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Abstract

Brown dwarfs (BDs) and planetary mass objects (PMOs) arstsliér mass objects between the planetary
and stellar mass regimes.Q@3 < M/M; < 0.075 whereM is an object’s mass and,, is the solar mass).
Since their discovery in the 1990s, hundreds of examples haen reported, and NASA's WISE mission
has recently added another hundred BDs (Kirkpatrick ee@ll;1). However, the typical thermal Jeans mass
in molecular cloud cores is 1 Mg, (Larson, 1999, and references therein), which means thsitgtional
collapse of molecular clouds is expected to form stars and@bs. Therefore, the formation mechanism
of BDs and in particular that of PMOs, is still unclear.

Several theories for the formation of BDs have been sugdesteluding turbulent fragmentation
(Padoan & Nordlund, 2004; Boyd & Whitworth, 2005), stellantayo ejection through dynamical in-
teractions (Reipurth & Clarke, 2001; Bate et al., 2002)k diagmentation and scattering (Whitworth &
Stamatellos, 2006a; Goodwin & Whitworth, 2007a) and pretaporation of embryos by nearby hot stars
(Whitworth & Zinnecker, 2004). None of these theories hageproven conclusive. Star forming theories
also predict the existence of PMOs with a lowest mass limt801—-0.010M, related to the opacity of the
contracting object, known as opacity-limited fragmemtat{e.g., Low & Lynden-Bell, 1976; Rees, 1976;
Boss, 2001; Whitworth & Stamatellos, 2006b).

Since they are not massive enough to sustain hydrogen lgusnohthey become fainter with time, sub-
stellar objects are very faint in the Galactic field. Therefmnly a few PMOs have been reported in the
field (e.g., Cushing et al., 2011). In contrast, substellgects in star forming regions have much higher
luminosities because of their gravitational energy redeasl therefore many BDs as well as isolated PMOs
and planetary mass companion candidates have been idg(Tifisura et al., 1998; Oasa et al., 1999; Lu-
cas & Roche, 2000; Zapatero Osorio et al., 2000; Neuhausér 2008; Kuzuhara et al., 2011). Therefore,
it is important for clarification of their formation processto determine their properties, such as binarity,
spatial distribution and especially initial mass funct{tiF) in star forming regions.

In order to determine the low mass end of the IMF, we conduateery deep large survey of BDs and
PMOs in two well-known star forming regions, the Orion NenuCluster (ONC) and the Taurus Molecular
Cloud (TMC). These regions are nearby rich, young stellasters and therefore are the most suitable for
searching for BDs and PMOs.

We conducted a spectroscopic survey program in the ONC MDIERCS mounted on the Subaru tele-
scope and ISLE mounted on the Okayama 1.88-m telescope. &erdrl2 near-infrared spectra of BD
candidates. We newly identify two BD candidates and g@d@hetary boundary mass object. We find that
several young stellar candidates appear older in the HRaliagThe faintness can be explained by light



scattering from the central star due to the circumstellarctire, or episodic accretion. Previous studies
(Kumar & Schmeja, 2007; Andersen et al., 2011) suggestddhbasubstellar IMF in Orion depends on
the distance to the central region, which means that the WM®rion is not universal locally. However,
since previous works have been based on the photometri¢cttataadial dependence of the IMF could
be explained by contamination of the Galactic field starsseeon the spectroscopic data, we first show
that the substellar IMF in the outer region{r6’) is consistent with the central region. The universal IMF
reported around the central OB stars in Orion means thattpadt of OB star’s photo-evaporation process
on the substellar formation is unimportant.

Inthe TMC, we obtained deep optigafrared images using the Subguprime-Cam and the Okayama
1.88-mISLE. Since the Taurus region is widely spread in the skyiptes works have been incomplete and
limited to sensitivities above 20,,,(e.g., Bricefio et al., 2002a; Guieu et al., 2006; Luhmaft20uhman
et al., 2009), wheréM,,, is the mass of Jupiter. Combining our deep images with otifesred data, we
achieved a sensitivity down toM,,, with a visible absorption of\, < 4, the best sensitivity to date. Based
on several color selections and proper motion analysisgleet®d two PMO candidates and obtained spec-
tra using the SubaflRCS. As a result, we did not find any PMOs in our field-of-viewOV; 1.85 deg).

In contrast to the abundance of PMOs of 10-20% in other stanifig regions, our results suggest the
abundance of low mass BDs and PMOs is quite low in the TMC. &bk 6f PMOs could be explained by
PMOs being ejected out of the FOV, however it is unlikely ttinet low stellar density of Taurus promotes
an ejection process from multiple steflalanetary systems. Another explanation is that the minirdeans
mass is higher in the TMC. However, since the previous tlesgredict the formation of 1-14,,, objects

in star forming regions, a fferent formation mechanism is required to explain the abocelaf PMOs in
the TMC.
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Chapter 1

Introduction

The IMF (initial mass function) has been firstintroduced bypster (1955) as a convenient way of parame-
terizing the relative number of stars as a function of theism The IMF provides an essential observational
input to many astrophysical studies, and various predidtieories of star formation have been proposed
to explain its shape, as well as whether it is universal onssead sensitive to environmental conditions.
Nearly 60 years after being first proposed, Salpeter’s IMgtiisconsidered the standard for stars above 1
Mo, WhereM;, is the solar mass. The development of observational ingnisrand techniques has enabled
the substellar mass population belowiv, to be revealed, and the analytical form of stellar IMF hasbee
extended to explain the distributions of the substellanybagon. Recent deep observations have achieved
a sensitivity below the mass of the hydrogen burning limi0f® M,) in several young stellar clusters.
In order to reveal the shape of the substellar IMF, as welhapbpulation in the planetary mass regime
(< 0.013 M,), we have conducted a large deep survey in very young stamrigrregions. In this chap-
ter, we introduce the definition of the IMF, discuss previausks from the substellar to planetary mass
regimes, present the formation theory of brown dwarfs (B&®) planetary mass objects (PMOs) , and
consider previous studies of star forming regions.

1.1 Form of the Initial Mass Function

In 1955, Salpeter (1955) suggested a power-law IMF to explee stellar number distribution in Galactic
field regions:

®(log(m)) = dN/dlog(m) cc m™* (1.1)

wheremis the stellar mas$\l is the number of stars arid~ 1.35. This single power law IMF is known as
the Salpeter IMF.

In the period 1980-1990, observational technology dews gnificantly and the observable range of
stellar masses was extended to below the solar mass. Intordeplain the stellar distribution by the IMF
of the extended mass range, Kroupa et al. (1993) suggestettissegment power law for the IMF:

1
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¥(m) = dN/dm e m® (1.2)

wherea =T + 1 is derived as follows:

x(m) = 1/m(In 10)d(logm) (1.3)

This type of IMF is known as the Kroupa IMF, and the slope of$iadpeter IMF is described hy = 2.35.
The log-normal IMF was suggested by Miller & Scalo (1979):

(logm - logm)?
202

wherem is the mean mass andis the standard deviation of the mass distribution . Chalf2@03, 2005)
developed a form of the IMF to fit the substellar number disition with a power-law tail above the solar
mass. The log-normal IMF is called the Chabrier IMF. Anotlueictional form was proposed by de Marchi
& Paresce (2001) as a truncated exponential wHbrec M~*(1 — exp[(-M/Mp)*])dM .

