution of young stars in

clﬁsters will allow us to assess not only the cluster formation but its history.

v , ~ Figure 4.4 plots the 'n‘umber density of YSO candidates vs. the distance to massive stars. For
examplé, in the BD46 system, it is centered on BD + 46° 3471, instead of BD + 46° 3474. The
nkumbe’r density deﬁnes the number of YSO candidates per surface area (number pc=2). From this
ﬁgufe, k‘we‘ can see that there are indeed clusters of YSO candidates around the massive stars as
: "expected, but also a ydung stellar population throughout the whole field outside the cluster. Those
; ,Y‘SO candidates Oﬁtside the cluster are mostly distributed uniformly. However, there are some
clﬁmps of ydung Stars outside the clusters around HAeBes, for example, MWC 297 and BD46. The
young stéllar ciuster around HAeBes, the clumps of young stars outside the cluster, and the overall
distributéd young population may be formed as a part of sub-clustered structures of a big dispersed

~cluster. The fact that there exists a young population outside the cluster is reasonable as the cluster
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is actually émbedded in a large-scale molecular cloud. The Spitzer observations of several young
stellar clusters, including NGC 7129, show a similar picture (Megeath et al. 2004; Gutermuth et al.
2004) — a significant fraction of identified young stars distributed outside the cluster core. Their
results also show that these young stars outside the cluster are actually well associated with the
large scale dense‘ molecular gas. They also suggest that the cluster forming environment plays an
important fole in determining_the morphology of the young stellar population.

From Figuvré 4;4, we also can estimate the spatial size of the young stellar cluster around HAeBes
(R,,m Table 43) and the clumps of young stars outside the cluster. These clusters and clumps
have the sizes ~ 0.5 - 1 pc, which are similar to the sizes of those sub-cluster structures in massive
clusters (Aﬂen et al. 2006). This further supports the suggestion in Section 1 that these clusters
can -be treated Vas‘basic units of studying the star formation in clusters. In addition, Table 4.3
| vshows Ry ahdv B,',,‘are basically consistent, as R4 shows the range of the dust distribution and R,

prbbeé the spatial élustering of the YSO candidates.
| In SUmmary, my results suggest that the clusters around HAeBes usually contain 10 - 50 young
stars witl}iin the dust emission and form relatively isolated clusters separated from the other regions
in thé large scale molecular cloud. The HAeBes are normally located near the center of the cluster
of youhg stars. These clusters can be treated as sub-structures bf the large scale young stellar
'population within the molecular cloud, as the clumpness of YSOs throughout the whole fields are
seen. Eaéh cluinp and'group can also be compared to those sub-cluster structures found in massive

clusters.

4.3 SED Slopes vs. Distance to the HAeBes

The sibpe of the spectral energy distribution (SED) is often used as the parameter indicating the
you‘phfulnéss of a young star (e.g. Wilking et al. 1989). The SED slopes of the YSO candidates in
my sample are also .der‘ived, using Ks, [3.6], and [4.5]. However, the SED slope is modified by the
| interstellar'extinctibn. I defivé the SED slopes of YSO candidates in the BD40 system with Ay
= 0,-5; 10, 15, and 20, and conclude that the SBD slope will change ~ --0.4 per increasing Ay =
5. ‘This provides an ﬁncertainty to the SED slope derivation, along with the estimated Ay from

Figure 4.2, for each of our sample.
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4.3.1 Environméntal Impact from Massive Star and Clustering

Not only are‘ythe position and mass of young stars affected by either the massive star or clustering,
~but the evolﬁtionary stages of the clustering stars may also be affected. During the formation of
massbi‘ve stars, the moleéular gas is actively disrupted by their strong stellar winds and UV radiation
ﬁélds. These two factors\might effectively alter the formation and evolution of protoplanetary disks,
too. _Studiés‘ oh how EUV and FUV photons truncate the circumstellar disk and affect the formation
of planets are increasing, especially theoretically. It is predicted that the mass loss decreases with
the FUV flux, thus the distance to the massive star, so that the disk size would increase with
' distahce to ,the-massive star within the FUV dominated regime (Storzer & Hollenbach 1999). In
additidn, alternafive models about how close encounters of cluster members affect the size and
‘mass loss of circumstellar disks are also studied. Pfalzner et al. (2006) suggested that the mass loss
g on the disks decreases With the distance from the cluster center due to the star-disk encounter, and
high and 1ow mass stars are affected more seriously than intermediate mass stars by the cluster
envirohmeht.The recent observational result of the cluster IC 348 (Lada et al. 2006) also showed a
. dependence between the disk fraction and the mass and spectral type of stars. Direct observational
e\‘riden‘ce b_f truncated‘ diéks is also found in nearby massive clusters, such as Orion. Vicente &
Alves (200‘5) probed the disk size distribution in the Trapezium cluster. However, they found no
' correlation between disk size and the distance to the massive star or between disk size and the mass
of the star, as t“heories predict (e.g. Storzer & Hollenbach 1999). They suggest that there might be

various mechanisms of disk destruction happening so that no obvious correlation is shown.

In order‘ to investigate the relationship between massive stars and low mass young stars, I plot
the SED slope of YSO candidates vs. radial distance from HAeBes (Figure 4.5 and 4.6). The
normal Stafs are also ploted as comparison. If the massive star truncates the circumstellar disks
of its cothp’anyid‘nsk, stars closer to the massive star might reveal themselves earlier than they would
normally. T«hefefore, these stars might look older than those further away, so there might be a
coxjfelatioh betweeﬁ the youthfulness (SED slope) and the distance to the massive stars. From
’ Fig'ﬁré'4.5 and 4.6, we can see that there is a young population near the HAeBe star differing from
the large_‘-scﬁle,l uniform distribution, especially for BD40, VV Ser, and BD46. However, there is no

~ obvious tl.féhdibetween the SED slope (youthfulness of young stars) and the distance from massive
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star.: ‘This )conﬁrms that at the scale of my study, the clustering of young stars dominates over the
i vef‘fe’ct of massive stars on the low-mass stars. Indeed, the range showing the existence of proplyds
in Orion is ~ 0.3 pc (Vicente & Alves 2005). Because Orion is a much more massive cluster than
my 's‘ample, any sinﬁlar effect from HAeBes would probably occur on scales much less than 0.3 pe.
However, for my sample, within this range, there are typically < 5 YSO candidates because of the
resoiution of Spitzer and the saturation of the HAeBes, so it is unlikely to detect any effect from

massive stars.

4.3.2 YSOS in Group vs. Isolation Within the Sarhe Cloud

Although there is no obvious trend between the SED slope and the distance to HAeBe of the
YSO cand_idatés,ih groups, Figure 4.5 and 4.6 shows a possible age dispersion of YSO candidates
throughout the molecular clouds, especially between inside and outside the cluster. Indeed, from
Figure 4.5 a_hd 4.6, the YSO candidates in clusters around HAeBes tend to have larger SED slopes
than those outside. This means that there is an enhancement of not only number but also the
youthfulness of YSO$ within clusters compared to those outside. Actually, this is not unexpected,
especially for low méss c;lﬁsters, which often show hierarchical structures within the natal molecular
cloudv. " Previous observations of the giant molecular cloud, Lynds 1641, suggest that there exist
not fonlAy aggregates of mainly low mass protostars, but also a distributed population of young
stars throughout the whole cloud (e.g, Strom et al. 1993; Allen 1995). Strom et al. (1993) found
In.bre’young stars are within the aggregates than distributed. Allen (1995) found stars within the
aggregatés have dverage ages less than those distributed. In my sample, a similar picture to Lynds
1641 is’ scen. - Allen (1995) suggested that this is because there is a constant star forming rate
within the aggregét&s that constantly disperses forming stars outward, that produce those isolated
young stﬁrs.j_Anothér explanation for isolated young stars outside the aggregates is that they
formed isblatéd'within the cloud initially so that the observational result is showing a primordial
age diSpersién throughout the cloud.

: _HoWever, these resﬁlts may be biased by the extinction, which would redden stars to make
theni seerlny younger, especially in the regions near the cluster center. According to the extinction

' ‘estimati_oh, extinction would affect the SED slopes by 1 at most with Ay ~ 10. This is still less

31



than the difference (~ 2) of SED slopes between the majority of YSO candidates inside and outside
the cluster. Therefore, we can conclude that the deviation of SED slopes due to extinction is not
' signiﬁCénﬁ 50 thfat there is indeed a trend showing YSOs in the clusters are younger.

As a clusfer nf ybung stars can be defined using the surface number density (R,, from Figure
4.4), it can alternatively be defined by the aggregates on the age dispersion from Figure 4.5 and
4.6. They do notnecessafy have to be the same as the spatial distribution can be differentj from the
age distribution of young stars. For example, assuming a single star forming epoch, if R,, is smaller

>than the aggrégates on the age dispersion, some stars formed together in the beginning may have
eécaped out of ,t’he bonndary of clusters; on the contrary, if R,, is larger than the aggregates on
the age’disipersion, the impact from massive stars may have dominated the inner region of clusters.
<Anplying the estimated R, into Figure 4.5 and 4.6 shows that the sizes of the clusters around
HAeBés ,bavsed' on Figure 4.5 and 4.6 are consistent with R,. This consistency may suggest that
the esca’pe.bof YSOs from the cluster is not yet significant for my sample. In other words, the
primordiai fraginentation of the molecular cloud may still dominate the young stellar population
outsidé the clus’pér in my sample.

Again, there is a ciuster of YSO candidatés around the HAeBe younger than those outside
the cluster, especially for BD + 40° 4124 , NGC 7129, VY Mon, VV Ser, BD + 46° 3471, and
- BD + 46° 3474. Possible explanations of this trend are: there is a higher star forming rate and
continuous star formation within the cluster than outside the cluster (as suggested in the Lynds
1641 study, Allen 1995), clusters tend to form after isolated low mass stars because they need
moré time to collect enough material to initial the formation, or stars in clusters form slower than
~ isolation 4due to fhe competition of material with cluster members that delay the collapse of clumps

in thé beginning. Simil’ar studies are needed for massive clusters or low mass clusters for further

investigation.

4.4 Summary
In this chapter, I present the NIR and MIR observations of eight embedded young stellar clusters

around Herbig ‘Ae/Be stars (3-20 M@ at age ~ a few Myrs) using the 2MASS point source catalog

and the Spitzer archive. I use the color-color diagram of J - [3.6] vs. Ks - [4.5]. I do not use colors
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of {5.8] and [8.0] because of their intrinsic difficulties at nebulosity confusion and sensitivity. With
identified YSO éandidates7 I can study the cluster environment and cluster formation by examining
- their spatial distribution and infrared properties (such as SED slopes), compared with the position

and mass of the HAeBes. Some results are summarized as follows.

o SlX of the ‘syo'u‘rces show bright diffuse emission at [8.0], which traces the dust illuminated by
' the HAeBes. The other two are the lowest mass clusters, VV Ser and HD 97048, which may

not‘ybe energetic enough to illuminate the surroundings.

. "I‘he,HAeB'és are not always located at the center of the dust emission. BD + 40° 4124 is at
the intersectjdn of two branches of dust. VY Mon and NGC 7129 are at the edge of the dust

nebulae. Others are located at the center of symmetric dust nebulae.

* There are indeed young clusters, containing 10-50 young stars, around HAeBes to form a
relatively isolated system separated from the other regions within the large-scale molecular

cloud. The HAeBes are always near the center of young stars.

- The clusters around HAeBes seem to be the sub-structure of a large young population within
the cloud. The sizes of clusters based on the spatial population of young stars are similar
" to sub-cluster structures found in more massive clusters. Further comparison between these

small clusters and massive clusters are needed.

" e There is no obvious trend between SED slopes and the distance to the HAeBes, that suggests
“that the effect of clustering on young stars dominates over the effect of massive stars, at the

scale of my sfudy in this chapter.

. Young‘ stéursy; in clusters around HAeBes tend to show larger SED slopes than those outside
~ the clﬁsters. _It suggests that young stars in clusters are even younger than those outside.
_Soine pbsSible expianations are: (1) there is a higher star forming rate and a continuous star
“formation r’éte Within the cluster than outside the cluster (2) massive stars form later than
low" mass stars Within thevlarge-scale molecular cloud, or (3) low mass stars in the cluster form
s}low‘er’thaﬁ isolated ones due to the effect of clustering or the massive stars. Comparisons

with more massive clusters are needed in the future.
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: Table 4.1. Spitzer Archives of the IRAC Observations

Target Program ID. Exp. Time No. of Frames FOv? Refs.

‘ (Sec. / Frame) ) x (")

- BD40 - 6 104 4 12.4 x 14.5 1
NGC 7129 6 104 4 12.4 x 14.0 1
MWC 297 6 104 3 12.6 x 14.5 1
VY Mon 6 104 4 12.4 x 14.5 1
VV. Ser 174 104 2 08.6 x 234 2
HD 97048 36 96.8 10 13.0 x 15.0 3
BD46 6 10.4 2 26.4 x 28.0 1

V921 Sco 192 1.2 2 19.5 x 37.8 4

-2Final field of view of the data set used for each source.

References. — (1) GTO young embedded cluster survey by Fazio et al. (2) C2D
legacy program by Evans et al. (Evans et al. 2003) (3) GTO deep IRAC imaging
for brown dwarfs by Fazio et al. (4) GLIMPSE legacy program by Churchwell et al.
(Benjamin et al. 2003).



Table 4.2.

Detection Limits of the Sources

Target —~  J H Ks [3.6]* [45]* [5.8]* [8.0]* Spectral Type®

BD40 - 17.00 15.85 15.95 15.11 15.06 13.20 12.37 M4

. NGC 7129 16.99 16.09 16.99 15.62 15.72 14.00 12.88 M4
MWC 297 16,99 16.13 15.51 14.68 14.60 13.59 12.34 M5
VY Mon - 16.87 15.84 14.99 13.98 13.53 13.43 12.53 M4

- VV Ser 16.97 - 16.06 16.66 15.21 15.16 13.24 12.32 M6
HD 97048 16.73 16.08 15.10 14.89 14.17 14.09 13.83 M9

-~ BD46 16.97 16.28 16.78 15.72 15.76 13.44 12.46 M5
V921 Sco - 16.00 15.34 14.95 13.31 12,73 11.11 10.29 M2

aThe lower limits at magnitude when the uncertainty criterion is 0.05 mag.

 PThe spectral type of the dimest detected YSO candidates, estimated based on

[4.5] from Figure 3.
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Table 4.3. YSO Detection of the Sources

Target Num. of YSOs Num. of YSOs* R® Ry, R,
(whole field) (in groups) (pe) (pc) (po)
BD40 134 74 09 15° 06
NGC 7129 106 53 07 1.0 1.0
MWC 297 92 24 0.5 06 05
~ VY Mon 42 26 05 0.8 075
~'VV Ser 148 22 05 04 05
 HD 97048 16 ~ 10 - - -
BD + 46° 3471 500 ~ 10 - - 1.3
BD + 46°3474 500 238 1.5 24 15
V921 Sco 1271 33 0.6 0.7 -
GAL343.49-00.03 1271 160 1.3 1.2 -

2Number of YSO candidates within Rg.

‘bThe radius calculated by R = /3 pc (V/300)1/2 (Adams et al. 2006), where

R is the radius and NN is the number of YSOs within the groups.

“This value actually includes the two branch of dense dust around this sys-

‘tem, which is overestimated for the group itself.

i 41t actually includes two separated nearby small groups of YSO candidates.
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Figure 4.1 Spitzer Images of my sample with coordinates in J2000. (3.6], [4.5], and [8.0] are displayed
as blue, green, and red, respectively. In the BD46 system, the B star BD +- 46° 3474 is located at
~ the center of the bright nebula, while the Be star BD + 46° 3471 is ~ 3.5 pc away, as labeled by
the thick small arrow. Likewise, in the V921 Sco system, the big bright nebula centers on an HII
region, while the thick small arrow points to the Be star V921 Sco at ~ 2pc away.
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Figure 4.2 The color-color diagrams of sampled clusters. The solid lines are Equation (3.1) and the
dashed lines are the YSO loci (Equation (3.3)). Stars that are located at the right side of the solid

* lines are identified as YSO candidates. The extinction vector for Ay = 5 is drawn as the arrow in
each panel. ‘
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Figufe 4.3 The IRAC color-color diagram for those YSO candidates with identifications at all four
shows Ay =30. The small dot and circle label the normal

The labels for different types of protostars are based on
the classification in Megeath et al. (2004). Only 18 out of 322 (6 %) YSO candidates are located

 IRAC bands. The thick vector on the left
" stars and YSO candidates, respectively.

in the regime of normal stars.
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- Figure 4.4 The number density of YSO candidates vs. the distance to massive stars shown at the
up-right corner of each panel. See texts in this chapter for the definition of the number density and

- Table 2.1 for the position for each massive star. The small cluster around HD 97048 is not shown
because there are too few stars to be plotted.
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,Figure‘4.5 The SED slopés of YSO candidates vs. the distance to massive stars. The cluster of
YSO candidates around the HAeBes tend to show larger SED slopes compared to those distributed

outside the cluster.
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Chapter 5

The Laboratory of the MWC 1080
 Cluster— Rule of the Massive Star: 1.
The Cloud

The MWC 1080 System is an intermediate-size stellar cluster embedded within the dark cloud LDN
1238 (Lynds 1962) é,t 2.2 kpc (Canto et al. 1984; Abrahsm et al. 2000). The most luminous star,
MWC 108(0- (V628 Cas), has been classified as a BOe star (Cohen & Kuhi 1979) with 20.6 Mg, 10*
Lo (Hillenbrand et al. 1992, 1995a), and a flat optically thick circumstellar disk (Hillenbrand Class I
object fof Hérbig' Ae/Be stars). ‘Within 0.2 pe, it is surrounded by at least 15 stars presenting large
near infrared e;tcesses (Hillenbrand et al. 1995a). In addition to infrared excesses, the discoveries
of molecular’ oufﬂ‘ows,. ‘a ‘P-Cygni feature in the Ha line, and several nearby HH objects, also
- indicate activve' accfetion and thus the youthfulness of this system (< 1 Myr) (Fuente et al. 1998a;
" Pinkenzeller & Mundt 1984; Poetzel et al. 1992; Yoshida et al. 1992). Levreault (1988) estimates
an outﬁow ﬁgé of 2.2 x 10% yrs. Thus, the age of this system is ~ 0.1 - 1 Myr. Single-dish maps
of CO, kla,CO, CIBO, and CS also show that this group is associated with more than 1000 Mg of
- molecular material within 1 pc (Hillenbrand et al. 1995a) and ~ 10 Mg within 0.08 pc (Fuente
et al. 2002). Judged by the age of MWC 1080, this system is actually young enough to still have
moleculaf gas‘ and formin‘gv”stars but also old enough to have shown the influence of MWC 1080-
the"nat'al gas‘ is dispersing. Therefore, it provides a valuable system to study the effects of massive
sfa.,r‘ on'its cloud and 1ow-mass siblings.

In the followiné two chapters, I carry out a thorough inspection of this system by observing
the dénse;molecular gas, duét, and young stars around MWC 1080 and studying their physical
(;on'dvitic)ns. The submillimeter and millimeter observations probing dense molecular gas and dust
continuum will be presenfed in this chapter, while the infrared observations detecting young stars
within 0.25 pc radius will be shown in the next chapter.

‘ ’T‘he nAlaj‘ority of this chapter was published as ”Dense Molecular Gas In A Young Cluster
Around MWC 1080- Rule Of The Massive Star”, Wang et al., 2008, Apd, 673, 315.
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5.1 BIMA and SCUBA Observations

MWC 1080 was obsefved using the line transitions CS J =2 — 1, 3CO J = 1 — 0, and C®0
J ’:>1 — 0 with the 10-element Berkeley Illinois Maryland Association (BIMA) Array (Welch
et al 1996).‘ BIYMA.’s_ high anguiar resolution can probe the dense gas and dust in this young
' stellar clustei' on ‘spatial scales of 1000’s to 10,000’s of AU. These molecular transitions are typical
traceré for dense gas»c'lu'e to their high critical densities (n ~ 10* — 108 cm™2), which helps reveal
' staréforming‘clumps and further probe the kinematics and physical conditions in the system.

The CS J = 2 51 (v = 97.981 GHz) observations in C and B array configurations were
obtained in Octobér and December 2003. The correlator was configured with the line window of a
v velocity \ran'gev of 76 km s~! with 0.3 km s~! per chanhel, and two 600 MHz bands for continuum.
' The system 'tqmpéré.tures during the observations ranged from 150 - 700 K. The 13CO J =1 -0
(v = 110.261 GHz) and C'®0 J =1 — 0 (v = 109.782 GHz) observations in B and C array
_conﬁgﬁfations weré‘d"b’tained in March and April 2004. The correlator was configured with the line
Wi’nd.o’w Qf a velocity ‘range of 135 km s™1 with 1.0 km s™! per channel, and two 150 MHz bands
for continuum. Ther system temperatures during the observations ranged from 230 - 1000 K.

The data wéfe réduced with the MIRIAD package (Sault et al. 1995) and mapped using two

\array‘ con'ﬁgura'tions‘ with various u; v weighting schemes to stress structures on spatial scales from
| 2" to 9". -

I also obtainéd a continuum submil]imeter‘map of MWC 1080 at A = 850 um from the archive
data of the Submillimgter Common User Bolometer Array (SCUBA) instrument on the James

~ Clerk Maxwell Telescope (JCMT).

5.2 The Morphology of Dense Gas around MWC 1080

-~ The BIMA interféfometry data provide the highest resolution observations to date, revealing the
dense "gas"in this cluster. I have weighted the data to probe the structures with spatial scales of
2" - 9" for CS, 13CO, and CIBO. These sizes correspond to spatial resolutions roughly from 20000
AU‘down to 4000 AU, which is a good scale of probing low-mass star forming clumps ‘(e.g. Looney

“et al. 2000).
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5.2.1 ' The Distribution of Dense Gas

The left portion of Figure 5.1 plofs the velocity-integrated CS contours overlaid on an K’-band
adaptive optics observation 'from the 3.6m CFHT of the core stellar population (this observation
is preSented in Ch. 6). The right portion zooms into the core with this ~ 0.1” resolution K'-
band image (Ch. 6),,which illustrates not only the distribution of cluster members but also the
'morphology of a reﬂectlon nebulae with a hourglass structure at the NW-SE direction (called
‘the hourglass axrs) This Hokupa’a 36 (Graves et al. 1998) adaptive-optics near-infrared (JHK’)
observation and the photometry of cluster members will be presented in Ch. 6. The reflected light
- results from the exfstence ‘of dense dust whose surface is illuminated by the UV radiation from

MWC 1080.

The CS rna.p shows two distinct branches of emission (Figure 5.1), which I call East and West
for the left and right_hranch, respectively. Figure 5.1 shows that the distribution of CS emission is
cléarly alig»ned'vwith the obscuring and scattering dust seen in the near-infrared map. This suggests
the existence of a previous bipolar outflow that cleaned out the natal material along the direction
perpendicular to the hourglass axis (the outflow axis), and helped clear the view to the stellar
" population olong this c.lirectionv. However, the CS emission is only associated with the upper part
of the dense riUSt réveahng only the upper half of the cavity structure; the molecular gas is denser

in the upper pa.rt than the lower part.

Moreover, the 13CO map also supports the suggestion of bipolar outflows by revealing a nearly
vcomplete biconical cavity around MWC 1080 (see Figure 5.2). Figure 5.2 plots the velocity-
- integrated *CO and C!80 contours as well as the A = 850 zm and A = 3 mm dust continuum. The
13Co morphology also gives an lower limit of the estimation for the outflow cavity with ~ 0.3 and
0.05 pc for the Semirhajor and serniminor axis and ~ 45° position angle. This is just a lower limit
beca.usvevpossi’ble' inclination or projection effects have not been taken into account. Fuente et al.
(1998a, 2002) invéstigates the evolution of dense gas dispersal around HAeBes by presenting IRAM
sihglé—dishtl"’CQ and CS observations. They propose an evolutionary sequence from stars that are
sfill embedded within dense clumps and associated with bipolar outflows (Type I) to stars that
‘have disperséd »théyir n‘a.t‘al clouds and formed cavities (Type III). MWC 1080 is shown to be their

Type II system. Our high ‘spatial-resolution observations further show that although this system is
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-still young, age < 1 Myr, the bipolar outflows in the MWC 1080 system has already constructed a

_small caQity, Vvk’lhich is revealed for the first time. The size of this cavity is much smaller, compared
fo the cavities seen in older systems, such as HD 200775, a HAeBe with age of 8 Myr and a cavity

| bf size ~ 1.5 pc X 08 pc (Fuente et al. 1998b). This might suggest that the bipolar outflow activity
around MWC 1080 is still an ongoing process that will form a larger cavity.

Frdm Figure 5.2, the dust morphology at A = 850 pm is similar to the morphology of dense
gas, which infers fhat the dense gas traces well the dust around MWC 1080. The high resolution
of the A = 3 mm continuum BIMA map reveals five dust clumps, which are consistent with dense
gas distribution as well.v:

Iﬁ additioh to the morphology, more information, such as the clumpiness, kinematics and
physical conditiéns inside this system, can be further investigated by extracting the mass and
velocity distribution of dense gas. Studying the clumpiness of a molecular cloud is essential as it

-""'/i‘s”usuvall'y‘c‘:losely related to fhe fragmentation and collapsing of molecular cores inside the cloud,
which provides valuable insights to the ongoing star-forming activities in the system. On the other
: hand,\the kinematics of gas and physical conditions reveal the natal environment where stars were
born.: Aé CS traces a denser region than 1300, I mainly use CS to examine the clumpiness of dense

gas, and use both CS and '3CO to reveal the kinematics and physical conditions in this system.

5.2.2 Cluihpiness of Deﬁse Gas

" Clumpiness is always observed in molecular clouds. This is not surprising as a star forms through
collapsing the natal cloud after reaching certain collapsing criteria. Therefore, local fragmentation
and further‘clu'm'ping are naturally two typical characteristics in star forming clouds. With the
ability of interferbmetrié observations to peer into dense layers of the molecular cloud, I can study
‘how’ clunipy the dense gas is and its clump size, compared to those cores forming isolated stars.

A clump is deﬁnéd as a locql density enhancement, which results in a flux density enhancement

’observatiénally.x A molecular cloud without clumpy structures will not show multiple local emission

: peaks in its niap, no matter how small the probing scale, or beam size. On the other hand, if clumps

exist in a molecular clouvd, the number of local emission peaks will increase with decreasing scale,

until all clumps have been picked up or some clumps are too weak to be detected. Therefore, high
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resolution maps are-essential to distinguish clumpy structures in the molecular clouds.

l Figure 5.3 plots the CS contours at four different mapping scales with 8", 4", 3", and 2" beams.
Fuente et al. b('1998a) ‘published the IRAM single-dish molecular line and continuum data of MWC
1080 and showed one emission peak near MWC 1080 in their 3CO (1-0) and CS (3-2) maps with
a 24" and 16 " beam respectively, and two emission peaks around MWC 1080 at the 1.3 mm
continuum map with a &11” beam. By comparing these maps, more and more clumps are seen
froru their maps to Figure 5.3 here, and from Figure 5.3(a) to 5.3(c). This indicates that the dense
- gas arouridMWC 1080 is nct a single big cloud centered on MWC 1080 but rather consists of small
clumps, with clump sizes down to ~ 3” (6600 AU). However, there is not much difference in the
clumpy structures between Figure 5.3(c) to Figure 5.3(d), which suggests that the u, v weights
used in-Figure 5.3(d) are less suitable to the majority of the dense gas. The reason is that the
dense gas in Figure 5.3(d) is resolved out with the interferometer. Therefore, in this chapter, I will

" use Figure 5.3(c) to further identify clumps and study their physical properties.

‘The main purpose of identifying clumps is to obtain individual star-forming building blocks that
arecapable of forming one or multiple low-mass protostars, in order to investigate their physical
conclition, such as mass, velocity dispersion, spectral feature, etc., in each system. In order to
‘ 1dent1fy clumps, I basically adapt the idea of the Clumpfind method (Williams et al. 1994) to: (1)
select local peaks with fluxes above 3 ¢ in the velocity-integrated CS map (Figure 5.3(c)), (2) trace
down te the half-maximum (HM) flux level of contours, which determines the sizes of clumps by
ﬁtting an ellipse, (3) assig’n'the contour to the nearest peak once this contour is shared by more than
one peak, (4) extract the spectrum and mass of each clump within the clump size, and (5) fit the
extracted spectra with Gaussian to obtain the peak flux, peak velocity, and line width (FWHM).
ThlS is different from directly using three-dimension cubes because it can avoid some specific star

' formlng features, such as a P-Cyg profile being mis-separated into two clumps.

" Table 5.1 lists parameters of 32 identified clumps, including coordinates, sizes, and integrated
ﬂu;ces (Iy). The a5, bo, PAo, 8, b, and PA are the observed and deconvolved sizes, including the
major axis (a), minor axis (b), and the position angle (PA), respectively. I directly use the beam
A size as the u“pper limit of clumps with deconvolved sizes smaller than the beam size. The Req is

Vab/2, the equivalent size assuming a spherical clump. The sizes of identified clumps range from ~
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4000 AU to 10000 AU ThlS is generally consistent with a typical system forming a single isolated
low mass star (e.g.y ~ 5000 AU, Looney et al. 2003).

e , Moreover, the eccentricity of clumps, €, derived by a and b, can be used to characterize the clump
‘shape. From tlle derived values of projected eccentricity, we can see that not all clumps have circular
m'erpholpgy, eépeCiaHy for those closer to MWC 1080, which show somewhat elongated structures
with larger eccentricities. In order to examine the spatial distribution o’f clump eccentricity, I plot
»the ecc‘entric‘ity vs. the distance to MWC 1080 (Figure 5.4(a)) and to the outflow axis (Figure
54(b)) ;fkor those resolved clumps. This plot shows that clumps closer to both the outflow axis
and MWC 1080 tend to have larger projected eccentricities. This implies that clumps are more
| elovngatedA ryhen lecated closer to MWC 1080. This also suggests possible effects from outflows on

the morphology of dense gas, especially modifying the shape of clumps.

5.3 The Kinematics of Dense Gas

I st‘ucly‘ the,kinemat'rcs of the dense gas by investigating its velocity distribution. The spectral
resolution .of CS, 13CO, and C80, observations are 0.299, 1.034, and 1.034 km s™?, respectively,
with Visr atﬁ29.3rkm s~! (Hillenbrand et al. 1995a). As can be seen in Figure 5.1 and 5.2, CS
and 1f"\(}O,trace‘ more gas than C'®0 does and CS traces gas with higher density than the other
tvrro transitions. I will use both CS and 13CO to display the overall velocity distribution of dense

gas anrd specifically use CS to examine the kinematics of identified clumps.

© 5.3.1 Overall’Velocity Distribution

Flgure 5.5 displays the integrated spectra of CS, 13CO, and C'80 emission, and Figure 5.6 shows
the 1ntegrated Cs spectra of East and West. From Figure 5.5, we can see that all CS and C!80
and most_13CO emission are blue-shifted, compared to the Vpsg. In addition, a double-peaked
,‘feature is seen in the integrated spectra of 13CO and CS. Figure 5.6 shows that the spectrum of
“East is smgle-peaked with a broad linewidth, while West contains two components. Table 5.2 lists
the Gaus51an-ﬁtted parameters of these integrated spectra. From all integrated spectra, a large
veloc1ty‘ gradlent of the dense gas is seen throughout the whole system; the separation of peak

velocity between two components in West is as large as 3.3 km s™1
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In order to reveal the velocity distribution and investigate the double-peaked feature, Figure
5.7 shbws the position-velocity (PV) diagrams for East and West from CS and !3CO maps. This
is made by applying two cuts from south to north toward both portions, as the dense gas of two
pqrtioné are éiongated along the outflow axis. Interestingly, it shows that two components seen in
" the integrated CS spectrum of West are also spatially distinguishable- the blue and red component
in’the speétlrum’ are related to the northern and southern part of the dense gas in West, respectively.
Cahto et al. (1984) also detected a double-peak feature on the spectrum of dense gas around MWC
1080, but explained it as the results from self-absorption due to poor spatial resolution. Our high-
resolution interferometric data shows that this double-peaked feature actually comes from two sets
of gas with different velocities. In addition to West, Figure 5.7 also shows that there is a systematic
Qelocity gradient in East from -35 km s~! (bluer, south) to -30 km s~! (redder, north), especially
seen in the 1‘3‘CO map. This gradient may result from an inclination of the outflow cavity, as the

direction of the gradié_nt is along the outflow axis.