Above~ 0.2 Mg, the multi-segment power law and log-normal agree very,vaslshown by Figure 1.1.
However, the form of the IMF at low masses is still relativalycertain and subject to ongoing debate. For
instance, Chabrier IMF assumes that the stellar IMF smgaitinects to the substellar IMF. On the other
hand, Thies & Kroupa (2007) have proposed a discontinuithénlMF at the stellgsubstellar boundary
and suggested that the discontinuity impliesféedence in the formation processes in the two mass ranges.

®(m) ~ expf ) (1.4)

1.2 Substellar IMF in Various Galactic Clusters

From the early stages of IMF study, a power-law IMF witk 2.35 is usually adopted to the Galactic field
stellar population above M. Between 0.1 and 0.8l,, the IMF is relatively well constrained due to recent
studies based on local stars with Hipparcos parallax (Redd.,e2002) and a much larger sample of field
stars with less accurate photometric distances (Covey,e2@08; Bochanski et al., 2010). The results of
these studies suggest the single star IMF at low masseslidegeribed by a power law witta ~ 1.1.
Extending the study down to the BD mass regime requires vinggthese objects in young star forming
regions, where these objects are young, since BDs and PMcsnigefainter with time due to a lack of
energy to burn hydrogen. The UKIDSS Galactic Cluster Surselye deepest and largest survey covering
nearby clusters with a wide range of age (1-600 Myr) usingMCAM camera mounted on the 3.8-m
UKIRT telescope. This survey has revealed the substelld iMseveral rich stellar clusters, including
IC4665 (Lodieu et al., 2011a), Pleiades (Lodieu et al., 2@072a)« Per (Lodieu et al., 2012b), Praesepe
(Boudreault et al., 2012) and Upper Sco (Lodieu et al., 200djeu, 2013). The results are mainly based
on infrared photometry and astrometric analysis, and agedlewith previous studies of the Galactic field,
indicating that the IMF is well represented by a power lawhwit~ 0.6 in the mass range.@-05 M,
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Figure 1.1: IMF functional forms proposed by various aushioom fits to Galactic stellar data (Figure 1

of Offner et al., 2013). With the exception of the Salpeter slope,curves are normalized such that the
integral over mass is unity. When comparing with observetialata, the normalization is set by the total
number of objects, as shown in Figure 1.2.
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or log-normal with a peak mass aroun@-003 M, ando ~ 0.5. Note, however, that in the lower mass
range of Upper Sco below.@ M., an excess of low-mass BDs has been reported, which mayt resul
from uncertainties in the mass—luminosity relation at viesy masses and cluster ages (Lodieu, 2013).
A large systematic survey, called the Substellar Objectddarby Young Clusters (SONYC) project, has
been conducted in several star forming regions, includi@g-I333 (Scholz et al., 2009, 2012b,bYOph
(Geers et al., 2011) and Cha | (Muzic et al., 2011, 2012)is Pihoject was established to study a large
low-mass population from the BD to planetary mass regimggumg star forming regions<( 10 Myr)
using a wide FOV camera (Suprime-Cam) and a multi-objetc$gictrograph (MOIRCS; FMOS) mounted
on a large telescope (Subaru; VLT). The project has maderafisant gtfort in studying NGC1333 to
achieve completeness down to several Jupiter masses lekashown that the IMF af = 0.61 (0015 <
M/M,, < 0.7) is consistent with the Kroupa IMF. ForOrionis, which is a well-studied field of PMOs (e.g.,
Caballero et al., 2007; Bihain et al., 2009), Pefia Ramétest. (2012) have conducted wide (.78 ded)
and deep (translated masses dowr 10.004 M) opticalinfrared imaging based on VISTA Orion survey
data (Petr-Gotzens et al., 2011). They have reported tkat hrionis cluster contains as many BDs (69
sources, 12-0.072M,) and PMOs (37 sources,dD4—-0012M,) as low-mass stars (104 source§ @2—
0.25 M), and the IMF in the cluster could be flatter than the Galdatid IMF , similar to the case for
Upper Sco. A more comprehensive review has been presenBastian et al. (2010) and fees (2012).

1.3 Our Research Motivations and Focuses

Our main goal is to provide new insights into the fields of lowass star formation: the universality of IMF;
the bottom of IMF; formation of BDs and PMOs. In this sectisre introduce the recent studies related
with theses topics.

1.3.1 Universality of IMF

It is critically important to reveal whether the IMF is unreal or is instead sensitive to environmental con-
ditions is of critical importance. Although the shape antvarsality of the IMF is still under investigation,
studies of the Galactic field, star forming regions, youngroglusters and old globular clusters suggest that
the vast majority were drawn from a universal IMF, as seerignfé 1.2. Andersen et al. (2008) have sug-
gested that the ratio of stars to BDs 80 M) in seven young clusters can be explained by a log-normal
IMF. Also, the characteristic mass of the IMF is very shallew0.1-04 M,) in spite of the various initial
conditions (Bastian et al., 2010), except for the Taurusddolar Cloud (TMC) in which the characteristic
mass is higher~< 0.8 M) and a lack of substellar mass objects has been reported Beiceiio et al.,
2002a). Luhman et al. (2009) has updated the Taurus IMF basesbitzer, X-ray data and follow-up
spectroscopy, and found a0d% chance from a Kolmogorov—Smirnov test that the Taurus dduld be
drawn from the same parent distribution as the 1C348 and @leon | IMFs. Previous explanations for
the unusually high peak mass in Taurus have generally iedodvhigher average Jeans mass compared to
other regions (Bricefio et al., 2002a; Goodwin et al., 2084ecent numerical simulation by Bonnell et al.
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Figure 1.2: Recent IMF estimates for eight star forming@agi(Figure 2 of @ner et al., 2013): Scholz
et al. (NGC1333, 2012a); Alves de Oliveira et al. (IC348,20Dliveira et al. (NGC6611, 2009); Sung
& Bessell (NGC2264, 2010); Luhman (Cha I, 2007); Pefla Reanét al. - Ori, 2012); Bayo et al.A
Ori, 2011); Lodieu (Upper Sco, 2013). The error bars repretsee Poisson error for each data point. The
solid lines are not a fit to the data, but are a log-normal foroppsed by Chabrier (2005) for the IMF,
normalized to best follow the data.
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(2011) has also reproduced the variations in the peak masshaape of the IMF between Taurus and other
clusters. They included gravitational fragmentation délimg gas into a stellar cluster and therefore the
gravitational potential, and thus the object density, i ¢huster might also be a critical parameter for the
formation of substellar mass objects.