- Not ohly is there a velocity variation along the outflow axis, there is also a velocity gradient
along the hourglass axis, which is perpendicular to the outflow axis. Figure 5.8 is the PV diagrams
of the CS map' with thre:eﬂ cuts perpendicular to the outflow axis and moving away from MWC
1086. _Thié also shows that the velocity dispersion along the farther cut is larger than that along
the closer cut from MWC 1080. This is contrary to the idea that outflows or stellar winds from
2 MWC 1080 contribute to the nonthermal motion, thus increase the velocity dispersion, of gas closer

to MWC 1080.

5.3.2 Spectra of Identified CS Clumps

~ Figure 5.9 displays example spectra of the identified clumps. Table 5.3 lists Gaussian-fitted param-
eters of the clumps that can be fitted with Gaussian. A few of them show P-Cyg-like absorption;
several of them contain two peaks, which might come from either self-absorption or a secondary

componént (another clump along the line of sight).
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(5.4  Estima‘ting‘ the Column Density and Mass of Dense Gas

- Several methods have been used to estimate the column density from molecular emission, such as

a direct estimation from individual transitions (Miao et al. 1995; Friedel 2005), the Large Velocity

Gradiént approximation (LVG, Goldreich & Kwan 1974), rotational temperature diagrams (RTD,

e.g., Friedel 2005), etc. Since I only have individual transitions for each molecular species, [ use a

- simple LTE method for all column density estimated in this chapter, and also use the LVG models

for those CS clumps with fitted spectra for comparison.

5.4.1 LTE Approximation

By assuming LTE with an excitation temperature T,;, small opacity and negligible background

continuum contribution, the total column density from a single transition using an array can be

& Langer 1999),;

derived by (e.g., Miao et al. 1995),

2.041C, _
- O—%Qe% x 1020 cm™=2. (5.1)
aVb

I is the total integrated intensity in Jy beam™ km s™?, 0, and 0, are the FWHM sizes of beams
in arcseéonds, S, 42, v, Q, and E, are the line strength, dipole moment in Debyes, line frequency

in GHz, partition function, and energy in K of the upper state, respectively (Table 5.4). I use the

vdeconvolVed source sizes, a and b, as 0, and 6 here. C. is the opacity correction factor (Goldsmith

Cr=—1"

‘ S l—e T

The optical depth, T, can be derived by (Rohlfs & Wilson 2000),
) Tus ]

J(Tez) — J(2.73)"

T=—In[l-—

| where Tp/p is the main beam brightness from observations and J(T) is given by ﬁk‘i W Table

A\

5.1 lists some of these parameters for CS(2-1), 13CO(1-0), and C'80(1-0) (Rohlfs & Wilson 2000).

With estimated column density, mass can be obtained by assuming the abundance ratio to Ha,

Xcs, Xusgo, and Xcgisp = 1079, 1.26 x 10°, and 1.7 x 1077, respectively (Rohlfs & Wilson 2000).
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An excitation temperature, T,; = 20 K, is assumed, as a medium value often seen in dense cores

formingi massive stars (see review, Zinnecker & Yorke 2007). Therefore, the mass can be derived

by

i
t

M= ,umyg—(l.133abD2), (5.2)

Whefe 7 = 2.33 fs the mean molecular weight, mg is the mass of a hydrogen atom, and D is the
dis_tance’(z 2.2 kpe for MWC 1080; Canto et al. 1984; Abrahdm et al. 2000).
- 'I“he'éstinia.ted‘ CS column densities and masses for CS clumps are listed in Table 5.5, labeled

‘ as"MLTE,,along With the estimated optical depth. The masses of these clumps range from ~ 1 -
10‘M®, with nieah opti"cal depth 7 less than 1. I also estimate the maximum optical depth based
oﬁ the peak emission of the CS map, which gives optical depth ~ 1.2 in this system.

: 'Usi’n‘g the same Ha“ssumptions and eq. (5.1) and (5.2), the total masses of dense gas are also
caléulated. Theré are ~ 800, 1000, and 900 Mg, for CS, 3CO, and C!80, respectively, within the
area of ‘0.7 ‘p‘c radius from the MWC 1080.

5.4.2 LVG Model
Another method,‘ that is frequently used especially for optical thick lines, is the Large Velocity
Gradient (LVG)) app_roximation (Goldreich & Kwan 1974). This is a radiative transfer model
fhat takes 6ptical de‘pyths into accounts for photon transport. It basically assumes a cloud with a
‘systematic vélocity‘ gradient with velocity increasing away from the cloud center, so that a local
“treatment for photon tfé,nsport can be approximated. I also estimate column densities and masses
of CS clump‘s:based on the LVG model, in order to compare to the previous LTE calculation. I
only apply LVG f(ir those 14 CS clumps with well fitted spectral information from Table 5.3.

T use the lbg tésk in MIRIAD to generate grids of the LVG model with kinetic temperatures of
10 - 30 K, number densities of 10%-108 cm™3, and column densities of 10!3-10'® cm™2. By using
these grids,fo fit the observed brightness temperature, a range of CS column density can be found
that can _prbdﬁce the observed emission. I further narrow the obtained range of CS column density
by assuming the optical depth 7 < 2. As there is a lack of observations of NHj to further constraint

the kinetic temperature, I simply use the range of 10 - 30 K, which is typically used for both low-
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mass and massive star forming regions. The derived column densities and masses of CS clumps are

listed in the Table 5.5.

I also corhparethe estimation of My and My for these clumps. All clumps, except clumps
Aé and A4, show a roughly good agreement between the derived Mg and My . This consistency
. suggests that most CS clumps are under good LTE approximation with small opacity. Clumps A2
and A4 have the brightest peak emission. The reason why the LVG model gives much larger column
vdens1ty than the LTE approx1mat10n is that there is either a larger opacity or a higher temperature
inside these two clumps. Large opacity will give a larger column density in the LTE approximation;
while higher temperature than 30 K will allow smaller column density in the LVG model to produce
lines with such strdng intensity. Both are reasonable explanations, especially the temperature in
‘ these two clumps is likely higher than usual, as they are located very close to the source of strong

UV radiation, MWC 1080. In this chapter, I will use the Mg for further discussion.

| 5.4.3 Virial Mass

With the estimated masses and the velocity dispersion of clumps, I can further study the virial
condition inside each clump by comparing clump mass with the virial mass, My;-. My, is the mass
when the system is in t'irial equilibrium, when the time average over the kinetic energy is equal to
~half of the ’potential energy. In\this situation, the system is gravitationally bound.
I assume a spherical symmetric clump with total mass M, radius R, and a density profile,
p(r) = por™9, where po is the central density and r is the radial distance from the clump center.

Therefore,
5 - 2a 3R AV2
3—a G 8in2’

Myir = (5.3)

where a # 3. Either uniform density or isothermal condition is often assumed while deriving the

virial mass of a cloud. In these two cases,

53RAV?
Moir = 37 Bin2 (54)
for uniform ‘density, and,
' 3RAV?
My = ———— .
TG 8in2 (5:5)
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for the isothermal cloud with density p(r) = po 2,
In order to .undérstand the density profile in this system, I investigate the relation between the
total mass and size of CS clumps, by plotting Mzrg and Req (Figure 5.10), as used in Saito et al.

(2006). 1 obtaih a linear relation between these parameters via least-square fittings,
logMprE(Mg) = (0.87 £ 0.32)logReq(pc) + (1.82 £ 0.67), (5.6)

wjth x?.' = 1.35. This assumes that all clumps in this system around MWC 1080 have the same
 density structure. Since p(r) = por~*, which gives M = $760 p3=a then po = 4.57 £ 1.69 Mg

pc™® and @ = 2.13 + 0.32 are obtained. Therefore, in this case

3R AV?

Mo ~ G 8ln2’

(5.7)

shows thﬁt‘ these systems are consistent with a standard isothermal sphere density (Shu 1977).

- Given Rey and FWHM from Table 5.1 and 5.3 as R and AV?2, M,;, is calculated and listed in
‘Table 5.5. My, ranges from ~ 1 - 10 Mg. By comparing My with Mzrg, I find that the My,
is ~ 04 - 2 times the M LjvE, except A8, C1, and C5, the farthest three clumps away from MWC
1080, which are 2 - 4 times larger than Mzrp. In general, I can conclude that the virial mass is
, similaf to the clﬁmp mass, as the mass estimation usually has an uncertainty to an order of 2. This

is similar to low-mass star forming cores, rather than massive cores (e.g., Saito et al. 2006).
T

5.5 Discussion

This chapter presents high resolution data for dense gas in the cluster environment around the
HAeBe star MWC 1080. The CS transition is especially used to peer into the dense core region.
Freeze-out depletion of CS or CO onto dust grains would affect my results. However, molecular
dépletion mostly occurs in colder cores. For example, CS and CQ are often seen to freeze-out
'orylto dust grains in starless cores, which have lower average temperatures, ~ 10 K (see review, di

Francesco et al. 2007).

With high resolution, the importance of this study is being able to reveal the physical conditions
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and examine the eub-structures (i.e. clumps, that may be forming single low-mass cluster members)
_ Awith‘i‘n this cluster-forming cloud, and distinguish the effects of MWC 1080 and its outflows from
the initial cloud environment. I will focus on discussing the effects from MWC 1080 on its natal
cloud by charactefizing the dense gas, its dispersal history, and star-forming clumps in this cluster.
To best‘Study star formation in cluster environments would require a large sample of objects like

MWC 1080; however, these data still provide valuable insights into such systems.

5.5.1 Gas Removal in Clusters

Outflows are the primary sources to remove the natal material during the formation of stars, in
addition to Steﬂer winds and stellar radiation in the core of starburst clusters. However, the gas
‘ removelbrocess via outflows in clusters has not been clearly characterized. As there are both
,’ high-mass‘ and low;mass ‘members forming in a cluster, the gas removal process might be different
: from thaf in a single star forming system. Especially, does the most massive star still dominate
the ou’tﬂoWs that resulfs in similar gas removal processes as seen from an isolated star? What is

the role of low-mass cluster members in the strength and collimation of outflows?

In fa"ct,‘the existeﬁce of a bipolar outflow in this cluster around MWC 1080 has been suggested
' base(i on its blue and red components on CO spectra in previous single-dish studies (e.g., Canto et al.
» 1984; Yoshida et al. 1991). However, due to poor angular resolution of single-dish observations, the
- outflow properties, such as the direction of the outflow axis, have not been well characterized. From
 my data,’ a biconieal cavity is distinctly revealed around the most massive star in this system, MWC
1080, s‘uggesting‘that the bipolar outflow has been dominated by MWC 1080. This also implies
evidence of the gas removal by outflows in clusters. With the observed outflow cavity, the outflow
. axis is ‘also cleafly deﬁned to have a PA of 45 degree.

Our data elseshow that this outflow cavity has a size of 0.3 x 0.05 pc. This roughly gives an
opening angle of 20-degree and a collimation factor of 3. This also means that the outflow activity
has begun and formed a small cavity at the age < 1 Myrs for a HAeBe star like MWC 1080.
However, gas removal via outflows is still an ongoing process in this system, as a larger outflow
cavity has been seen in a similar but older system (HD 200775, 8 Myrs, Fuente et al. 1998b). A

v-future 12CO high resolution observation will be helpful to confirm the ongoing outflow activity in
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this system, as 12CO can traée low density outflow gas. Assuming a homogeneous mass distribution
of gas m the initial;natal cloud and an initial mass density the same as the remaining gas, I can
estimate that there wa.s‘~ 1000 Mg of gas in the cavity before outflows removed it. Therefore,
an oﬁtﬂov(r mass loss rate > 1073 Mg /yr is required to form this cavity, either assuming a outflow
age of ~ 0.2 Myrs (Levreault 1988) or an age < 1 Myrs (Fuente et al. 1998a). This value is higher
than the typ‘i‘cal mass ldss rate of outflows from a single OB star (10™% — 10™* Mg/yr). In fact,
pfevibué CO observations, which trace outflow gas at larger scale than this study, have estimated
an oufﬂow mass loss rate of ~ 10™* Mg /yr (e.g. Yoshida et al. 1991; Canto et al. 1984; Levreault
19’88).' One explahation of possible higher mass loss rate for CS gas is that the outflows from other
cluéter' ‘merln’bersv. are strong enough to strengthen the overall effects, but not enough to change the
~ outflow direction, at the scale of this study. Another possibility is that the remaining gas does
not just includej the natal material but also the swept-up gas by outflows, so the mass loss rate is
‘ ovefestilﬁated., ”
In order to clarify whether the observed dense gas is the remaining gas from the initial cluster-
forming cloud or the swept-up gas by outflows, I further inspect the possible non-thermal contri-

bution from outflows in dense gas next.

5.5.2  Non-thermal Contributions in Dense Gas

- Molecular clouds,) except for single star-forming prestellar cores, are generally observed to have
br_oader linewidths than those caused by the thermal motion from their thermal temperatures.
This is suggested to be resulting from the presence of turbulence (see review by Mac Low &

v Klessen 2004). Is this also true for single star-forming clumps in a cluster around an intermediate-
to high-mass étar, er the MWC 1080 system? What is the role of the cluster environment in the

'kiﬁematics of dense gas and clumps within one cluster-forming cloud?

Our data‘show ithat the linewidth of clumps range from 0.85 to 2.48 km s~!, which is much
larger than 0.63 km s~1, the linewidth of thermal broadening at 20 K. If only thermal motion
' coritfibﬁtes to the Iinkéwidth, the kinematic temperatures of these clumps would range from 36 - 310
K. This is unlikély, except for those clurﬁps very close to MWC 1080, which heats its surroundings

'via UV radiation. Therefore, my results suggest that most gas in this system has a non-thermal
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~contribution to their kinetic motions. However, what contributes to these non-thermal motions?
Initial turbulence, outﬂdws from forming stars, and stellar winds from massive stars are possible

. candidates.

| Initiai t’urbulence‘is the general non-thermal random motion caused by turbulence in the molec-
ular cloud before forming stars. Larson (1979, 1981) found the linewidth-size relation for molecular
'clouds with différent scales. This relation indicates that there is a power-law relation between the
velb‘city‘(iispersion of molecular clouds and cloud size. Caselli & Myers (1995) further suggested
that the noh-thermal linewidth-size relation follows different power-law trends for low-mass and
méssive cores. In other words, non-thermal motion still dominates at small scales for massive
clumps, while 1ow-mass clumps show only thermal motions at these scales. Nevertheless, there
* exist non-thermal cdmponents in the kinematics of molecular clouds, which provides the initial
turbulence. Based dn‘my data, I roughly estimate that the radius of this cluster-forming cloud is
~ 0.7 pe. This givés an estimation for the initial turbulence with linewidth of ~ 1 km s™! in this
‘system, assuming the linewidth-size relation from Larson (1981). This value is smaller than the
linewidth from my integ;ated spectra (Table 5.3), which implies that the initial turbulence may

“not be the only contributor to the non-thermal motion in this system.

In order to confirm more carefully whether there are extra contributors to broaden the linewidth
-of clumps, ’valot( the linewidth-size relation for identified clumps in Figure 5.11, compared to Caselli
& Myers (1995). Casélli & Myers (1995) shows the nonthermal linewidth-size.relations for massive
-and IOW-m‘aSS cores. Theiefore, in this figure, I add the thermal components to their relations with
therrﬁal ‘pempéyatufe‘of 18 K and 10 K for massive (solid line) and low-mass (dashed line) cores,
respectively, as assumed in Caselli & Myers (1995). The dotted line indicates the thermal motion
| c;f 20 K, w'hich’is' well below the linewidths of all clumps. It also shows that there is either a flat
relation or no correlation between the linewidth and the clump size. When using the relation from
C_aseili &v‘My‘ers (1995) as expected initial turbulence contribution, this figure suggests that extra
: cbntfributi'gns dominate over the initial turbulence and affect more the smaller clumps. Not only the
v relation, but the linewidth values of identified clumps are also overall larger than those in Caselli
&‘.Myer‘s (1995)‘. In addition, Figure 5.11 also plots the relation between the linewidth and the

LTE 'mAass'vof ciumps, compared to the result shown in Larson (1981). It shows that the low-mass
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élurrllpsv seerh to deviate more from Larson’s relation. This indicates that the lower-mass clumps are
p'ossibly affected more, which implies that the extra contributor to the non-thermal motions may
come from a common source outside these clumps, instead of heated contribution from embedded
forming stars inside individual clumps.