To date, the substellar population has been determine@¥eral young clusters. However, since many
observations of substellar objects are still spatiallyitih, such studies are biased to the central regions
or high stellar density regions in the clusters. Reipurthl&rke (2001) suggested that proto-BDs ejected
from multiple protostellar systems generat@etient velocity and spatial distributions from the massive
stars. These predictions provide valuable motivation fade range of observational studies distinguish-
ing the formation processes of star and substellar massteb)eote that the typical ejection velocities are at
most a few krys, and therefore comparable with the velocity dispersidwé&en neighboring cores and the
velocity dispersion for more massive stars (Bate et al. 3208owever, there should be a high-velocity tail
in the distribution of ejection velocities, yielding an ertled halo of BDs. Therefore, in order to reveal the
whole population and their formation , analyses based oudlalte with a wider FOV have been conducted
for several young clusters. The Orion Nebular Cluster (O@)rich and compact stellar cluster, which is
expected to exhibit frequent ejection due to dynamicaradions. Andersen et al. (2011) have conducted
wide FOV imaging using HSNICMOS and revealed the spread in the population of the BDsmeagime
for massive stars. A flierent spatial distribution has been suggested by Kumar &8 (2007), whose
analysis generated distributed BD mass populations of Odt& and IC348. Their analysis indicated that
the BDs appear slightly more centrally concentrated forltihvdyr old ONC than for the 3 Myr old 1C348,
which implies that the ejected BDs spread away from thethiptace with time. Irno- Orionis, the radial
profiles of stars and BDs are similar, but an underabundahpénoetary mass candidates in the central
region has been reported (Caballero et al., 2007; PefiarBamt al., 2012). In contrast, Luhman (2006)
observed the entire region and found no spread in the BD ptpalto the massive stars . However, these
results should be treated carefully due to observatiorw@npleteness. Wide FOV surveys of ONC and
IC348 have not yet been completed spectroscopically, anthoonation from Galactic field stars could be
dominant in the outer regions where the background neltidssiecome faint. In the case @fOrionis,
previous works have probably missed planetary mass caedidathe center of the cluster since the bright
OB stars at the cluster center could hide faint objects. Baway. (2009) studied the core @fOrionis using
adaptive optics and found a relatively large number of glnyanass candidates. If confirmed to be toue
Orionis members, they would increase the central abundafribe planetary mass population. In the TMC,
a recent spatial analysis (Parker et al., 2011) suggestkghalysdifferent distribution of substellar mass
objects to massive stars using the previous survey data rékult implies that the substellar objects are
not spread to the massive stars , but the number of substedlss samples is not statisticallyfiscient for a
definitive conclusion. Thus, confirming the spatial unieditg of the substellar IMF has been controversial.
In order to confirm whether the substellar IMF changes ffedént environments, a wider region must be
studied to reveal the whole population in a cluster with agpscopic follow-up.
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1.3.2 IMF Bottom Limit

Subsequent to their discovery (e.g., Tamura et al., 1998a@aal., 1999; Lucas & Roche, 2000; Zapatero
Osorio et al., 2000), the existence of isolated PMOs of bél®43 M;,, has been reported in young star
forming regions. The largest survey of NGC1333 to date h&srahened the spectroscopic census of the
IMF down to 6-8M,,, (Scholz et al., 2012b). This survey shows that the planataags population is
largely consistent with a monotonic continuation of the povaw witha = 0.61 (0015 < M/M, < 0.7).
The compiled results for other regions Qri; Upper Scop Oph) demonstrate that the slope of the mass
function for the planetary domain is < 0.6 in star forming regions. The current census of star forming
regions therefore supports the idea that PMOs are an eateasthe population of stars and BDs and form
through the same mechanism. Note however that spectr@ssiyalies in star forming regions other than
NGC1333 have not yet been completed belo®13 M, In the lower mass regime, a microlensing survey
has provided evidence of many objectdwfs 0.005M,, (Sumi et al., 2011). These results imply that a few
such Jupiter mass objects have figtent origin to the star forming process. They may have fdrmehe
protoplanetary disks like planets. However, no spectnoiscabservations to date have achieveflisient
depth to detect objects of a few Jupiter masses.

Many theoretical studies have analytically and numerygadedicted the bottom limit of the IMF to be
0.001-0.010M,. Low & Lynden-Bell (1976) indicated that the minimum Jeanass of a fragment de-
pends strongly on the background radiation and weakly omllicity (Z=/7). Considering the typical
temperature in molecular clouds to be 10 K, they have shoanttie minimum mass is 0.00M,. Boss
(2001) performed a hydrodynamical simulation includinggmetic field éfects, giving a central rebound
and cooling that allows a multi-stellar system to form bygfreentation and an isolated PMQ (LMy)
to be ejected from the system. Bate (2005) investigated ¢pertiency of the IMF on the metallicity by
setting the non-isothermal critical density to be a factd mwer than the typical value, which is intended
to mimic the thermal behavior of a molecular gas with a lowetatlicity (log(Z/Z,) = —3.3). Their large-
scale hydrodynamical simulation found that a low metajiancreases the minimum mass of a BD by a
factor of 3 to 9M,,, Whitworth & Stamatellos (2006b) calculated the minimunssihased on various star
forming scenarios: hierarchical fragmentation of a 3D raedi2D fragmentation of a shock-compressed
layer, and fragmentation of a circumstellar disc. Althougbse scenarios are veryfigrent from each
other, the authors showed that the minimum mass is in a naange of 0.001 to 0.00M,. Therefore,
at the limit of IMF, predicted to be 0.001-0.0M),, if BDs and PMOs are born as stars, the IMF will be
consistent with the extrapolation of the stellar IMF. On titber hand, if they born as planets, the IMF
may diter from the extension of the stellar IMF. An observation thetermines the abundance of BDs and
PMOs in various regions will uncover their formation prages

1.3.3 Formation of BDs and PMOs

Several mechanisms have been proposed for the formatiawedlass stars and BDs. They can be sum-
marized as follows:
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Turbulent fragmentation —Fhe turbulent flow in a molecular cloud triggers compressiod frag-
mentation of gas, which produces collapsing cores with &watge of masses (Padoan & Nordlund, 2004;
Boyd & Whitworth, 2005). The mass of each core determinegribss of the resulting star. Low-mass
stars and BDs arise from the smallest cores. While this simepeedicts a large production of low mass
stars and the lower typical mass of the IMF under conditidisgher turbulent velocity, it suggests that the
general form of the IMF remains unchanged. Therefore, ttegario is consistent with the universality of
the IMF observed in several star forming regions. Howeugh hesolution is required to detect such small
cores and they have a short dynamical timescalé@yr). In fact, although some studies have achieved
suficient sensitivity to detect such low-mass cores (e.g., Ardal. 2010M ~ 0.01M,,), it has been found
that these cores cannot gravitationally contract, withetheeption of a study by André et al. (2012) who
detected a possible BD mass core using an interferometer.

Dynamical ejection from proto-stellar or proto-planetagstems —in this theory, the ex-
istence of a few< 3) objects is supposed in the proto-stellar or proto-pkyetystems. As these objects
dynamically interact with each other, the lowest mass dfgeevill be ejected from the systems, which
prematurely halts their accretion (Reipurth & Clarke, 20Bate et al., 2002). This process is a straightfor-
ward mechanism in multi-stellar systems. In fact, mostgstatrs are born as binaries or even multi-stellar
systems (Ghez et al., 1993; Leinert et al., 1993; Reipufi@QPand the dynamical interaction and ejection
is enhanced in such an environment. This scenario is anmet@abbservational studies that allow low-mass
stars and BDs to be distinguished from massive stars by spatial or velocity distribution. However, to
date no studies have identified cleafteliences between stellar and BD properties (White & Bas@i320

Fragmentation of infalling gas into a stellar clusterrse gravitational potential of a forming
stellar cluster provides a focus that attracts gas fromuin@snding molecular cloud. Filament structures
formed into cluster centers attain high gas densities dtleetoombination of the cluster potential and local
self-gravity. The resultant Jeans masses are low, allothi@dormation of very low mass fragments (Bon-
nell et al., 2008). This theory predicts that the abundamt@wmass populations like that of BDs depends
on the stellar density in the cluster. Also, the dependemtiyepJeans mass on the stellar density explains
the variation of the IMF in Taurus (Bonnell et al., 2011).