Both outflows or stellar winds can contribute to the observed non-thermal components of
hnew1dth From the Figure 5.11, those extra contributors need to broaden the linewidth by ~
1 L5 km s~ Furthermore Figure 5.12 plots the relations for the linewidth and mass vs. the
dlstence to MWC 1080. From the linewidth-distance relation, no correlation is shown. As outflows
/or vstella,r’winds;from MWC 1080 are possible contributors to the non-thermal motions of natal
- gas, the aﬁ'eCted linewidth are expected to be broader for clumps closer to MWC 1080. Therefore,
- this ptot possibly suggests that there is less initial turbulence deep inside the core region of this
vch‘l»ster-fo'rming‘ cleud. Besides, it is shown in the linewidth-mass relation that more massive clumps
form eloser to MWC: 1080, which is or is close to the center of this cluster-forming cloud.

In 'short, the kinematics of dense gas in this cluster has been effectively modified by outputs
from formihg stars, such as outflows and stellar winds, instead of still being sustained by the initial
vturbulence. This further su‘g‘gests that the observed hourglass dense gas is much more likely to be

' swept;up gas.

' 5.5.3 Implications from the Dense Gas Morphology

Who forms first in a cluster— massive or low-mass stars? This has been an fundamental but difficult
. question in the study of cluster formation, because highly embedded nature of protoclusters, where
" massive star forms, ha\)e prevented us from catching the earliest stage of the formation of low-mass
c1uster rnembers. However, clarifying this question is essential as it helps understand the star
- forming environment in clusters and after all most low-mass stars actually form in such cluster
en\rirohmehts. This also plays an important role in studying massive star formation as massive
: ‘stars often form in elusters along with many low-mass stars.
‘Our results have shggested that the observed molecular lines most likely trace the swept-up gas
~ on the outﬂow cav1ty wall, instead of outflows or remaining gas with initial density. The kinematics

of the swept-up gas has also been effectively modified by outflows or stellar winds from MWC 1080.
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The biconical cavity impliés a domination of MWC 1080 and also eliminates the contribution of

other cluster members. In addition, Ch. 6 also presents that there are ~ 50 low-mass stars within
0.3 pc radius around MWC 1080. Most of these stars are located inside the outflow cavity (also
see Figure’5.1 and 5.2).
| ~ These reéults may imply that it is unlikely to form low-mass cluster members after MWC 1080
in this system. If low-mass cluster members form after MWC 1080 does, then the gas dispersal
from MWC 1080 should eliminate the formation of low-mass cluster members along the outflow
di(rec':tio‘h7 Hence, the stellar density in the cavity should have been lower than observed, if these
low-mass stéfs fdrnied after MWC 1080.

HoWever, one puzzle remains about the morphology— why does CS emission only trace the upper
- half of fh'é outflow cavity? In other words, why is the gas in the upper part denser than the lower
‘ part? | One explanation is an inhomogeneous distribution of initial natal gas; the gas is just denser
in thé upper side than the lower side. Another explanation is that this is due to the inclination of
outflow cavity, as all CS emission is blue-shifted and a gradient has been seen in Figure 5.8. The
absyimmetry of the opening angle between both sides from the ¥ CO map also may also result from

the inclination. -

5.5.4 . Clumpiness of Dense Gas vs. Gas Dispersal History

As stars form, they disperse their natal material, so studying the morphology of molecular gas
arouhd nery forming stars has been very helpful to distinguish stars with different evolutionary
stages (e.g., Fuente et al. 1998a, 2002). A star-forming cloud typically evolves from compact dense
gas c‘entered/ ont the star, to dense gas with bipolar outflows, then finally to a cavity with little
.gas léft. Howévér, not only thénatal molecular cloud, but the clumpiness of dense gas in the
cloud may adsc;1 be actively affected by the dispersal processes from the forming star. Therefore,
the clurhpiness of dense gas might be able to provide an alternative point of view to describe the
evoluﬁionary stages of star formation.

~ The clumpinéss of dense gas can be defined as: (1) the fraction of mass inside clumps to
total mass; or (2) the number density of clumps— number of clumps per projected area. The first

definition is determined by the intrinsic star forming efficiency in the cloud and the degree of gas
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dispersal; the second deﬁhition is determined by the intrinsic fragmentation in the cloud and the
degfée of gas vdispersafl. Both definitions depend on the gas dispersal history because the mass
in’si’deiclu‘mps decreases and the clumps disappear as stars. form. Therefore, the clumpiness can
acfually be used to trace the evolutionary stages of the forming stars, assuming the same initial
conditions in the cloud and similar star forming processes. This assumption is valid if I simply
. apply -and compare the clumpiness to similar systems, for example, to clusters around HAeBes like
MWC -1080._' Ht_)wever, we have to keep in mind that the cloud’s initial conditions may dominate
" th.e‘clunblpi‘n‘ess,‘ as different star or cluster forming mechanisms could result in various initial cloud

conditions.

" In this chapter, ’I will only use the second definition to discuss the clumpiness. This is because
‘the true mass inside clumps can not be fully obtained and the first definition will be biased with
the depend‘eﬁée of mappihg scales, due to the limitation of interferometry. Looney et al. (2006b)
ideﬁtiﬁes 16 clumpé from another cluster around HAeBes including BD +440° 4124. Using the
Secbnd definition, I.ﬁnd that the clumpiness in the BD +40° 4124 system is ~ 1.6 times larger than
that in the MWC 1080 system. This suggests that the dense gas seen in the BD +40° 4124 system

‘isat a youngér stage than that in the MWC 1080 system.

©  From the infrared SED classification (Hillenbrand et al. 1992), BD +40° 4124 and MWC 1080

are both class’iﬁed as Group I objects, which have rising SED slopes. From the gas dispersal history

(Fuente et al. 1998a, 2002), they are both associated with compact dense gas, which suggests a
. similar evoiﬁtiqnary stage. In addition, from the CS maps using high resolution interferometric
observatioﬁs (Figure 1 in Looney et al. 2006 for BD 40° 44124 and Figure 5.5(b) here), both
systems show that the CS distributions are actually offset from the most massive stars- still at a
;similér evolutionary stage. Looney et al. (2006b) show that the dense gas is around other younger
stars, not BD+40° 4124. The clumpiness discussed here suggests the youthfulness of dense gas in
the BD +40° 41'2'4‘s‘ystem and also shows that the dense gas in the MWC 1080 is dominated by
| MWC 1080, unliké the B’Dk+40° 4124 system. Indeed, the clumpiness provides an alternative point
of view to examihe th‘é‘evolutionary stages of young stars, other than the morphology of dense gas
or l;che SEDs of ybung stars.
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5.5.5 *Dynami(l:s' of Clumps

Our data have shown that the mass of identified clumps ranges from ~ 0.5 to 10 Mg, capable of
forming low-mass stars, with equivalent radius from 0.01 to 0.04 pc. These clumps are, in general,
more massive than protostellar cores with similar sizes. This suggests that clumps formed in a

cluster environment tend to have higher densities, which is also shown in Saito et al. (2006).

In addltlon all clumps are estimated to have masses similar to the virial masses, which suggests
that they are close to bemg in virial equilibrium. Figure 5.13 compares the LTE mass and LVG
mass vs. virial mass for all clumps. This figure shows that most clumps have masses within 2
times of their virial masses, which means that they are self-gravitational bound systems. This
is >uéuaklly seen in low-mass cores; but it is different from turbulent cores in massive star-forming
regions (Saito et al. 2006), showing larger virial masses than LTE masses. This may be due to the
externai gas pressuie helping support the turbulence (Saito et al. 2006). However, according to
their Table 5.4,:cores with LTE masses < 10 Mg are actually close to their virial masses, which is

consistent with my results.

Nevertheless, élumps in the MWC 1080 system are self-gravitationally bound, similar to low-
mass!‘star-for‘.ming cores, but have a higher density like massive cores. This is not surprising as
more masé is needéd' to bound clumps in order to overcome the non-thermal motions, which are

‘ cdntyributédlnot' only By initial turbulence but also inputs from massive stars, such as outflows and
stellar ‘\)avinds. This does not necessary mean that they will form massive stars eventually, because

- they will experience stronger external gas removal, such as outflows from nearby massive stars,

thaﬁ those isolated star-forming cores. In fact, I can simply assume that the identified clumps are

‘ possible precursors of those NIR-identified low-mass cluster members (Paper II), that are revealed
just byecauyse tﬁeir Slirrounding gas is strongly dispersed by outflows from MWC 1080. This means
that fhese c’lumps"‘will indeed be likely forming low-mass stars.

In addi’@ion, from Sec. 5.3, I derive a density profile for the identified clumps, p(r) ~ r~2-13%0:32,
This is consistent with Saito et al, (2006), which shows a density profile of p ~ r~1? for cores in
‘massive ‘star-forming regions. My results show that clumps in this system are consistent with the

: denSity\proﬁle of ,fhany protostellar collapse models (e.g., Tassis & Mouschovias 2005). Therefore,

- along with the fact that these clﬁmps are gravitationally bound, the ~ r~2 profile from my data
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, suggest tha‘t these clumps are likely collapsing protostellar cores.

I simply conclude that low-mass stars in the cluster environment like the MWC 1080 system tend
td be forméd in dense and turbulent cores, which are different from isolated low-mass star-forming
cores but similar to massive cores. However, gas dispersal contribution from the massive cluster
me'mber‘,prevents these dense and turbulent cores from forming massive stars, instead forming low-
inass stars, whiéh are also revealed earlier than isolated low-mass stars are. This indicates that
‘massive stafs in clusters do have effects on the formation of their low-mass cluster members— both

help and hinder.

5.6 Summary

1 present BIMA CS(2-1), 13CO(1-0), C'®0(1-0), and 3mm continuum observations toward the
young cluster around MWC 1080, which is a ~ 20 Mp massive star with the age < 1 Myr. I

summarize the results as follows.

A biconiCal cavity, with size of 0.3 x 0.05 pc and ~ 45° position angle, is revealed, which
suggests the presence of bipolar outflows. The outflows are dominated by the MWC 1080,

" and effectively ‘n-lodifying the morphology of clumps.

e The observed molecular lines trace the swept-up gas on the cavity wall, instead of the initial

natal material or the outflow gas.

"o The observed gas is clumpy; 32 CS clumps are identified with mass ranging from 1 - 10
'M@. All clumps are approximated under the virial equilibrium, which suggests that they
“are gravif_ationally bound, and isothermal. This suggests that they are likely collapsing

protostellar cores.

e The gas Is mostly blue-shifted. I identify two distinct clouds with different velocities that
were thought to be self-absorption. Velocity gradients have also been revealed suggesting an

' : inclination of the outflow cavity and some effects from MWC 1080.

e Both overall gas and clumps show broader linewidths than thermal motion at 20 K. The

non-thermal component is possibly contributed by outputs from MWC 1080, such as outflow
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and stellar wind, in addition to the initial turbulence often seen in the molecular cloud.

- This suggests that the kinematics of dense gas has been affected by either outflow or stellar
-~ wind ’frqml‘ MWC 1080; lower-mass clumps are more strongly effected from MWC 1080 than

higher-mass clumps.

A o'Clumps in clusters have, in general, higher densities than isolated star-forming cores. This
| results from non-thermal contributions, such as outflows or stellar winds, from nearby forming
massive st‘ar or stars. However, low-mass stars can still be forming from these clumps, because
"of‘ the increased gas dispersal from MWC 1080. Therefore, low-mass cluster members tend
to be forfhed in dense and turbulent cores, which are different from isolated low-mass star-

- forming cores.

In summary, fny results show that in the cluster like MWC 1080 system, effects from the massive
star dominate the star-formihg environment in the cluster, in both kinematics and dynamics of the
natal cloud and the formation of low-mass cluster members. However, more studies in similar
systems like the MWC 1080 cluster are needed in the future, in order to systematically confirm the

. effects from massive stars.
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- 4.57+1.09

Table 5.1. Parameters of Identified CS Clumps
Label 8, b, PA, b PA Req £
" " degree " " degree 1072 pc

Al 6.81£0.29 3.604+0.02 -73.65+0.07 5.85 1.33  -73.8 1.4940.04 0.97+0.04
A2 11.774£1.37 3.88+£0.09  69.30+£0.04 11.26 1.85 69.1 2.43+0.16 0.9840.01
A3 - - - 349 334  -67.6 1.82 -

.V '8.11+£0.63 6.25+£0.41 -36.87+1.91 7.33 525  -35.9 3.31£0.19 0.69£0.09

-~ A5 . - - 349 334  -67.6 1.82 -
A6 6.75%£0.77 4.95£0.13 -11.99+0.82 584 3.55  -10.7 2.42+0.16 0.7920.09
A7 6.77£3.20 4.63£0.37  -7.57£1.78 5.87 3.08 6.5 2.27+0.63 0.85+0.30
A8 6:.104£2.24  4.1340.34  44.68+£3.82 5.09 2.24 43.7 1.80£0.42 0.89+0.23
A9 5.73+0.89 3.31+0.07 -81.44+0.32 3.49 334  -67.6 1.82 -

" Bl 4.254+0.09 2.74+0.01 -46.23+0.28 3.49 3.34  -67.6 1.82 -
B2 6.8143.35 4.49+0.49  87.86+£1.67 5.86 2.97 87.0 2.2240.66 0.86-0.29
B3 6.95+1.13  4.43+0.17 -82.63+1.17 6.01 290  -83.2 2.23+0.22 0.87+0.08
B4  5.16+0.87 3.35+£0.29  78.28+1.41 349 334  -67.6 1.82 -
B5  6.23+0.59 4.81+0.22  67.31+£2.10 521 3.38 65.4 2.24+0.14 0.76+0.09
B6 6.98+3.60 3.72+0.11 0.47+0.40 6.12 1.33 1.1 1.524+0.45 0.97+0.17
B7 10.14+3.91 4.984+0.08 -19.60+£0.19 9.55 3.62  -19.2 3.13+0.64 0.92+0.10

- B8 4.99+0.26 - 4.09+0.09  72.30+2.06 3.63 2.25 68.7 1.52+0.06 0.78+0.06

B9 DA - 349 334 -676 1.82 -
B1I0  7.894+4.62. 4.30+0.26  55.54+1.25 7.13 2.58 54.9 2.28+0.75 0.932:0.20
Bll  7.03+2.73 3.26£0.09 -63.31£0.38 349 334  -67.6 1.82 -
B12  4.50+2.18 3.86+0.57  7.20£17.14 3.14 1.66 9.3 1.2240.47 0.84+0.65
B13 6.65+3.71  4.29+0.37  26.21£2.56 5.75 2.50 26.1 2.02+0.66 0.90+0.30
‘B4 5.24+0.85 3.92+0.41  79.86+£2.81 3.95 1.98 77.6 1.49+0.22 0.86%0.16
C1 - - . - 349 334  -676 1.82 -
c2 - - - 349 334 -67.6 1.82 -

C3 - - - 349 334  -676 1.82 -
C4 E - - 349 334  -67.6 1.82 -
C5  5.49+0.19 4.01+£0.05 -58.20+0.70 4.24 2.22  -57.5 1.63+0.04 0.85+0.02
D1 5.64+0.71 3.57+£0.13  80.11+0.62 4.45 1.21 87.0 1.24+0.12 0.9640.06

‘D2 6.36+£0.97  4.76+0.29  -59.04+3.04 5.31 3.38  -58.5 2.26+0.23 0.77+0.13
D3 5.53+1.67 3.99+0.37  -40.14+5.56 4.31 2.13  -38.4 1.61+0.34 0.86+0.23
D4 3.88+0.55 -43.04+27.76 2.98 1.93  -38.7 1.284+0.29 0.76+0.38
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- Table 5.2. Fitted Parameters of CS Integrated Spectra

Label Peak Velocity FWHM
Jy km/s km/s
East 4.7940.31 -31.68+0.06 1.87+0.14

West(N) 3.91+0.37 -30.83+0.08 1.52+0.19
“West(S) 1.73+0.25 -34.13+0.26 3.241+0.69
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Table 5.3. Spectral Fitting of CS Clumps

Label Peak Velocity FWHM
Jy km/s km/s

Al 0.4440.05 -31.42+0.07 1.30+0.16
A2 1.77£0.10 -31.70£0.04 1.45+0.09
A3 0.68+0.08 -32.35+0.05 0.85+0.11
A4 1.604+0.09 -31.10+£0.05 1.76+0.12
A5 0.454+0.05 -31.37£0.10 1.63+0.23
A6 0.644+0.06 -31.46+0.07 1.52+0.16
A7 0.5440.05 -31.31+0.08 1.70%0.20
A8 0.20+0.04 -32.33+0.22 2.48+0.52
B2 0.36+£0.07 -30.65+0.09 1.00+0.22
B3 : 0.44+0.08 -30.72+0.13 1.484+0.30
B6 0.504+0.04 -30.92+0.06 1.55%0.14
B7 0.684+0.06 -30.95+0.08 1.84+0.18
C1 0.284+0.04 -30.81+0.13 1.76+0.31
C5 0.354+0.05 -30.73+£0.14 1.91+0.33
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Table 5.4. Parameters of the Observed Molecula

r Lines

Molecular Name  Transition v Su? Q E.
GHz Debye K
CS j=92-1 97980968 7.71  0.86 Tex® 7.0
13CO j=1-0 110201370  0.01 0.36 Tex 5.3
Cl80 j=1-0 109.782182 0.0 0.36 Tex 5.3

~aT,, is the line excitation temperture.