Fragmentation of massive circumstellar disksT+e gravitational fragmentation of massive cir-
cumstellar disks around central stars produces low-maspanions. Some of these objects are ejected
through dynamical interactions with other companions @rbg stars (Whitworth & Stamatellos, 2006a;
Goodwin & Whitworth, 2007a). In clusters, the gas interactof two disks may promote BD and PMO
formation (Shen et al. 2010). However, such massive disk&IM,) producing BDs and PMOs are rare
in studies of star forming regions. Eisner & Carpenter (3Qflserved infrared protostellar objects in the
ONC and concluded that the abundance of massive disfsL(,,) is less than 2 %.

Photo-evaporation of OB stars -Photo-ionizing radiation from OB stars halts accretion by r
moving much of the envelope and discs of nearby low-masosgtats (Whitworth & Zinnecker, 2004).
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However, this scenario applies only in the vicinity of OBrstand cannot for example be adopted for the
TMC.

Since the theories of BDs and PMOs have reached controlvemsialusions so far, it is important
to test these theories though observations in star forngggns and to investigate low-mass star proper-
ties, such as binarity, spatial distribution and espectak IMF, in star forming regions. Recently, a radial
velocity survey has determined the frequency of extrargémets. By combining this planetary frequency
data with stellar binary data, a cleaiffdrence in the mass functions between companions to G-tgpe st
and planets has been determined. Thifedence is thought to be associated with thiéedénce in their
formation mechanisms. Therefore, we need to study subst®lF, including binaries, to confirm whether
there is a dierence in their formation scenarios.

1.4 Instruments Used and Star Forming Regions Considered ifihis
Thesis

In order to determine the substellar IMF, we observed twd-gteldied star forming regions using several
instruments. In this section we introduce the instrumentsmevious works on the star forming regions.

1.4.1 Instruments

The Subaru telescopean 8.2-m optical-infrared telescope at the summit of Makiea, Hawaii,
operated by the National Astronomical Observatory of JdpBODJ). The telescope is enclosed within a
cylindrical dome, whose shape was designed to reduce &irbléce. The median image size (full width at
half maximum; FWHM) of the Subaru telescope i§'6-0.7” in the R band {6500A) based on the seeing
size statistics collected by the CCD camera of an auto guideng focus checks. The Subaru telescope
has a number of common-use instruments for imaging andrggecpy with a wide wavelength coverage
from optical to mid-infrared.

The Okayama 1.88-m telescop@ne of the largest telescopes in Japan, operated by thga@®lka
Astrophysical Observatory (OAO). The 1.88-m telescopedated at the top of Mt. Chikurin-ji, which is
the best astronomical site in Japan. The astronomical ge@i®AOQ is fairly good and the image size of
stars is typically 4”. The telescope has several open-use instruments for ignagh spectroscopy with
wavelength coverage from optical to near-infrared.

The United Kingdom Infra-Red Telescope (UKIRA3s a 3.8-m primary mirror capable of
optical-infrared photometry and spectroscopy, locatett@asummit of Mauna Kea. The UKIRT is cur-
rently being operated by the Joint Astronomical Centre (JA@ transitional phase toward new ownership.
The median image size of the UKIRT i40—-0.5” in theK-band , which was systematically monitored and
corrected for undersampling in February 1999. Since 1 Jar@1, the UKIRT has been operating in a
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“minimalist mode” and all available observing time has basad to complete the UKIDSS program.

The Spitzer Space Telescopen infrared space observatory, and the final mission in A#\Great
Observatories Program. Spitzer has a 0.85-m primary mamdrthree cryogenically cooled science instru-
ments, which are capable of sensitive imaging and spectpgscom mid to far infrared wavelengths. On
the May 15, 2009, Spitzer used the last of the superfluid hetiboard the spacecraft. Subsequently, the
two shorter-wavelength modules of the IRAC camera have bperated in the Spitzer Warm Mission.

The Wide-field Infrared Survey Explorer (WISE)a NASA-funded Explore mission that is de-
signed to conduct an all-sky survey with a 0.4-m primary ariend a mid—far infrared detector. WISE has
provided an all-sky map of the infrared wavelength. Thisggaaft had been in hibernation without ground
contact from February 17, 2011, but was restarted for a nesgion to search for asteroids in 2013.

1.4.2 Star Forming Region 1: Orion Nebular Cluster

The ONC is the most suitable star forming region for IMF sasdilt is nearby;~ 450 pc (Muench et al.,
2008), and youngs1 Myr (Hillenbrand, 1997; Riddick et al., 2007). Previousdies of the ONC have
concentrated on the central part of the ONC region. Hillandr(1997) conducted an optical imaging
survey and spectroscopic follow-up, including collectspgectra for~ 900 stars, and measured the stellar
masses down te 0.1 M, within 4.5 pcx 4.8 pc (34 x 36') of the Trapezium cluster. Luhman et al. (2000)
conducted infrared imaging at the central region of the &zapm cluster (140x 140’; 0.3 pcx 0.3 pc) and

K- band spectroscopy fer 100 sources. Slesnick et al. (2004) performed9@ndK-band spectroscopy
measurements of the innel5x 5.1’ region of the ONC (Hillenbrand & Carpenter, 2000). Althoubby
confirmed the presence of many low-mass cluster membersvand3®s of masses down to 0.02,, the
bright nebulosities made it flicult to extend the measurements to lower masses. In ordevey a larger
area of the ONC, deep and wide imaging surveys have been cad(Robberto et al., 2010; Andersen
etal., 2011; DaRioetal., 2012). Andersen et al. (2011) kizs@ntinuously covered a large area’(283)
using HSTNICMOS Camera 3. Over the observed area, they have showththl¥lF in the whole of the
ONC become fatter in the substellar mass regime, and thieveetdoundance of BDs to stars increases from
the center to the outer regions. Meanwhile, Da Rio et al. 220&ve also covered a large FOV (3233)
with a WFI camera mounted on the 2.2-m MBSO telescope. They have determined the IMF down to
0.02 M, finding that it declines steeply with decreasing mass, aeg have found no evidence of IMF
flattening toward the substellar mass regime. The incarsigtbetween Andersen et al. (2011) and Da Rio
et al. (2012) may be explained byfidirent estimates of the background contamination. In omleonfirm

the validity of these studies, a wider coverage area spsamipic study with multi-object spectrographs is
required. However, no spectroscopic observations of tlyeta have yet been made. Lucas et al. (2005)
have made observations focused on the outer regions of the, @Nere fainter nebulosities enable the
observation of fainter objects. They detected 33 faint @ary mass candidates. To confirm their cluster
membership, spectroscopic observations were conducéalaout 10 PMO candidates were identified
as young stellar objects (Lucas et al., 2006; Weights et2809). However, many of the photometric
candidates have not yet been spectroscopically examirted. irhportant to observe the candidates for
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characterization of the BDs and PMOs in this region.