" References. — Rohlfs & Wilson (2000)
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Table 5.5.

Mass Estimation of CS Clumps

Label Iy T Mo Npg(CS) Mrve Moir
' Jy beam™! km s~ Mg 10%% cm™2 Mg Mo
Al 1.755 046 359 343-556 064-1.04 238
A2 4.210 0.74  9.82 33.93 17.01 4.84
A3 1.631 034 315 364-591 1.02-1.65 124
A4 3.832 0.55 8.19 41.18 38.18 9.09
A5 1.557 0.38 '3.08 430-6.98 1.20-195 457
A6 2.649 0.57 573 6.51-10.56 3.25-5.26 5.31
A7 2.582 0.57 558  5.71-928 248-4.03 6.20
A8 1.328 0.33 256 2.48-6.55 0.68-1.80 10.47
A9 0.930 0.30 1.76 - - -
B1 0.572 0.25 1.04 - - -
B2 1.042 021 1.88 2.07-3.36 0.87-141 211
B3 1.399 031 267 391-6.33 1.64-266 4.62
B4 0.799 026  1.49 - - -
B5 1.266 026 237 - - -
B6 2.012 048 417 5.21-8.46 1.02-1.66 347
B7 4.457 0.72 1030 7.88-12.79 6.56-10.65 10.05
‘B8 1.582 049 3.28 - - -
B9 0.950 0.30 1.81 - - -
'B10 1.516 0.30 2.88 - - -
~Bl11 1.031 024 1.91 - - -
B12 0.703 022 1.28 - - -
B13 1.102 025 2.04 - - -
Bu4 0.810 024 1.55 - - -
C1l - 1.103 033 212 285-591 0.80-165 5.33
C2 1.444 0.33 2.77 - - -
C3 1.600 0.54  3.40 - - -
C4 1.200 0.50  2.50 - - .
-C5 1.059 027 197 3.95-642 0.90-146 5.65
D1 0.914 0.23 1.66 - - -
D2 1.188 024 220 - - -
- D3 0.878 024 1.61 - - -
D4 0.782 026  1.45 - - -
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" Figure 5.1 Left: CS(2-1) emission toward the MWC 1080 system overlaid on a small adaptive optics
K’-band image taken from CFHT (Paper II). The noise is 0.14 Jy/beam km/s. The contours are
linearly spaced from 2 to 10 times of noise. The beam, shown at the lower right hand corner, is
4704 x-3"84 with a PA of -62°. Negative contours, mainly from resolved out large-scale emission,
are not shown here in order to simplify the image. The dotted box indicated the zoomed field of
the K'-band image (right) in order to show the distribution of young cluster members more clearly.
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~ Figure 5.2 13CO, C*80, and continuum emissions. For 3CO, the noise is 0.3 Jy/beam km/s. The
contours are linearly spaced from 2 to 20 times of noise. The beam is 6744 x 6728 with a PA
~of -51°. For C!0, the noise is 0.12 Jy/beam km/s. The contours are linearly spaced from 2 to
10 times of noise. The beam is 6741 x 6/34 with a PA of -13°. For 3 mm continuum map, the
noise is 0.009 Jy/beam km/s. The contours are linearly spaced from 2 to 6 times of noise. The
beam is 7/36 x 6774 with a PA of -70°. Beams are shown at the lower right hand corner of each
- panel. The star symbols indicate the location of MWC 1080, and the triangle symbols indicate the
NIR-identified cluster members from Paper II.
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Figure 5.3 The beam sizes are 8/51 x 7/25 with a PA of -46°, 4704 x 3/84 with a PA of -62°, 3749

x 3734 with a PA of -67°, and 3724 x 3705 with a PA of 72°, from (a) to (d) respectively. Beams
- are shown at the lower right hand corner of each panel. The contours are linearly spaced from (a)
- 2'to. 13 times of noise, 0.23 Jy/beam km/s, (b) 2 to 10 times of noise, 0.14 Jy/beam km/s, (c) 2
to 8 times of noise, 0.16 Jy/beam km/s, (d) 2 to 5 times of noise, 0.25 Jy/beam km/s. The star

* symbols indicate the location of MWC 1080.
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Figure 5.4 Thé'projected eccentricity of clumps vs. the distance to (a) MWC 1080 and (b) outflow



- (a) CS 7
20 [- —
10 _
N -
= ] .
=50 -40 -20 -1
g l 1 l L) I T r
S 8—(b) 13CO —
2L . 4
Z,
5 I
E 0

-60 -40 -20 0
Velocity (km/s)

Figure 5.5 Integrated spectra for overall gas traced by CS, 3CO, and C80.
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- Figure 5.6 Integrated spectra for CS East and West. East shows a broad linewidth; while West
shows double-peaked features. This double-peaked feature actually comes from two gas components
with different velocities.
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- Figure 5.7 Positioh-velocity (PV) diagrams along the outflow axis for (a) CS East, (b) CS West,
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Figﬁre 5.8 PV diégrams along the hourglass axis from closer to MWC 1080 (a) to farther to MWC
1080 (d). 'Cdntours are plotted from 1.5 o, 2 0, 3 ¢ to maximum, with ¢ = 0.1 Jy beam™1.
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Figure 5.9 Integrated CS spectra for identified CS clumps.
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(b) indicates the mass-linewidth relation from Larson (1981).

)




3= T | T T T T | T T T —]

N
th

|

l

Linewidth (km/s)
— : N
| [T 1T
e+
e
fel
o H4
FHeb
—e—
e
—e—
1 I l 1

o .
R E

S
|
G
e
e
|

i 3 |
2 | % - ) |
! nml . ﬁT B " 5
0 1 1 1 1 1 1

-0 0.1 02 03 0.4 0.5
. | Distance to MWC 1080 (pc)

" TFigure 5.12 (a) The CS linewidth and (b) the derived LTE mass vs. the distance to MWC 1080.

79



~ LTE Mass (M, ) -
o

| R l L ] P B I S I S NN TN SR
, 0 0 10 20 30 40 0 0

5 10 15 20
LVG Mass Mg,) Virial Mass Mg,,)

Figure 5.13 The comparison between differently derived masses. The solid lines are when the two
masses are equal.”

80




Chapterﬁ |

The Laboratory of the MWC 1080
Cluster— Rule of the Massive Star: II.
The Stars

In this ‘chapter,yl present the high-resolution CFHT adaptive-optics near-infrared observations
toward the MWC 1080 s‘ystem; The main goal is to identify young stars very close to MWC 1080
and examirie theirirrfrared properties.

7 ., As mentioned in Ch. 4, stars away from 0.3 pc radius around the massive star are dominated by
the ihtrinsic clustering over effects from the massive star. On the other hand, those forming stars
closer than'O._{l pc radius are possibly experiencing significant influence from the massive star. For
example, as discussed in Ch. 1, massive stars impact their siblings and result in disk truncation and
mass loss modlﬁcatlon of the circumstellar material around the siblings. Furthermore, it is still not
clear how cluster members are located compared to the massive star, due to serious saturation near
these bright HAeBes or even more massive stars in previous studies. However, this is important
because it reveals the star forming efficiency, which may have been previously underestimated, and

“helps 'unlderStanyd the initial mass function (IMF) in clusters.
- Therefore, with the high-resolution CFHT adaptive-optics data, I will probe stars within 0.3

- peradius around MWC 1080 and examine any ensemble difference of these stars from isolated star

formation.

6.1 ”'Near-infrared Observations

1 present the Hokupa’a 36 (Graves et al. 1998) adaptive-optics near-infrared JHK’ observations,

with 0.035" piXel size, from the 3.6 m CFHT. The field of view of these observations is ~ 0.9/ x 0.9
N ,'Whichallows usv to probe the cluster around the MWC 1080 within ~0.3 pc radius. In addition,
I have also carried out wide-field Omega 2000 near-infrared HKs observations for standard star
calibrations.
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. “IRAF DAQFIND is used to identify point sources and perform photometry with PSF fitting
for both Wide-ﬁéld and adaptive-optics data. At first, in order to calibrate the wide-field H and
- Ks .;dbs‘ervatib‘qs,}l select ~ 50 isolated and bright stars throughout the whole field as standard
‘istafs ahd calibrate them with the Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006)
péint-éoi;r(;e éataloé. Thén, I use the calibrated wide-field data to calibrate the photometry of the
adépﬁii}e-optics H and K’ data with 8 stars as standard ones. The uncertainty of H and K’ band is
~<0.1 5 magnitqde.

For t‘he'J‘ band, as I do not have any wide-field observation, I directly use the 2MASS catalog to
obtain the transformation relation between the 2MASS photometry and adaptive-optics photome-
try. Since thére ar'e’ only three stars available to be standard stars, the uncertainty at this band is
-~ 03 Iﬁagnitude. I also use the same 2MASS to adaptive-optics transformation method for stars

at H b_and,/which gives a 0.2 magnitude difference from wide-field to adaptive-optics field.

6.2  Dust Morphology around MWC 1080

‘The left: and right portion of Figure 6.1 show the rgb color composite of wide-field JHKs and
édaf)tive-optics JHK’ ‘images, respectively. The wide-field images show a nebulear morphology cen-
 tered on MWC 1080, which is mostly elongatedly distributed along the outflow direction (position
angle of 45 degrees, iWang ot al. 2008) within 0.5 pc and also spherically extended up to 1 pc from
MWC 1080: Howéver; unlike the large-scale nebulae seen in the wide-field images, a hourglass
morp_hology, is revealled along the direction perpendicular to the outflow axis. Nebulae seen in
~ both images shqw color gradien.ts, which implies that they are reflected light, which is illustrated

’ - by the UV radiatidn from MWC 1080 on the surface of dust.

;Figuré‘ 6.2 plots veiocity—integrated 13CO contours (Wang et al. 2008) overlaid on the wide-field
Ks, and CS contour (Wang et al. 2008) with identified stars from the adaptive-optics images in
this chaﬁtér. 13Co traces the dense molecular gas in this cluster, aﬁd is clearly aligned with the
large-scale eldngated dust within 0.5 pc region, along the outflow direction. For example, a hole
in the dust mofphology is seen in the northeastern side from MWC 1080, which matches well with
the hole in 3CO map in this area. Wang et al. (2008) suggests that the observed dense molecular

gas presents the swept-up gas by outflows, which is dominated by MWC 1080, instead of the initial
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natal gas. "Th‘erefore, the bright elongated dust condensation within 0.5 pc also most likely traces
- the Swept-up'material, as the enhancement of its density results from the accumulation of outflow
activities. O‘hithe other hand, the diffuse dust which extends spherically to 1 pc still preserves the
initial conditions of cluster-forming environment.

In addition, the hourglass morphology of small-scale dust seen in the adaptive-optics image
also tracés well with 1300 in the region close to the MWC 1080. A biconical outflow cavity is
well revealled by 13CO, which corresponds to the absence of dust along the outflow direction in
the adaptive-optics image. This is why an hourglass shape is observed. Not only dust, there are
numbers of Stars revealled, especially in the outflow cavity from the removal of cloud material by
'th‘ev outflow.

Another interésting feature in the dust morphology is that the large-scale dust is brighter, in
the néftheastern side than that in the southwestern side along the outflow direction (Wang et al.
2‘008).‘ Thére‘is a higher density of dense molecular gas distributed to the northeast (lower desnity
to'the’ soutwest). This implies that gas and dust are denser in the northeast. This is likely an

inclination effect; the northeast is toward us and the southwest is away from us.

6.3 Clustering of Star Formation in Young Clusters

It has been shovs‘z‘n‘that ‘there are sub-structures in massive clusters (e.g., Allen et al. 2006). Wang
:&' Looney (2007) also suggests that these sub-clusters in massive clusters might be comparable
- to isolated sniaﬂ groups or clusters, which typically surround one to a few intermediate-mass to
massjve stars; such as the MWC 1080 system. This means that understanding the overall star
formation in massive clusters and cluster formation can be based on investigating the formation
and élustéfing of cluster members in small clusters and comparing them with massive clusters. In
this section, 1 take a close look at the stellar distribution and clustering in the MWC 1080 system

and other nearby small clusters.

6.3.1 Stellar Population around MWC 1080

There are 44 stars identified within 0.25 pc of MWC 1080 from the adaptive optics images. There

are stars also associated with this cluster outside 0.25 pc from MWC 1080, as the size of whole
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»reﬂected nebula extends up to 1 pc range. However, in this chapter, I focus on those stars within

0 25 pc, because they are located deeply within the cluster core and experience the most influence
from MWC 1080 Our results show a surface number density within the inner 0.25 pc range in this

cluster to be ~ 230 stars per pc.

' Figlire 6.3 plots the size vs. the surface number density of stars of nearby embedded clusters
within 2.5 kpkc from hada & Lada (2003). In order to compare my result of the MWC 1080 system
to these elusters, Figure 6.4 also plots its location as a filled triangle, using the 0.25 pc as its size,
although this is not the actual cluster size. Adams et al. (2006) fits a relation between the size (R)
: and the numberOf stars (V) of these clusters, R = (1 —2) pc (N/300)!/2, which implies that there

‘exists a rnghl)r eonstant surface number density, ~ 25 - 100 stars per pc?. Figure 6.4 and this

relation show theﬁ the MWC 1080 cluster seems to have a much higher surface number density in
the inner cluster region (< 0.25 pc). However, this comparison does not necessarily mean that the

MWC"1080 is especiallyﬂcrowded compared to any other cluster.

Table 6.1 lists parameters of some embedded clusters, including the size, number of stars,
sirrface :number density, and the detection limit at K band. The locations of these clusters are also
labelled in the Figure 6.3. This table shows that one of reasons that my results of the MWC 1080

system show a' higher surface number density than other clusters is simply because of its better

o sens1t1v1ty than other observations (e.g., IC 348). Another reason is that the high spatial resolution

of my adaptive-optics observations allow us to detect stars in the cluster core, which cannot be
‘achieved by prev1ous observations, especially for distant sources (e.g., NGC 2282) or bright sources
(e.g., »MWC 297). ‘The only cluster which we can fairly compare with the MWC 1080 system is
‘the Trapeziiiin cluster in Orion, because of their comparable distance-scaled detection limits and
spatial resolutions (Muench et al. 2002; Lada & Lada 2003). Table 6.1 shows that the surface
,number denslty in. the Trapezium cluster is much higher than the MWC 1080 system. This is not
surprising, as the Trapezmm cluster hosts more massive stars than the MWC 1080. Nevertheless,
- my result shows e higher surface number density in the cluster core than previous observations of
- nearby embedded clusters. This suggests that there might be a large number of stars hidden within

the cores ef these clusters in previous studies due to their dimness or being shielded by the central

massive star in the cluster.
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6.3.2 Average Surface Density of Companions

In: Qrder t‘:o characterize the populatibn of cluster members around MWC 1080, I further investigate
the clustéring of both stars and dense cores in this system. The average surface density of compan-
ions_E(O), or equivalently the two-point correlation function, has been used to study the clustering
of yoﬁng stellar populations in several nearby star forming regions (Gomez et al. 1993; Larson 1995;
Simon 1997; Nakajima et al. 1998). X(@) is defined as the average number of companions with the
,a’n'glyll‘ar separétioh ¢ per surface area per star. ¥(6) is calculated by counting the number of stars
located within the va,nnulus at certain radial distance 8 from each star and normalizing it for all
stars devided by the area of this annulus (also see the equations (1) to (3) in Nakajima et al. 1998,
for the ‘.fofmula of & and its error estimation). Therefore, in a cluster with N stars, the average

0 1 ] from each star is,

surface density of cdmpanions within the j-th annulas [0, _ 1,0,

N
¥; =%(0;) = ——§ — (6.1)

=3

where n;,j is number of stars within the annulas [0]._; , 0 from the i-th star. Throughout this

L 041]

B seétion, I éalculate the ¥ with varied annulas sizes in order to keep a constant uncertainty between

‘each bin.