Aim to observe the ONC

We therefore have conducted spectroscopic follow-up ehsens of the Lucas et al. (2005) candidates,
and found two new young BDs and a Rilanetary-mass boundary object.

The universality of substellar IMF in the ONC +# previous works, the authors have con-
ducted spectroscopy to concentrate on the central regidhge IONC, however the spectroscopic follow-up
have been uncompleted on the outer regions. We identifyalestellar and substellar members with spec-
troscopy from the candidate list of Lucas et al. (2005), amuhile the spectroscopic sample of the outer
regions in the ONC. In comparison of our sample with the mesiworks in the central regions, we can
first discuss the universality of substellar IMF in the ONGéx on the spectroscopic sample.

The impact of OB star’s photo-evaporation process on thetsliar formation —The
ONC is a well-studied massive star forming region and hasesOm stars, Trapezium stars at the central
regions. Therefore, if the process of photo-evaporatioDBfstars was dominant for the substellar forma-
tion, we would find the central concentration of the subatethass objects for the stellar mass members.
Since our observed region is located away from the centecanecheck the impact in comparison of our
sample with the sample of the central regions.

1.4.3 Star Forming Region 2: Taurus Molecular Cloud

The TMC is one of the best star forming regions to study thgimief PMOs because of its proximity (140
pc) and youth{ 1 Myr) (see Kenyon et al. 2008 for a review). Several survey&tbeen conducted in the
Taurus region to investigate its IMF down to the substekgime. Bricefo et al. (2002a) have combined
their optical photometry of several clustered regions wiglar-infrared data from 2MASS, and identified
some low-mass members from optical spectroscopy. Theyremtsd the Taurus IMF withh, < 4 samples
covering~ 8 ded and determined the deficit of BD mass members in the TMC, coeadpaith the Orion
Trapezium cluster. Luhman (2004) have conducted opticaljing covering~ 4 ded and combined the
data with the 2MASS catalogue. They identified new low-massivers from optical spectroscopy, and
added the data to the previous studies (Bricefo et al.,00zhman et al., 2003a). They constructed
the IMF totally covering~ 12 ded and found that the relative ratio of substellar mass toastetiass is
slightly higher than those determined by Bricefio et al0@4) and Luhman et al. (2003a). Since there are
no observations from which to fully generate the censuswfrtass population (M2—M6) in TMC, their
IMF could be overestimated. However, since Slesnick et24l04) revised the number of BDs per star
downwards, the dlierence in the Btar number ratio might be small between the TMC and Trapeziu
Guieu et al. (2006) have conducted a wider surveg8@ ded) with CFHT and the optical large FOV camera
CFHT12k (Cuillandre et al., 2000) and MegaCam Boulade ef28l03), and obtained optical spectra of
selected low-mass candidates. Their work is not compldtedspectral range M2—-M4, but they were able
to estimate the BBtar number ratio to be higher than the result of Luhman (R06bwever, Luhman
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(2006), who covered the entire area of the TMC2R5 ded) with an all sky survey catalogue (2MASS and
USNOB-1.0), has indicated that the incompleteness of Geii@l (2006) is worse than originally thought
by appropriately considering the missed known membersaim felection procedure. As a result, Luhman
(2006) found a Blstar number ratio of Guieu et al. (2006) similar to that of man (2004). Luhman et al.
(2009) have conducted optical and infrared spectroscoplpio-mass candidates selected using 2MASS,
Soitzer, and XMM-Newton Observatory data Scelsi et al. (2007). Thaye determined the substellar
population down to 2(M;,, covering 5 degin Taurus, and updated the IMF previously constructed by
the authors. The IMF closely resembles those they prewaeglorted. Moreover, they have found the
first probable PMO candidate, 2MASS J042831 in their TMC survey. Since they determined that the
optical SpT is LO and the object shows no infrared excesgy, lthge concluded that the object is a young
disc-bearing L-type member. Alves de Oliveira et al. (20i&)e obtained the near-infrared spectrum with
Gemin{GNIRS as a young LO-type template. The spectrum shows stratey absorption, which means it
is probable that the object has a very cool temperature astgpd_object. In summary, many authors have
investigated the population in TMC, but it neverthelessam® dificult to measure a reliable BEtar ratio
due to the wide spread of TMC in the sky and the observatiowaimpleteness for early M-type members.
In addition, the previous surveys were only sensitive tesgeltar objects down to 2B1;,, due to limitations

in the survey depth, and hence the planetary mass poputemnot been fully revealed.

Recently, some deep surveys have achieved a sensitivigpotapf detecting even PMOs. Quanz et al.
(2010) have performed deep near-infrared imaging covetingd with OMEGA2000 mounted on the
Calar Alto 3.5-m telescope. They found six planetary masslictes and obtained thkeband spectra.
Although they conclude that some candidates may be Galgetit stars or carbon stars, one candidate
(CAHA Tau 1) seems to be a young planetary mass object. Haweubman & Mamajek (2010) have
concluded that the candidate is a high mass member throeghdibtained near-infrared spectrum. The
completeness of Quanz et al. (2010) is limited for the SDS8§, dehich is used as an optical counterpart
for their infrared data. Therefore, when they combine thrdrared data with deeper optical data, they may
find other planetary mass candidates. Todorov et al. (204¥ found a very faint object as a companion
to a central BD 2MJ04414482301513 (SpFM8.5; Luhman 2006) using HST and Gemini with the AO
instrument. They have converted tKg-band magnitude to the luminosity with a bolometric cori@tt
and the luminosity indicates that the object has 5MRpy comparing with the predicted luminosity from
theoretical evolutionary models for an age of 1 Myr. Luhmaale(2009) have found the first probable
PMO candidate 2MASS J0432331 in their TMC survey. Since they determined that thecap®pT is LO
and the object shows no infrared excess, they have concthdethe object is a young disc-bearing L-type
member. Alves de Oliveira et al. (2012) have obtained the-méa@ared spectrum with GemifeNIRS as a
young LO-type template. The spectrum shows strong wat@rpben, which means it is probable that the
object has a very cool temperature as an L-type object. A f\@# have been found so far in TMC, but
the sensitivity and completeness of the previous survestdliimited.

Aim to observe the TMC

In order to reveal the planetary mass population, we needrtduct much deeper and wider observations.
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The bottom of IMF in the TMC —Previous observations have achieved the sensitivity down t
20 My,p , however the IMF of lower (planetary) mass regimes have megen revealed. Our ultra-deep
imaging with the Subay@uprime-Cam allows us to first study the bottom of the IMF e TMC. In some

star forming regions (e.g., ONC; Chad; Ori), recent deep observations have found several PMO can-
didates. However, there is no large spectroscopic obsengéxcept NGC1333 (Scholz et al., 2012b).
Therefore, we can first compare it with our result based onlésp imagingspectroscopy data.