Golﬁez et al. (1993) shows that the two-point correlation of young stars in Taurus follows
a, power-law relation .suggesting a clustering than random distribution, which might present a
Vhie_'rarchical structure of the star-forming cloud. Larson (1995) further shows different power-law
" relations bbe'tweeI.l the binary and cluster scale. In addition, there is a consistent behavior for
binary formation between different star-forming regivons (Simon 1997), and the break between two
scales probably dépends on the dispersal history of the star-forming systems (Nakajima et al.
1998), Neverthéless, the average surface density of companions has been an efficient method to

:characterize the clustering of binary and cluster formation.

| Figurei 6.4 plots () vs @ for both stars and dense molecular cores (Wang et al. 2008) around
MWC ‘10.80; ‘Dense cores indicate the possible site of prestellar or protostellar star-forming cores.
 Wang et al.~(20v08)' has identified these cores by using BIMA CS line observations. Figure 6.4 shows

that bdth stars and molecular cores trace very similar power laws, suggesting that both types of
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sources probably origin' from the same star-forming episode. This supports that these stars are just
revealled earlier than equivalent isolated stars by energetic outflows from MWC 1080, which has

"been suggested in Wang et al. (2008).

,‘Moreo‘ver, ‘the" power‘ law in Figure 6.4 is also significantly presenting a nearly initial clustering
in a’cent'rally condensed clﬁster like the MWC 1080 system, which might be also comparable to
. thos e sub-clusters seen in massive clusters (Wang & Looney 2007). This can be a starting point

to study thé initial clustering of star formation in clusters, and should be further compared to the
| élustefing of dense cores and young stars in different cluster environments. In particular, the power
law features of cyl\ustering of dense cores in protoclusters will be useful to understand the clustering

of star formation at the earliest stages.

Another interesting feature of the power law in the Figure 6.4, especially from 4(a), is the lack
of a slope breék and Binary regime as seen in other young clusters, (Gomez et al. 1993; Larson
1995; Simon 1‘997; Nakajima et al. 1998). Simon (1997) shows that there is a universal power index
& -2.0 in the binar‘y regime, power laws from -0.2 to -0.7 in the cluster regime, and breaks from
~0.002 to 0.06 pc, for Téurus, Ophiuchus, and Trapezium. Our result of the MWC 1080 system
is simﬁar to the cluster regime for star separations from ~0.007 pe to 0.5 pe (~ 1500 - 10000
AU), without a pQWér law break. This suggests that either the binary regime exists in a smaller
scalve’ or fhe formation mechanism resulting in a different law in the binary regime from the cluster
fegir'ne‘does not initiate at the early stage of star formation in this system. Again, studies in more

, systemns are needed to systematically probe this power law break. In particular, the clustering in

" protoclustefs will be very useful to examine these suggestions.

In _ordervto compare my results with other small clusters, Figure 6.5 plots () vs 0 for young
stars in several small clusters Wang & Looney (2007). These clusters are all embedded or partially
vembedded_small.clustérs around Herbig Ae/Be stars. Wang & Looney (2007) use Spitzer observa-
tions Vto, identify young stars around these systems and show that there are groups of young stars
centéred‘ on the Herbig Ae/Be stars and also young stars populated throughout the whole fields
outside the’cluster systems. Figure 6.5 is only plotting the clustering of those groups of young stars
(;:éntered on the Herbig Ae/ Be stars, which present similar systems with the MWC 1080 cluster.

This plot shows power indices from 0.1 to 0.7 for these systems, which are consistent to the MWC
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1080 syStem‘ and the cluster regime in other clusters (e.g., Simon 1997, for Taurus, Ophiuchus, and

. Trapezium).

: 64 ’Infrared Properties of Identified Stars

F‘rc‘)m.the adeptiye-optics images, I identify 44 stars around MWC 1080 within ~ 0.25 pc radius.
Figures 66 ’an>d:' 6.7 are the color-magnitude and color-color diagram of identified stars. I also
* indicate the slopes ef main sequence and pre-main sequence stars (Bessell & Brett 1988; D’ Antona
& Mezzitelli 1994), the clessical T-Tauri star (CTT) loci (Meyer et al. 1997), and the interstellar
extinction arrows Rieke & Lebofsky (1985). |

From the Flgure 6.6, it shows that the mass of these stars are between 0.1 and 2.5 Mg. Figure
, 6 7 further shows that ~ 35 % of stars are redder than extincted main sequence stars, which means
" that they have large 1nfrared excesses similar to CTTs or younger sources; while ~ 65 % have near-
1nfrared em1ss1on s1mllar to stars with little circumstellar materlal such as weak-line T-Tauri stars
(WTTS) or. pre—maln sequence stars. However, previous studles of small clusters around Herbig
7. Ae/Be stars (Hlllenbrand et al. 1995a) have suggested that most cluster members in these young
‘clusters have large infrared excesses.

In order to /understand why we have different results from other studies, I compare stars with
or without lerge infrared excesses. I separate the identified stars to (1) those inside the outflow
cavity and (2) those outside the outflow cavity, which are labelled in the Figure 6.7. The former
case presehts,the stars that have been influenced by the strong outflow from MWC 1080 and are
revealed by the outflow. Orr the other hand, stars of the latter case form within the dense core of
this system but ere rret influenced by the outflow. From Figure 6.7, only 25% of stars in the cavity

,have'large infrared excesses; while 100% of stars outside the cavity do. Figure 6.7 suggests that
stars outs1de the cav1ty have more infrared excesses, which are probably younger, than stars inside
the cavity. Th1s means that stars inside the cavity are not just less extincted but also have less
mrcumstellar materral, compared to those outside the cavity. This suggests that the MWC 1080
outflow does rlot‘ jrist’clean out the interstellar material to form the cavity and reveal its cluster
members, but also help clean the circumstellar material that influences the formation processes

of its cluster members Moreover, stars outside the cavity are actually consistent with stars with
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1arge infrared excesses from previous studies, which were not able to probe stars very close to the
central Herbig Ae/Be st‘ars. This means that small percentage of young stars in this study simply
indieates theeffects from MWC 1080.

In addrtlon to have less circumstellar material than those outside the cavity, stars within the
cavrty also seem older than they should normally be if they are isolated, assuming all stars in
this system form coevally (suggested from Sec. 4) and have an age like MWC 1080. In order to
“examme the mrcumstellar material and ages of stars in the cavity, I fit them with young stellar
models’ (Rebltallle et al. 2006, 2007). Model fitting shows that these stars have masses of 0.1 -
5 Mg, bd‘isk’ masses of 102 - 10~° My, and disk accretion rates of 10~ - 10~ Mg /yr. It also
shows that most stars in the cavity seem to have ages of ~ 1 - 10 Myrs. Assuming these stars
form coevally with- MWC 1080, they should have age of 0.1 - 1 Myr, but look as having age of 1 -
10 vMyrs. Therefore; assuming the age of all stars in this system is 0.1 - 1 Myr, stars outside the
: cavjty have the formation time scale similar to the stars formed in isolation; iwhile outflows from
MWC 1080 speed up the formation of stars in the cavity to an order of magnitude.
o I‘ also fry to see i>f there is any trend between those fitted parameters and the distance from

MWC 1080, which is to investigate any effect from MWC 1080. However, no trend is found.

6.5 . Discussion and Conclusion

MWC 1080 system is a young cluster around a Herbig Be star, which is still young and has large
infrared excess (Hillenbrand et al. 1992). Wang et al. (2008) maps the dense gas around this system
: usin"g high-resorlution millimeter interferometry and reveals a small outflow cavity. In this chapter,
our adaptive-optics near;infrared observations show that there are 44 stars identified within 0.25
pc from MWC 1080— 85% are located within the cavity. The MWC 1080 cluster presents a young
system with age of < 1 Myr, where the formation of stars are still constantly being affected by the

‘ formmg nearby massrve star, especially those stars in the cavity. Here I summarize our results.

6.5.1' Clustering of Stars
"1 calculate the average surface density of companions for identified stars and CS clumps (Wang

et al. 2008). 1 ﬁhd";chet both sources trace the same power-law relation with a power index of ~ -0.8,
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which suggests that b’oth sources may form from a single star-forming episode. This non-zero value
~ indicates a‘ clustering rather than random distribution. Our result consists with other star-forming
“regions which heve p'owjer-law relations from -0.1 to -1 (Gomez et al. 1993; Larson 1995; Simon

1997; Nakéjime et al. 1998)." This power law is interpreted as presenting a hierarchical structure

of the nata'lv star-forming cloud.

Most of pre\}ious studies calculate this value for stars in large molecular clouds, which contain
‘sub clusters and p0551b1y different episodes of star formation. However, our system is a small
: central-condensed cluster—formlng core, which is still forming stars and has a single star-forming
episode. This suggests that the hierarchical structure exists in a small scale at its early star-forming
stage, and possibly propagates from this small scale, such as sub-clusters, to the whole large-scale
cloud. A »

In addition, unlike the power index break seen in other star-forming regions (Gomez et al. 1993;
~ Larson 1995; Simon 1997; Nakajima et al. 1998), there is no break between 0.007 to 0.5 pc and no
binary feginte in the MWC 1080 system. This probably means that either the binary regime exists
" in a smaller seele ’or the formation mechanism resulting in different laws between the binary and
cluster'r‘egime does not initiate at the early stage of star formation in this system. More studies,
such as Clustering in other clusters or protoclusters and clustering of star-forming molecular cores,

are needed, in order to clarify these suggestions.

'6.5.2 Effects from the MWC 1080 Outflow

In order to“und/er‘standthe effects from the MWC 1080 outflow, I examine the infrared properties
by distinguishing stars inside and outside the outflow cavity— the former has experienced strong
outflows from MWC 1080 and the latter has not.

*From the colors of stars I find that stars in the outflow cavity have less infrared excesses, thus
less circumstellar material, than those outside the cavity. Indeed, 75% of stars in the cavity have
near—infrared emission with little circumstellar contribution, such as WTTs, pre-main sequence
stars o‘rimain sequence stars; while 100% of stars outside the cavity are similar to CTTs or younger
: soyu.rce. In addition,A using young stellar models (Robitaille et al. 2006, 2007), stars in the cavity

‘have avefage ages of 1-10 Myrs, an order of magnitude larger than the age of MWC 1080. This
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also Iheans that they seem older than they should be, if assuming all stars form coevally with MWC

-1080.

Therefore, stars in the cavity are not just less extincted than vthose outside, but they also seem
older fhan théy usually are if forming in isolation. This suggests that the MWC 1080 outflow
' cleans o.ubt‘ the natal cloud to form a outflow cavity that reveals cluster members, and also also
removes fﬁe cifcumstellar material from the stars, cutting off the mass reservior, ablating the disk,

or disrupting the disk, making the sources appear older.

6.5.3 'Summary

Thé maiyn’thlx*us’t of this chapter is to understand the role of massive stars in their surrounding
low-mass stars by studying a young small cluster around MWC 1080. This is a system having tens
~ of stars formihg very close to a massive star while the massive star is still forming and strongly
dispersing its natal cloud. Wang et al. (2008) has suggested that low-mass stars tend to form in
denser and mor’e turbulent cores around the massive star, and this chapter further shows that the
formation of low-mass cluster members is speeded up by strong gas dispersal activities from the

massive star.
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Table 6.1. Parameters of Nearby Embedded Clusters

Cluster =~ Distance R* NP S K Kooope® Refs.
' (pc) (pc) (stars pc™2) (limit) (limit)
MWC 1080 2200 025 45 230 14.1 141 1
IC348 320 1.00 300 95  15.0 108 2
~ Trapezium 450 0.24 780 4300 17.5 141 2
- MWC 297 450 0.50 37 47 16.7 133 2
2

NGC 2282 1700  1.60 111 14 150 144

aFither the size or some radial range from the cluster center.

bNumber of stars within R.

°Mean surface number density, which is equal to N/(7R?).

4The magnitude limit at K band when the source is at 2.2 kpc.

References. — (1) this study (2) Lada & Lada (2003)

91



RA (J2000)

€0:50:00.0 od

{oooze) 38

Figure 6.1 Left: Color composite image of the wide-field observations at Brg (blue), H (green), and
Ks (red) bands. Right: Color composite image of the adaptive-optics JHK' observations.
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Figure 6.2 Left: 13CO (1-0) contours overlaid on the wide-field Ks image. Right: CS (2-1) contours.
Stars, which are identified from the adaptive-optics images, are labelled.
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Figure 6.3 A comparsion for the surface number density of stars vs. cluster size between several
clusters. '
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Figure 6.4 Average surface density of companions for identified stars and CS clumps (from Ch. 5).
This figure shows that both stars and dense gas clumps are distributed following the same power
law. This suggests that they probably come from the same star-forming episode, but stars are just
revealled earlier due to the strong outflow from MWC 1080.
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- Figure 6.5 Average surface density of companions for stars in six clusters (from Ch. 4). This shows
- at large scale, stars are also populated with a similar power law.
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Figure 6.6 Color-magnitude diagram for identified stars. An extinction arrow of Ay =5 is shown.
The solid line traces the instrinsic magnitudes and colors for main-sequence stars with spectral
types from M5 to B8. The dashed and dashed-dotted lines trace the pre-main sequence stars with
masses from 0.1 to 2.5 Mg at 0.1 Myr and 1 Myr, respectively.
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‘ Figure 6.7 JHK' Color-color diagram of identified stars. The star labels are those stars outside the
cavity.
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,Chapter T

D’en"se Molecular Gas around
Intermediate Mass Clusters

4In' this chepter, 1 preserltVthe BIMA interferometric observations of dense gas toward five intermediate-
‘mass young clusters around tl;e BD40, NGC 7129, BD+-46° 3471, HD 200775, and Z CMa systems.
. Allfof‘t,}‘lese clusters have known !3CO and CS single-dish detections (Fuente et al. 1998a; Ridge
et al. 2003; Hillerrbrand et al. 1995a).

Previ'ouss.ingle-dish observations of the molecular gas and dust continuum toward many young
stellar cAlus_tersv have actually revealed some interesting morphologies. For example, Fuente et al.
(1‘998&1‘,‘ 2602) Studies the gas dispersal around HAeBes, many of which are actually clusters, and
ﬁroposed a classrﬁcetion based on their surrounding dense gas morphologies. Ridge et al. (2003)
mapped the dense gas around a number of young clusters within 1 kpc and also suggested a similar
clas51ﬁcat10n of cloud evolutlon in clusters. As there seems to be an universal classification of the
cloud removal process for both clusters and single stars, it indicates that the natal cloud dispersal
1s .dominated by the central most massive star in the system. This means that the molecular gas
"that low-mass cluster members need is disrupted by their massive sibling rather than themselves.
The effects from the massive star on its low-mass cluster siblings have also been seen more directly

in the MWC 1080 system (Ch. 5 and 6) using high-resolution observations.

Therefore, based on the results in the MWC 1080 system (Ch. 5. and 6), I study the molecular
. gas ir1 five rnbre chrsters in this chapter, in order to compare the molecular environments at different
eydlutionary stages, as I sample HAeBes with different ages. CS (2-1) is used as the dense gas tracer
here, as it is sufﬁcient to probe the clumpiness of dense molecular gas— one of the main goals in
this _chapter; irjdeed, it is important to identify clumps capable of forming single low-mass stars, so
, that‘ :the physical ‘clenditions where each low-mass star is forming in the cluster can be individually

revealed.
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7.1 BIMA Observations

"The CSJ=2 N 1 Obserivations toward the BD40, BD + 46° 3471, NGC 7129, Z CMa, and HD
200775 were observed in three configurations (B, C, and D) of BIMA array (Welch et al. 1996) in
2003 ’a‘nd 2004, except the C array observation toward the BD40 system, observed in 1996, was
obtained from the BIMA archival. The correlator was configured with the line window of a velocity
- fang’e of 76 km‘ s~! with 0.3 km s~! per channel, and two 600 MHz bands for continuum.

‘The data weré réduced with the MIRIAD package (Sault et al. 1995) and mapped using two
~ or three arfay COnﬁgurafiqﬁs with various u, v weighting schemes to stress structures on different

~ spatial scales.