The impact of several substellar forming theories on the Fibt@hation — Scholz et al.
(2012b) have suggested that the frequency of PMOs can baieggdlby the extrapolation of a monotonic
power law of the substellar IMF. Thus their result suppootstiie idea that PMOs are an extension of the
population of stars and BDs and form through the same mestmariiherefore, if it was true for other star
forming regions, we would find some PMOs in the TMC. On the otiend, since current star forming
theories do not distinguish between PMOs and massive #tans found many or few PMOs in the TMC,
we would need additional scenario to explain the result.

1.5 Originality and Outline of This Thesis

We have previously introduced the IMF, performed obseovetiof BDs and PMOs in various star forming

regions, in particular the ONC and TMC, and formulated threnfation theories for BDs and PMOs. In this

thesis, we develop a form for the low mass end of the IMF, arnidraene the formation mechanism and

properties of BDs and PMOs. In this respect, the ONC and TMCila# most suitable locations because
of their proximity, young age, and rich stellar abundanceve®al noteworthy points of this thesis can be
summarized, as follows:

1. We observed a very faint object of the ONC using a multeobslit spectrograph, SubakOIRCS.
The ONC is a rich compact cluster and the best field for skeaisinvestigation of BDs and PMOs.
However, it takes a long time to observe a large number of fagng BDs and PMOs with a long slit
spectrograph. Therefore, we used the Syb&@IRCS, which enabled us to obtain many spectra of
faint substellar objects simultaneously.

2. We developed a reduction pipeline and algorithm to deheephysical parameters . After the obser-
vation with MOIRCS, we needed to conduct a reduction of many frames. Therefore, we devel-
oped a pipeline which enabled us to obtain 1-D spectra fradr@w images semi-automatically. We
also developed an algorithm for determining the physicedipgters and to evaluate the uncertainty
using the programming language Python.

3. We obtained a huge number of deep images in the TMC using@ ROV camera mounted on the
Subaru telescope, Suprime-Cam. The TMC is the best loctdirastudying PMOs, but it is widely
spread in the sky and the coverage by previous studies hasifmgficient. Our wide ultra-deep
imaging with Subar(Buprime-Cam can reveal very low mass populations, even dD&Nn this
region.
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4. We adapted the optical filters of the Suprime-Cam to s@btDs dficiently. Usually, studies observ-
ing star forming regions use IR instruments because theipiexhe advantage of visual extinction of
the molecular cloud. However, as shown in Figure 1.3, sihedltixes at the optical wavelength are
clearly diferent between host massive stars and cool substellar spyeetan distinguish substellar
objects from massive stars by combining the deep opticaldéh near IR data.

In Chapter 2, we describe a spectroscopic study of the ON@UBubaryMOIRCS and the OAO 188-
cm telescoper ISLE. We identify three new BD candidates from 12 spectra. d&ave their physical
parameters using?-fitting and the HR diagram. We discuss the properties of edjact and the star
forming history in Orion. In Chapter 3, we show the resultsvide and ultra deep optical imaging with
SubarySuprime-Cam, an infrared imaging follow-up with OASLE, and infrared spectroscopy of BD and
PMO candidates. By combining these data, we achieved atiségsiown to several planetary masses at
optical to infrared wavelengths. We select two PMO candéisland obtain their spectra using SubidGsS.
Finally, we discuss the ratio of PMOs to BDs in the TMC. In Cleapt, we end with a summary and
conclusions of this thesis.

aSeehttp://pono.ucsd.edu/~adam/browndwarfs/spexprism



1.5. ORIGINALITY AND OUTLINE OF THIS THESIS 15

2.5 I ! I I
— Young M9V spectrum (KPNO12)
— Field M9 spectrum (LHS2065)
— Field M3V spectrum (GI388)
— Filter response curve
2.0F 7
P4
)
]
- 1.5F N
o)
O
N
o=
]
©
S 1.0 :
— |
s |
Z |
0.5 L :
) z’\\ j‘ K
0.0 1.0 1.5 2.0 2.5

Wevelength [um]

Figure 1.3: Comparison of a spectrum of a young M9-type Bxspm (red: KPNO12; Muench et al.,
2007) with that of a field M9-type dwarf with much higher grigMblack: LHS2065; Rayner et al., 2009).
In addition, a spectrum of the field M3-type dwarf (blue: @B3&ayner et al., 2009) is shown. The
spectra are available at the SpeX Prism Spectral Libfaridee filter response curves used in our imaging
data (Suprime-Carii- andzZ-band; UKIDSSK-band) are shown at the bottom of this figure. As clearly
shown in this figure, hotter objects like M3-type dwarfs h&weer colors” ini’—z ori’-K color, while the
cool late-type objects have redder colofihese clear diferences ini’—z or i’-K color diagrams (i.e.,
use of “optical” wavelength) provides a great benefit in #ficiently removing the hotter objects, while
preserving the cooler objects like PMOs.






Chapter 2

Spectroscopy of Very Low Mass Brown Dwarfs
In Orion Nebular Cluster

(Based on a paper by Suenaga et al., accepted for publicati®kSJ)

In order to investigate the formation of substellar masgctisjin the ONC, we obtained near-infrared spec-
tra of BD candidates through two observing programs. Thédmsa set was acquired on November 30,
2007, using the Multi-Object InfraRed Camera and Specapg(MOIRCS; Suzuki et al. 2008) mounted
on the 8.2-m Subaru telescopgl@d.2 at the Cassegrain focus). The second data set was exbthining
December 3-7, 2010, using ISLE (Yanagisawa et al., 200@8)2@Mear-infrared imager and spectrograph
for the Cassegrain focus/{B) of the 1.88-m telescope at OAO. Unfortunately, we couity mbserve
relatively bright candidates because auto-guider probland high-humidity conditions prevented a full
observing program with MOIRCS. Therefore, we focus on thedggignal-to-noise ratio (8) candidates
for MOIRCS in this paper. In total, 12 BD candidates were celé, with eight of these objects obtained
by MOIRCS and four obtained by ISLE (Table 2.1).

2.1 Observation and Data

2.1.1 Target Selection

The target sources for the spectroscopy were selected fiensétalogue of Lucas et al. (2005), which
presents theddHK photometry of the BD candidates obtained by Gemini-Séilémingos. The selection
criteria were as follows. (1) All sources have prospectiassges ranging from the hydrogen-burning limit
(< 0.075M,) down to the deuterium-burning limit of@13M,,. (2) Sources that were close to or embedded
in bright nebulosity were avoided. For optimum sensitivilyjects located in areas of faint nebulosity were
chosen (Figure 1 in Lucas et al. (2005)). (3) Sources weng dmbsen if they exhibited fairly low visual
absorption A, < 7.5), which is the same value as the recent spectroscopic $iMelights et al., 2009).

16
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Since Lucas et al. (2005) suggested that there is a sigrificenber of background stars wifly > 10 and

K > 16 among the BD candidates, thg < 7.5 limit reduces the background contamination. From 396
sources provided by Lucas et al. (2005), we selected 137 BDidates within a extinction valu&, < 4,

and observed 12 objects which include some previous old@iects. Although most of these objects
have uncertainties~ 0.1 mag) in their magnitude, two of them,208-736 and 215-6%®¢Harge errors

(> 0.2 mag) in theirJ andH magnitudes. Robberto et al. (2010) also observed thesetshjéth ISPI,

the facility infrared camera at the CTIO Blanco 4-m telessopnd achieved better quality for 208-736
in the H-band, and 215-652 in thé& andH-bands. Therefore, in our study we used the magnitudes of
Robberto et al. (2010) instead of Lucas et al. (2005) foralwgects:H = 17.37 + 0.10 for 208-736 and
J=1787+0.17,H = 17.23+ 0.09 for 215-652.

2.1.2 Multi-Object Spectroscopy

We obtained eight spectra using SUppOIRCS whose 4<7’ FOV is covered by two HAWAII 20482048
HgCdTe arrays with a pixel scale of 0.117 ar¢gpe@|. We took simultaneous spectra of eight of the BD
candidates using the multi-object spectroscopy (MOS) nadddOIRCS. We used a 1-arcsec slit width
and theHK500 grism, optimized for 1.4-2/&m and low-resolutionR ~ 500) spectra. To eliminate the
background noise, the objects were observed with slit mgdddDome flats were obtained before a run. In
order to calibrate telluric absorptions, we observed adgtethstar with an F-type spectrum (HD7386) in a
similar air mass as the main observations for the BDs.

2.1.3 Long-Slit Spectroscopy

Four spectra out of the 12 BD candidates were taken by @HA®E . The detector was a HAWAII 1024.024
HgCdTe array that covered eé34x 4.3 FOV with a pixel scale of 0.25 arcspexel. The ISLE observations
were carried out in the long-slit mode. The slit width wasdsac and nod dithering was performed. A low
resolution mode was selected wih~ 350 in theH-band andR ~ 450 in theK-band. The observations
on Dec. 3 and Dec. 4 were photometric. The Dec. 7 observal®®207, was taken under a condition
of thin clouds, and we carefully analyzed this source to cedtie &ect of this condition. We employed a
1.5-arcsec slit width to obtain fiicient SN. We obtained the dome flat before and after the observatien.
selected an F-type star, HD24635, and a B-type star, HD34@48easure the telluric absorption. When
using a B-type star possessing primarily strong hydrogeomdination lines as a telluric standard star, we
must carefully deal with the stellar intrinsic lines sineels lines cause artificial features in the spectra.
Therefore, we removed the intrinsic lines in the B-typelatedpectra by interpolating it with the nearby
flux.
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Figure 2.1: Our FOV overlaid with the dust continuum imagey(ife 1 of Lucas et al., 2005). The field
that we obtained for the spectra of BD candidates is showrnred square box. The survey region of Lucas
et al. (2005) is enclosed by solid lines and the locationshefthree Gemini SoutRlamingos fields are
indicated. The location af; Ori C at the cluster center is indicated by a la#ggign. The zero-flux contour

is marked with short lines. Contour levels (in data numbars)0, 0.2, 1, 2, 3, 5, 8, 12, 20, 50 and 100. The
0.2 contour level corresponds to visual extinction of thdeoiof Ay = 5.
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Table 2.1: Summary of observed objects

J H K Obs time
Object Data Set [mag] [mag] [mag] VA H,K[min] Referencg ID(LRTO5)
030-524 MOIRCS 17.88 17.26 16.77 k&5 60,60 1,2 178
037-628 MOIRCS 1852 17.66 16.99 445 60,60 2 94
061-400 MOIRCS 18.31 17.33 16.48 %1.5 60,60 2 270
065-207 ISLE 13.47 12.81 1224 O 10,60 - 382
072-638 ISLE 15.39 14.80 14.29 1P 10,- 1 70
099-411 MOIRCS 17.08 16.40 15.99 235 60,60 - 256
104-451 ISLE 15.10 1399 13.13 54.5 5,30 - 230
183-729 MOIRCS 18.05 17.38 17.24 235 60,60 1,2 18
208-736 MOIRCS 18.28 17.37 16.56 5.0+2.4 60,60 - 8
215-652 MOIRCS 17.87 17.23 17.15 2.0+2.0 60,60 - 56
216-540 MOIRCS 16.95 15.89 1547 315 60,60 - 155
217-653 ISLE 1499 1426 1332 245 5,30 1 55

Note. Object names are coordinate based, following O'delV&ng (1996). 030-524 means that the
coordinate of the object is (R.A., Decl.¥» (05:35:03.0, -05:25:24).JHK magnitudes are taken from
Lucas et al. (2005) with the exception of 208-736 and 215-&%1al absorption4y) is estimated from a

comparison between observed and synth&tld vs. H color-magnitude diagrams.
aThe previous spectroscopic studies. 1. Riddick et al. (Z0AVeights et al. (2009)
b The running number is used in Lucas et al. (2005)

¢ The magnitude has a large uncertaintyQ(2 mag)

4 The magnitude is taken from Robberto et al. (2010) insteddioés et al. (2005)
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2.2 Data Reduction

Both the multiple and long slit data were reduced using IRAfvgare. Standard techniques were used to
reduce the MOIRCS multiple slit data. To subtract the skkemund, the exposures for each BD candidate
pair were separated into their relative nod positions (A piMBe subtracted the adjacent B frame from the
A frame to reduce the residual. Flat fielding was correcteddigg the dome flat frames. Note that channel
1 of MOIRCS was an engineering detector from Oct. 2007 to 2088 and had prominent, large, ring-like
high dark noise. Therefore, we masked and did not use thgsneein this data reduction. Cosmic ray
cleaning was performed by L.A.Cosmic (Laplacian Cosmic Rintification; van Dokkum 2001). The
array distortion was corrected by the MCSGEOCORR task iMBSRED. To calibrate the wavelength of
the data, OH lines were identified as a function of wavelengfter performing 5-pixel binning along the
wavelength directions of the data to improve thil &atio, we extracted the spectra with the APALL task in
IRAF. We corrected spectral contamination due to tellubisaption using the standard star measurements.
Extracted pairs from each nod position were combined. RFinaldereddening procedure was conducted
with an adopted reddening parameter of 3.1. We used-thevs. H color and magnitude of the objects
and synthetic color-magnitude diagram (Allard et al., 20d@h age~ 1 Myr and distance- 450 pc to
derive the A values using the reddening law of Cardelli et al. (1989).

For the ISLE spectra, the reduction process was similaatiodhVMOIRCS. However, we did not correct
the array distortion because the influence of the distostias negligible. We obtained thé-band andK-
band spectra separately. Therefore hband anK-band spectra were scaled to the 2MASS magnitude of
objects whose Vega magnitude and zero point magnitude vasezlon Cohen et al. (2003). The advantages
of using 2MASS magnitudes are that the 2ZMASS magnitudesmblgects had low errors<(0.1 mag) and
the 2MASSK s-band filter reduced the noise contribution from the therbaakground beyond 2an.