7.2 The Morphology of Dense Gas around HAeBe Clusters

- Figﬁre 7.1 - 7.7 show the dense molecular distributions of sampled clusters, which I discuss indi-
vidﬁaliy as follows.
7.2.1 BD40
As’ m’en;cioned 1n Ch 2, the BD40 cluster includes three HAeBe stars, BD + 40° 4124 , V1686 Cyg,
and the southern star of the V1318 Cyg binary, surrounding by a number of low-mass stars.
Figui‘e 7.1 plots the/ velocity-integrated maps of the CS (2-1) emission with different beams
giving different resolution, overlaid on an adaptive-optics near-infrared H-band image (Davies et al.
' 2001) illustrating ‘thekbcore stellar distribution. This figure shows that the CS emission, which is
tracing-thé denée molecular gas, does not center on the brightest two HAeBes, BD + 40° 4124 and
V1686 Cyg.ﬂvlnst‘e‘ad, it is along a north-south ridge with an extent of ~0.4 pc and actually peaks
very close to the éouthern star of the binary pair, V1318 Cyg, suggesting that this region is forming
the youngest members in this system.
Figure’ 7.2 shows that the dense gas traced by the CS emission aligns with the dust detected
by JCMT SCUBA continuum observations at A = 850 pm. Two peaks of the dust continuum well

cdrresp‘ondsb to the CS peaks (labelled as A and J on the right of Figure 7.2), meaning that the

- CS emission is indeed tracing the densest regions in the molecular cloud. Figure 7.3 illustrates
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* the dust continuum emission atf A = 3.1 pm with two resolutions. From the left of this figure, it
‘ shbws that there is no detectable dust emission associated with BD +40° 4124 and V1686 Cyg, but
dust emission is detected centered on the V1318 binary, which is consistent with the CS emission.
This suggests thgt the most massive stars in the cluster evolve and reveal themselves quickly, and

' ,,domin'ate the cloud disruption.

7.2.2 BD +46° 3471
The BD46 syS£em includes the Herbig AO star, BD + 46° 3471, and the BO star, BD + 46° 3474.
| Ch. 4 has shbWh that there is a group of young stars centered on the HAeBe, BD + 46° 3471.

f Figure 7.4 illustrates the velocity-integrated CS emission with two resolutions. The low reso-
lution (on the left) and high resolution (on the right) emphasize the overall dense gas distribution
aﬁd peak exﬂission;"'respectively. Like the BD40 cluster, the dense gas is also away from the most

' inéésive star in this system, BD + 46° 3471, and a cavity with a size ~ 0.15 pc radius has been
_ constructed éentered on BD + 46° 3471. The size of this outflow cavity is similar to that seen
' ayoﬁnd MWC 1080. Again, this is also a region where the most massive star in this cluster, despite
being just an A‘ks_tar with a few Mg, dominates the natal cloud destruction, and this is the region
- where the gas is dispersing. |

In additi.on, imli’k‘e,the' MWC 1080 system showing a biconical outflow cavity, the cavity around

‘ BD + 46° ‘3‘47‘1-‘i$ near circularly symmetric, without considering any projection effects. This

‘ suggésts thaf either the bipolar outflow is face-on, or that the system is actually older than the

- MWC 1080 so that f}ie biconical structure has been erased. Low-resolution single-dish data (Fuente

| et al. 2002) classifies BD 3 46° 3471 and MWC 1080 with the same evolutionary stage. However,
the 1attér is not vsufprisingv as BD +46° 3471 is much less massive (thus, less powerful) than MWC
1080, itherefore BD + 46‘5 3471 may have taken more time than MWC 1080 to construct a cavity
- with similar sizes.,
The dense gas traced by CS emission reveals three separated portions: (A) the north-west
portioh, which‘ié the brightest; (B) the north-east portion; and (C) the south portion. The dense
gas is most likely the lefterr gas which still preserves the initial cloud condition, or the swept-up

gas which has been accumulated and physically influenced by the BD + 46° 3471 outflow.
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7.2.3 NGC 7129

_ The’NCC 7129 reflection nebula contains three Herbig B stars, BD + 65° 1637, LkHa 234, and
BD + 65° 1638. This is a system that should be similar to the BD40 cluster but more massive.

‘ Figure 7.5 plo’ﬁS the velocity-integrated CS emission in this system. The CS peak emission is
centered right on the Herbig B2 star, LkHa 234, which suggests this region is where the youngest
étars are forﬁiing. The CS emission reveals a ~ 0.4 pc long ridge with a PA ~ 36°. Unlike the BD40
: ‘sybster.n wberé three HAeBes are forming closely, the CS emission around LkHa 234 is comparably
isolated withip ~ 0.3 pc radius area. In addition, as the CS peak is still centered on LkHa 234, it

suggeétsthat LkHa 234 is a less evolved HAeBe than any other HAeBes discussed above.

7.2.4 Z CMa
Z"C'Ma is a close (< 100 AU) binary including a optically bright FU Orionis star and a Herbig BOe
star. |

, Figure 7.6 plots thé vélocity-integrated CS map with two resolutions. The low-resolution map
.-on thé‘left shows that there is an elongéted dense gas centered nearly on Z CMa with an extent
of ~ 0.25 i)c' X 0.1 pc and a PA ~ 45 °, However, from the high-resolution map on the right, two
. CS peaks afe actually located ~ 0.02 pc south-east and south-west almost equally from Z CMa,
respeétivély, whi(;h has not been seen in previous observations. No previously identified sources
are associated with these two peaks. However, there might be newly collapsing protostars hidden
within. -

In 'additiqn, based on the CS channel maps, there is no obvious velocity gradient or dispersion

between differeﬁt parts of the gas. This suggests that the dense gas traced by CS emission is not

outflowing gas but dense material around this system.

7.2.5 HD 200775

HD 200775 is a Herbig B3 star with an age of 8 Myr and is surrounding by a large biconical outflow
cavity with a size ~ 1.5 pc x 0.8 pc has been constructed (Fuente et al. 2002, 1998b). Within the
cavify, the gas is mainly atomic, and molecular gas with multi-shell structures, HI filaments, and

bow shock regions have been observed (Fuente et al. 1998b). It is also suggested that the outflow
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is cul‘rently a‘t its late evolutionary stage probably driven by isotopic winds instead of a bipolar
) outﬂow |

Flgure 7 7 1llustrates the veloc1ty-1ntegrated CS map of this system and shows that there is

‘a big CS clump located ~ 0.1 pc north-east from HD 200775. This dense clump traced by CS

emission ls loca’ted close to the interface between an HI filament and the edge of *CO wall (Fuente

et al. 1998b). This suggests the this BIMA observation catches the dense material on the cavity

wall, _While the etomic filament probes the area where molecular gas has been excavated by previous

outflow activities.

7.3 The BD40 Cluster— a Case of Colliding Cloud Triggering the

‘Star Formation

The BD4O cluster is one of the most interesting systems among my sample. This is a cluster with
: ’ espec1ally hlgh star-formlng efficiency, including multiple HAeBe stars forming closely, surrounding
by numbers of low-mass stars. Hillenbrand et al. (1995b) suggests that star formation in this
cluster was triggered by an external event based on morphological arguments. However, this
cluster is ectually‘isolated from any possible external source capable of inducing star formation,
such as nearby expanding‘HII shells or OB associations. Therefore, previous studies have not yet
“concluded any mechanisms responsible for this external event triggering the star formation in this
v system.' |
By investigating the gas kinematics with BIMA’s high spectral resolution observations (~ 0.3
k_m/s per channel), it can now be concluded that the highly efficient star formation in this cluster is
: ectually due to cloud-cloud collision. This is based on the existence of systematic velocity gradients
seen in the dense gas traced by CS emission.

In th1s cluster, there are 16 CS clumps identified, labelled in Figure 7.2. Masses of these clumps
© range frOIn ~ 0 1to2 M@, ‘indeed capable of forming single low-mass cluster members. The masses
are estlmated usmg the LVG model (see its description in Ch. 5). Moreover, spectra of these
clumps are extracted"and fitted with gaussian functions in order to obtain parameters, such as

the peak ﬂux, the peak velocity, and the linewidth of each clump. With fitted parameters, Figure
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; 78 plots fhe relatien between the position offset (from the image pointing center) and the peak
velocity of each clunip. This figure shows different velocity gradients between clumps on the south
(clump P, O, N, C, E, A, F, and B), and clumps on the north (clump G, H, I, J, K, and L), with
| differyent'lyinear ee;frelzitions.
The most compelling explanation to the existence of two different systematic velocity trends is
) that there are ‘tv.voeeomponents in this cloud. The linear velocity gradient is probably due to the
" rotetion of .’each cloud component. In fact, the Spitzer image toward this system (Figure 4.1) has
also shown two dust coﬁlp enents with different directions connecting on the BD40 cluster. Likewise,
Figure 7.8 shows‘that these two gaé components collide at the region where clump A, F, B, and G
are. This 1s also;the area where youngest stars are forming. Therefore, the kinematical evidence of
two clouds implies thet the northern cloud collided with the southern cloud, that accounts for the
~ high star fovrmation efficiency in this area.
The majority of this section, along with Ch. 7.2.1, was published as ”Colliding Clouds: The
Star Fermation,Trigger ef the Stellar Cluster around BD +40 4124”, Looney et al. 2006, ApJ, 642,
- 330.

7.4 Clumps— Star-Forming Building Blocks for Low-Mass

Cluster Members

- As mentioned in Ch. 5,‘ clumps are commonly observed in molecular clouds. They are density
enhancements in the clouds, and can provide enough material to form stars within. With BIMA'’s
resolutlon and interferometric ablhty, clumps capable of forming single low-mass stars in the cluster
can be 1dent1ﬁed and further examlned In this section, I identify clumps from the dense gas around
BD.+46° 347, LkHa 234, and Z CMa. The BDA40 cluster is excluded because it is a system triggered
by an external event, and the HD 200775 system is much more evolved and complicated than others.
Therefore, I erﬂy study clumps from these three clusters, which are young enough to have stars

.formihg and old enough to have shown any influences from HAeBes. Again, the identified clumps

- can be treated as star-formmg building blocks for low-mass cluster members. Therefore, it is the

main thrust of this sectlon to examine the physical conditions of these clumps, such as their masses,

104




Table 7.1. Physical Parameters of Identified Clumps

. Cluster -~ N® Area Size MrTE Mvir Linewidth aP
T (pc?) (pc) (Mo) (Mo) (km/s)
- BD +46° 3471 14 ~0.056 0.008-0.030 0.1-04 1.4-6.2 0.8-1.7 2240.21
. LkHa 234 4 ~0.01 0.012-0015 13-52 6.4-254 1.8-38 -
-Z CMa <17 ~0.06 0.007-0.021 0.8-50 0.5-4.0 0.6 - 1.7 1.67+0.55

’f'aTof.al Iiumbers off‘cl'urynps within the areé~
, Tb o ~ ' '
the mkas‘s dénsities, and the non-thermal contributions. I will also compare them with those clumps
in the MWC 1080 system (Ch. 5).

I use the same methods in Ch. 5 to (1) identify clumps from the CS velocity-integrated maps,
(2) obtain the equivalent sizes of clumps, (3) fit gaussians to their spectra for their peak fluxes,
peak ;veloci‘ties‘,[ an‘d linewidths, and (4) derive their LTE and virial masses. Ch. 5 has shown that
the averagé apééity Qf ‘chylmps in clusters like the MWC 1080 system is small and the LTE mass
and mass based on thye LVG‘ model are similar, therefore I use the LTE assumption to derive clump

masses. Table 7.1 lists the derived parameter ranges in these systems.

7.4.1 Clump DenSity
Figure 7.9 “plots the ‘avVerage mass density (LTE mass / size®) vs. size of identified clumps. This
shows that most ciumps in all clusters, except for those around BD - 46° 3471, have similar mass
density and mass range. These clumps present typical sites where low-mass cluster members may
form within. Clﬁmps aioﬁnd BD -+ 46° 3471 are less massive and less dense than others. This
is not surprising, ’as BD + 46° 3471 is the least-massive HAeBe and most evolved (based on the
- mprphoiogy argument) than the other three.

Moreovef, I'furtﬁer investigate the density profile of these clumps. I directly estimate it from
their LTE masses and sizes (Figure 7.10), as described in Ch. 5. Figure 7.10 plots the clump size
~ vs. LTE mass for idéntiﬁéd clumps. Again, as mentioned in Ch. 5, I simply assume all clumps in

“each cluster have the same density profile with p(r) ~ r~%, followed by obtaining linear relations
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between these parameters via least-square fittings,

logMp75(Mg) = (0.80 % 0.21)logReq (pc) + (0.83 + 0.40), (7.1)

for the BD + 46° 3471 cluster, and

logMprE(Mg) = (1.33 £ 0.55)log Reg (pc) + (2.68  1.03), (7.2)

for the Z CMa 'cluster, where R, is the equivalent clump size. Therefore, the o value of these two
systems are 2.240.21 and 1.6740.55 for BD+46° 3471 and Z CMa, respectively. This result suggests

; that the identified clumps in these two systems are approximately under isothermal conditions,

which have dens1ty profile of p(r) ~ r~2, This result is also consistent with clumps in the MWC
1080 cluster (Ch 5). I did not estimate the o value for the LkHa 234 cluster, as it has too few

clumpsto be ﬁtted.

7.4.2 ‘.Nonthermal Contribution within Clumps

. The presence of turbulence has been suggested in typical star-forming cores (Mac Low & Klessen

2004). My studies from the MWC 1080 cluster (Ch. 5) further shows that a larger amount of

turbulence is also seen in low-mass star-forming cores in the cluster than those formed in isolation.

= Thus, it is ,suggested that low-mass stars in the cluster tend to be formed in more turbulent cores

than those in isolation' which is also explained as the impact from the massive star in the cluster.
In this sectlon 1n order to confirm whether this result is actually commonly seen in intermediate-

mass clusters, I also extract spectra of identified clumps and examine their nonthermal contribution

-based on the1r velocity dispersion (Figure 7.11).

Figure 7.11 plots the relations between the linewidths of clumps and clump sizes (a) and LTE

masses (b). This ﬁgure shows that all three clusters, along with the MWC 1080 cluster in Ch.

5, show comparable amount of turbulence. In addition, like those clumps around MWC 1080,
clumps ln the BD + 46° 3471, LkHa 234, and Z CMa clusters also generally have larger velocity
dlspers1on, thus more turbulent than thermal motion with a temperature of 20 K. In fact, most of

them are even more turbulent compared to the initial turbulence seen in massive cores (Caselli &
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Myers 1995). This suggests that low-mass cluster members indeed generally form in a much more

turbulent environment than isolated star formation.

Mo:reoi'rer, as also seen in Ch. 5, there is no obvious trend between the mass and linewidth of
clumps in each ‘ch‘ister(Figure 7.11(b)), suggesting that there is a common external source that
inplits the extra turbulence to each clump from the initial turbulence- impact from the massive

“star in‘the'.cl‘uster, snch as outflows or winds. This also implies that the nonthermal motion in the
cluster is dominated by the massive star, instead of individual forming low-mass stars embedded

in identified élumps.

 7.4.3 LTE Mass vs. Virial Mass

Based on Figure 7.10, I have shown that all clumps approximately have isothermal density pro-

’ file, p(r) ~ 2. This is actually consistent with protostellar collapsing models (e.g., Tassis &
: ,Mbuscho_vias 2005); Howe{rer, it does not necessarily mean that all identified clumps are collapsing.
In order ;co distinguish whether they are star-forming collapsing cores or starless cores, I further
investigate their virial conditions. Again, as all clumps have p(r) ~ r~2 density profile, I simply use
the Eqvuuati.on (55) to derive the virial masses for identified clumps, assuming they are all isothermal
spherés. A range of clump;s {lirial mass is listed in Table 7.1.
| Fiél’lre 7.12 compares the clump LTE and virial masses. Clumps in the BD+46° 3471 and LkHa
H234 system ls‘hnw a‘muchb larger virial masses, compared to LTE masses; while they are comparable
v for 'clurnps ai‘onnd Z CMa. Clumps around MWC 1080 also show comparable masses between the
LTE and virial’mas"s. This indicates that the Z CMa cluster is a system similar to the MWC 1080
ciu}s'ter, which has also been suggested based on their similar dense gas morphologies and the fact
: - that they are both He'rb‘ig B0 stars with similar ‘ages. Therefore, like clumps in the MWC 1080
nlusfer, vclumps around Z CMa a re also dense, turbulent, and probably collapsing protostellar
cores. |
" On the other hand, clumps in LkHea are actually more massive compared to those in other
: syétern and very cloée to the HAeBe LkHa 234. Therefore, large virial mass in this systexn might

indicate that there is signiﬁcant external gas pressure contribution outside the clumps in this area,

as seen for massive,star—fdrming cores (Saito et al. 2006).
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HoweVér, unlike the LkHa 234 clustyer, large virial mass in the BD + 46° 3471 system actually
suggests that‘they are gravitationally unbound and starless, instead of protostellar cores, as they
do _not have enéugh 'n:las's(es to overcome the large turbulence (Figure 7.11) and initiate the core col-
lapsing for star formation. As BD+46° 3471 is a HAeBe with less mass and also more evolved than
other sample, it is not surprising that the clump masses in this system are lower than others. This
syétem presents an ‘example how massive star or HAeBe impacts the surrounding star formation—

the nonthermal input from the HAeBe prevents low-mass cores from future star formation.

7 .5 Conclusion

"In this chapter and Ch. 5, I have presented BIMA dense gas maps toward the intermediate-mass
clusters around six HAeBes, BD40, LkHa 234 (in NGC 7129 system), BD+46° 3471, HD 200775, Z
CMa, and MWC 1080. I have also studied the physical conditions of clumps around these HAeBes.

Here I summarize some results.

7.5.1 Evolutionary Stage Comparison between Sampled Clusters

Hillenbrand et al. (1992) characterizes the sampled HAeBes with the same evolutionary stage, based
~ on their near-infrared emission. They show that these HAeBes are at the stage analogic to classic
T-Tauri sfars. However, my results actually reveal discrepancy in the dense gas environment
around these HAeBes, including the gas morphologies and clump physical conditions. In fact,
singlé-dish millimeter Obse;vations (Fuente et al. 2002) have also suggested that the gas dispersal
in the sampled clﬁsters is different and can be classified as three types (Fuente Type I-III). Here,

I 'separate my sampled: clusters by Fuente Types and discuss their clump properties.

o LkHa 234: Fuente Type 1. Fuente et al. (2002) shows that Type I HAeBes are still
i’mmersed‘in' the center of a dense clump. My results show that in this case (such as the
- LkHa 234 'system"), fnassive clumps with at least a few Mg, instead of low-mass clumps, are
fb,rm‘iﬁg very close to the cluster core. These clumps are experiencing high turbulence and

external gas pressure, as most mass in the cluster is still condensed in the cluster core area.
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o MWC 108 0 ahd Z CMa: Fuente Type II. Fuente et al. (2002) shoWs that gas around
‘Type Ii HAeBes has started to be dispersed, so that they are not in the center of the dense
clurﬂp. 7 CMa ‘is‘classiﬁed as a Fuente Type I star. However, it is actually a Type II star,
,based on high-resolution BIMA results. My results show that in this case, an outflow cavity
' With a size of a few 0.1 pc radius has been constructed. Dense gas in this case is most likely

' 'lswépt-ﬁp éas, ’whose physical conditions have been modified by inputs from the HAeBe, such

. as outflows or winds. In addition, clumps around HAeBes are gravitationally bound, likely

| collapsing star;fo'rming cores, and are actually denser and more turbulent than those forming

isolated stars.

‘e BD +46° 3471: Fuente Type II. The BD +46° 3471 system is also classified as Type I,
* based on (ifs gas morphology. However, physical conditions of clumps suggest that this is a

more évolved system than MWC 1080 and Z CMa. The main difference between them is that

o stars are still' forming within the clumps around MWC 1080 and Z CMa, while star formation
- in the BD + f16° 3471 has been terminated: clumps around BD + 46° 3471 are likely just

' stafless cores. This is because the left-over gas around BD + 46° 3471 has been dispersed,

having little mass to overcome the nonthermal motion in the cluster.

e HD 200775: Fuente Type III. Fuente et al. (2002) shows that in this case, gas has been
mdstly dispersed and the HAeBe is located in a large cavity. Therefore, the CS emission in

my observations just trace some dense region on the cavity wall.

'7.5.2  Summary

In summary, the physical conditions of those clumps cabable of forming single low-mass stars in
clusters have been presented. It is also confirmed that low-mass stars indeed form in more turbulent
* cores than isolated low-mass star formation, as suggested in Ch. 5. Moreover, this chapter also
Asuggests“that the nonthermal contribution input by the massive star can accelerate the termination

of future star formation in the cluster when the cloud is dispersing. This provides further evidence

of the massive star’s-influence.
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Figure 7.1 CS (2-1) emission toward the BD +40° 4124 young cluster overlaid on a smaller adaptive
optic H-Band image (Davies et al. 2001). Both CS maps are made from the same data with different
weighting. On the left is the low resolution image emphasizing the large-scale structures. The noise
is 0.2 Jy/beam km/s. The contours are logarithmically spaced (increment 1/2) from 2 to 64 times
the noise. The negative contours, presumably from resolved out large-scale emission, are not shown
to simplify the image. The beam, shown in the lower-right corner, is 6742 x 5783 with a PA of
40°.. The dotted box indicates the zoomed field of the high resolution map (right). The high
resolution image emphasizes the smaller-scale clumps of material traced by CS. The noise is 0.29
Jy/beam km/s. The contours are linearly spaced from 2 to 7 (positive and negative) times the
noise. The beam, shown in the lower-right corner, is 2/76 x 2/27 with a PA of 62°. The symbols
indicate IR sources: the star symbols indicate IR sources with optical counterparts, and the triangle
symbols indicate IR sources without an optical counterpart (presumably more embedded objects,
thus younger).
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Figure 7.2. A = 850 um continuum emission toward the BD + 40° 4124 young cluster in the left
panel is archival SCUBA observations. The contours are in steps of 2 from 2 to 10 and in steps
of 5 from 10 to 60 times the noise of 0.045 Jy/beam. The beam shown at the lower right is 14.7".

_ The symbols are the same as in Figure 7.1. The right panel is the low resolution CS emission from
Figure 7.1 with the 16 clumps labeled.
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Figure 7.3 A = 3.1 mm continuum emission toward the BD + 40° 4124 young cluster overlaid on
a-smaller adaptive optic H-Band image (Davies et al. 2001). Both maps are made from the same
data with different weighting. On the left is the low resolution image emphasizing the large-scale
structures. The noise is 1.6 mJy/beam. The contours are logarithmically spaced (increment /2)
- from 2 to 32 times the noise; negative values are indicated by dashed contours. The beam, shown in
the lower-right corner, is 6712 x 5768 with a PA of 45°. The dotted box indicates the zoomed field
~of the high resolution map (right). The high resolution image emphasizes the compact emission.
* The noise is 1.8 mJy/beam. The contours are linearly spaced from 2 to 20 (positive and negative
in steps of two) times the noise. The beam, shown in the lower-right corner, is 2/67 x 2724 with
a PA of 52°. The triangle and star symbols are the same as in Figure 7.1, but the solid square
indicates the position of the VLBA water maser source. Inset is a zoom of the V1318 region using
a different colormap on the H-band data to emphasize the diffuse structure. Note that the H Band
. spur.off the northern component is a real scattered light feature.
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-Figure 7.4 CS(2-1) emission toward the star, BD + 46° 3471 with two resolutions. Left: The noise
_is 0.07 Jy/beam km/s. The contours are linearly spaced from 2 to 13 times of noise. The beam
~i5 10714 x 9724 with a PA of -22°. Right: The noise is 0.094 Jy/beam km/s. The contours are

linearly spaced from 2 to 7 times of noise. The beam is 6766 x 6/42 with a PA of -3°. Negative

contours, mainly from resolved out large-scale emission, are not shown here in order to simplify
- the image. The position of BD + 46° 3471 is plotted as a filled star symbol.
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Figure 7.5 CS(2-1) emission toward the NGC 7129 system with two resolutions. The star, LkHa
234 is right at the peak of the dense core on north-east. Left: The noise is 0.133 Jy/beam km/s.
The contours are logarithmically spaced from 2 to 60 times of noise. The beam is 688 x 4”67 with
a PA of 65°. Right: The noise is 0.21 Jy/beam km/s. The contours are linearly from 2 to 16 times
of noise. The beam is 4708 x 2735 with a PA of 61°. Negative contours, mainly from resolved out
- large-scale emission, are not shown here in order to simplify the image.
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- Figure 7.6 CS(2-1) emission toward the Z CMa system with two resolutions. Left: The noise is
0.182 Jy/beam km/s. The contours are linearly spaced from 2 to 20 times of noise. The beam is
6716 x 4”13 with a PA of 7°. Right: The noise is 0.26 Jy/beam km/s. The contours are linearly
spaced from 2 to 10 times of noise. The beam is 507 x 2795 with a PA of 15°. Negative contours,
mainly from resolved out large-scale emission, are not shown here in order to simplify the image.
The position of Z CMa is plotted as a filled star symbol.
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Figure 7.7 CS(2-1) emission toward the HD 200775 system. The noise is 0.18 Jy/beam km/s. The
contours are linearly spaced from 2 to 18 times of noise. The beam is 18767 x 1727 with a PA of
-86°. Negative contours, mainly from resolved out large-scale emission, are not shown here in order
to simplify the image. The position of HD 200775 is plotted as a filled star symbol.
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Figure 7.8 Comparison of the low resolution spectra peak velocity and linewidth with offset from
.the pointing center (near peak G) in arcseconds. Clumps D and M are not plotted as their Gaussian
-~ fits are not acceptable. The square symbols are the line center velocities of the remaining 14 best fit
Gaussians, as indicated by the left-hand axis. The triangle symbols are the corresponding FWHM
~ of the best fit Gaussians, as indicated by the right-hand axis. The error bars are the Gaussian
fit error on the parameters. This assumes that the spectra are well defined as Gaussians. At the
" bottom, each clump is labeled with the associated letter.

117



6.5 -
o i * 7
10 A
QS 61 ®a * A% —
iz 2A A
P L ; s T ]
& ~ Py
' é’ = aw:AA 48 . AA
% : 55 . AéA AA A ]
a - ° a'm AAA : -
) é 5
5 -
QL
— B o i
' 2 o BD +46 3471
45 % LkHa234 —
‘ r ZCMa
L ° A MWC1080 -
| I | ! |
4 |
, 0 5 10
: LTE Mass (MSun)

Figure 7.9 Mass density vs. LTE mass of identified clumps around BD + 46° 3471, LkHa 234, Z
" CMa, and MWC 1080. Except for the BD +46° 3471 cluster, these clumps with a mass range from
1-10 Mg have comparable mass density. The BD + 46° 3471 cluster contains lower-mass and less
dense clumps, compared" to the other three clusters. This is not surprising, as BD +- 46° 3471 is the
lowest-mass and most evolved HAeBe among these four clusters.
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Figﬁre 7.10 LTE mass vs. size for clumps around BD + 46° 3471 and Z CMa. Linear relations are
fitted to obtain the density profiles of clumps in both systems. The solid lines plot the Equation
(7.1) and (7.2) for BD + 46° 3471 and Z CMa, respectively.
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Figure 7.11 Linewidth vs. size and LTE mass for clumps around BD + 46° 3471, LkHa 234, and Z
CMa are plotted. Labels are the same as in Figure 7.9. The solid and dashed lines in (a) indicate
the massive cores and low-mass cores (Caselli & Myers 1995), respectively, and the dotted line
is the thermal motion at temperature of 20 K. The solid line in (b) indicates the mass-linewidth
relation from Larson (1981).
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234, and Z CMa.
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Conclusions

In this thesis, I have carried out infrared and millimeter observations of young stars, dense gas,

.and dust continuum in embedded intermediate-mass stellar clusters around Herbig Ae/Be stars (3

- 20 Mp).

With wide-field infrared observations, I first established a scheme using the color-color diagram

, witjh J to M bands to ideﬁtify young stars. This scheme is especially useful when the observations
at wavéléngths Idngerfthan( M band are not reliable. For example, they are often much less sensitive
-than those at‘s'hor'tef WziQelengths, or easily confused with diffuse dust nebulosity or PAH emission.
In ,addition,’i also obtained YSO loci, where the intrinsic colors of low-mass disk objects with a
‘wild range of cifcumsfellar parameters are distributed. In fact, the YSO loci can be an extension of

: CTT'svloci (Meyér et al. 1997) to be used to estimate stellar extinction from color-color diagrams.

_ With this scheme, I identified the large-scale young stellar population around the vicinity where

the sampled clusters form. . Wide-field near- to mid-infrared observations show that there are

indeed groups of young stars (10 - 50) around HAeBes within 1 pc radius. In addition, there are

. also young stellar populations throughout the whole field outside the sampled clusters, some of

which are distributed and some of which are clumped. It appears that clusters around HAeBes are
substructures' of the large young population within the same molecular cloud. However, young stars
in clusters around HAeBevs( have generally larger SED slopes compared to those outside, suggesting

thét the young stars in clusters are probably younger than the distributed systems. This might

Cimply that there is usually a higher and more continuous star-forming rate in clusters, that the

- formation of clusters initiates later, or that low-mass stars in clusters form slower than those outside

at the scale of these observations. Moreover, there is no obvious trend between the SED slopes

and the disté.nce to the HAeBes for those young stars within the clusters. This indicates that the

clustering of young stars dominates over the effect of massive stars on the low-mass young stars
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at the scale of this study. Nevertheless, these infrared observations have revealed the large-scale
young stellar environment where the sampled clusters form, which is important as the first step to

~ understand the sampled systems.

- ,However,: the resolution of these wide-field infrared observations are not good enough to probe
the cluster members distributed deep within the cluster core, where the impact from the HAeBe is
- tﬂé most signiﬁéant. Therefore, in order to examine the effects of the massive star on its low-mass
siblings, I also obtained the high-resolution adaptive-optics near-infrared observations toward one
of the most massive cluster systems in my sample, the MWC 1080 cluster. With these observations,
étars; Within ~0.3 pc around this 20 Mg Herbig Be star ére revealed. Again, this region is where stars

are experiencing fhe most impact from the central massive star in the cluster. These observations
: show tHat 85% of identified stars are located within the biconical outflow cavity. Infrared colors
of these stars within the cavity suggest that they are not just less extincted, but also contain less
mrcumstellar matenal than those outside. This presents evidence of the massive star’s influence—
- the strong gas dispersal from MWC 1080 does not just reveal these stars in the cavity but also helps

_clean-out their circumstellar material, thus accelerates the apparent evolution of their formation.

Fu'rthermc')r‘e, along‘ with the wide-field infrared observations, my results also provide examples
of how many low;mass stars can accompany an intermediate-mass or massive star from as close as
< 0. 1 pc to a few pc range. This is significant, as it implies that distant massive stars might not
be 1solated even 1f they appear to be isolated, but instead they might be surrounded with tens of

low-mass stars, whose properties should be considered.

Not only stars‘, the physical conditions in the cluster-forming cloud are also modified by the
most xmassive. star in the cluster. Indeed, millimeter observations probing the dense molecular gas
and dust coptinu'um tqward the MWC 1080 cluster have shown a domination of MWC 1080 on the
cloud, inclﬁding the cloud dispersal and the gas kinematics. In particular, dense clumps in this
system show ,largér mass density and velocity dispersion than isolated low-mass star-forming cores,
_Suggesting‘ low-mass  cluster mémbers tend to be formed in the denser and more turbulent cores,
coynilp.a'rednt’o isolated Iow—maés star-forming cores, due to inputs from MWC 1080. Nevertheless,

"this pi‘ovidés further evidence of the massive star’s influence- outflows or winds from the massive

star increase the nonthermal motion in the natal cloud so that low-mass cluster members need to
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accumulate more masses to initiate the formation.

“In addjtibn, in order to obtain a more comprehensive view on the physical conditions of dense
clﬁmps capablé of fdrﬁing individual low-mass cluster members, I have also acquired millimeter
~observations ’t,oward a few more clusters around HAeBes. These observations suggest that all
clumps approkimately have a similar mass density profile of a isothermal sphere, p(r) ~ =2, which
~ could be collapsiﬁg protostellar cores (Tassis & Mouschovias 2005) if clumps are also gravitationally
| bound.v In éddﬁtion, it‘ is also suggested that sampled clusters (around early A to early B HAeBes)
contain similar,amount of tlirbulence, which is comparable to or even more than the turbulence
seen in maSsive star—forming cores, which are also generally much larger than the turbulence in
isolated ‘low-m»ass star-forming cores. Moreover, these observations also show that the nonthermal
contribution inputed by the massive star accelerates the termination of future star formation in
the cluster when fhe cloud is dispersing.

In summary, in this thesis, I have shown that clusters indeed provide a different environment for
low-mass star formation, especially kinematically. I have also suggested some effects, particularly
disruptive, from intermediate-mass to massive stars on both their low-mass siblings and natal

clouds. j

In fhe future, I pian to study low-mass star-forming environment in younger and more massive
clusters. Ihave actually obtained CARMA observations probing dense gas toward four protoclusters
around bright IRAS sources, which are systems still at the earliest stage of massive star formation.
With these -observations, I will be able to identify clumps and examine their kinematics. By
comparing with this thesis, I am most interested in investigating the evolution of clumpiness of
clusfér-forming cloﬁd and the initial turbulence. This will be important to understand the initial

conditions of low-mass star-forming environment.
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