2.2.1 Semi-Automatic Reduction Pipeline

In order to dficiently analyze the many spectra obtained from MOIRCS, weldped a semi-automatic
reduction pipeline in the programming language CL-Scnpth some procedures taken from external
libraries. It is a simple pipeline for the standard reduttmmocedure. Using this pipeline, we can easily
conduct each reduction step, though some manual operatiemequired. In particular, it isfécient to use

a function to divide the 2-D MOS image into several 2-D spddtnages. Also, optimization of background
subtraction will minimize residual noise. We introduce finecedures briefly as follows:

1. Split the raw frame list. Before starting the data redutctiwe need to split the raw frame list into
objects, flat, comparison lists at each channel.

2. Subtract sky background (OH lines) optimally, perforn fiald correction and correct for cosmic
rays. When the sky background of a frame is subtracted, feeerece frame for the subtraction is
optimized to minimize the residual OH lines by combining thenity frames and multiplying the

8MCSRED was provided by Dr. Ichi Tanaka. Seetp://www.naoj.org/staff/ichi/MCSRED/mcsred.html for the
software for MOIRCS imaging.
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codficient. In this procedure, the OH lines for minimizing theidesil need to be selected manually.
Next, flat fielding is conducted based on the split lists. Theine for cleaning cosmic rays provided
from L.A.Cosmic is included in this pipeline.

. Correct the array distortion. This routine is providezhirthe MCSGEOCORR task in the MCSRED.

. Divide the 2-D MOS image into images. Before extracting 1hD spectra, the 2-D MOS image

needs to be divided into 2-D spectral images. This procedeegls an MDP file which is created
during the preparations for observation to identify theifias of each 2-D spectral image.

. Wavelength correction and extraction of 1-D spectra.s finocedure identifies OH lines for wave-

length correction manually. Since the pipeline includestaited reference OH line list for MOIRCS,
we need to identify at least three lines. The function foramting 1-D spectra is included by using
the APALL task in IRAF.

. Combining frames, binning, correct telluric absorptand dereddening. After combining frames,

binning, telluric correction and dereddening are optiynabnducted.
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2.3 Analysis

To derive the ffective temperature and surface gravity, we compare ourreddespectra to a grid of
synthetic spectra and find the best-fit model inghsense (e.g., Mohanty et al., 2007). First, we obtain the
best-fit parameter$2.3.2). We then conduct a Monte Carlo simulation to constitae error range of the
parameter estimate$2.3.2) (e.g., Cushing et al., 2008; Bowler et al., 2009; Adteal., 2013). We restrict
the range of the stellar parameters in the fitffteeive temperatures of 1800K T¢; < 4900 K and surface
gravity 30 < log(g) < 5.5. We use the solar metallicity as the average for the lowsmasmbers in the
ONC.

2.3.1 BT-Settl model

We use the BT-Settl model atmosphere (Allard et al., 2010)¢clvis available via the Phoenix web sim-
ulator. Allard et al. (2010) updated the BT-Settl model, Igjpy the revised solar abundances determined
by Asplund et al. (2009), the latest@ line list (Barber et al., 2008), a cloud model based on cosalgon
and sedimentation timescales by Rossow (1978), the supsagan computed from pre-tabulated chemical
equilibrium, and mixing from 2D radiation hydrodynamic silations by Freytag et al. (2010).

BDs have an atmosphere including water vapor, which causssgsabsorption in the infrared regime.
Because young BDs found in Trapezium are still gravitafigreantracting, they have lower surface gravi-
ties than field dwarfs. Collision induced tdbsorption (H-CIA) over the near-infrared wavelength regime
is pronounced in environments of strong surface gravityeréfore, young BDs have a trianguldrband
shape due to deep,® and weak H-CIA absorptions (Kirkpatrick et al., 2006).

2.3.2 y? - fitting
Procedure 1 — Determine best fitting parameters

In order to determine the best fitting parameters, we congfifitting between the observed and BT-Settl
model spectra. The results are shown in columns 3 and 4 oé Pabl The parameter ranges of tiieetive
temperature and surface gravity are 1800<KT¢ < 4900 K and D < log(g) < 5.5. The range of
the surface gravity is predicted from BT-Settl evolutiotracks for an age ranging from 1 Myr to 1 Gyr.
Although the determinations of the metal content in the @region are controversial, we use the solar
metallicity as the average for low-mass members in the ONsedban D’Orazi et al. (2009). We seek the

bestTe and log@) to minimize the reduceg? value:

1 v /Cfmod— fobs)?
2 _ mod obs
Xo= N—ZZ( ) (2.1)

O obs

whereN is the bin number of the wavelength,.q is the flux of the model spectré,ys is the flux of the ob-
served spectra antl,sis the error of the observed spectra. The error is derived fre standard deviation
of four combined spectraC is the scaling co@icient of f,,oq with fo,sand is derived fronaly?/dC = 0O for
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Figure 2.2: Near-infrared observed spectra. The left tweefsashow spectra obtained by MOIRCS and the
right panel shows spectra obtained by ISLE. The observeg@ddened) spectra are shown by black solid
lines while the best-fit model spectra are shown as red lifles spectra of 061-400, 215-652 and 216-540
exhibit emission lines (KH2.12, 2.22m; Bry: 2.16um).
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Equation 2.1:

C= (Z fobsfmod/o'obs)2
Z( fmod/o'obS)2

In order to minimize telluric contamination from water vapoe restrict the regions for the fit to 1.50-1.78
um and 2.10-2.29m in the case of MOIRCS, and 1.5-1.4& and 2.10-2.3&m for the ISLE data.
061-400, 215-652 and 216-540 have emission lines irki#and spectra (H 2.12, 2.22um; Bry: 2.16
um), which degrades thg? value when we include thk-band data in the fit. Therefore, we exclude the
emission lines in the fitting process. Also, we can see spilkgsuctures in somkl-band spectra. For
example, there is a spiky bump around Ari in the spectrum of 208-736, which could be caused partly
by a very low N (~ 1o). Such substructurestacted by poor 8 worsen they? value. When bottH
andK spectra exist, we perfory?-fitting for two cases: using only thed-band and using both thé- and
K-bands.

After performing the fit, we adopted the best-fit parameteas minimized thg? value. We show the
selected wavelengthd(or HK) giving the best fit in column 5 of Table 2.2. In most cases wetlusoth the
H- andK-bands to increase the number of sampling points. 065-2t2#638 and 104-451 were exceptions,
where we only used thid-band. We adopted the result of fitting only using Hidand for 072-638 due to
a lack of aK-band spectrum. We employed the results oftlaband for 065-207 and 104-451 because, in
the fitting using only théd-band, we found a systemati@'set between the observed and synthitisand
spectra. This fiset may be explained by tieband excess from a circumstellar structure. Since thessxce
due to the circumstellar structure is more apparent fordomgavelengths, we checked theband data of
the objects, as presented by Lada et al. (2004), who detedhin= 11.69 for 065-207 and.’ = 12.27 for
104-451 using VLNISAAC This enabled us to derive the dereddened photomedtiwcsH-L’ = 1.02 and
H-L" = 0.99 respectively. We then estimate the synthetic catbrk” with theoretical spectra fitting with
theH-band for 065-207 and 104-451, and with thendL’ filter response curves, which givels-L’ = 0.71
(065-207) andH—-L’ = 0.70 (104-451). The photometric colors of these objects affecgntly redder than
the synthetic colorsA(H-L’) > 0.3), which is strong evidence of a circumstellar structure.

(2.2)

Procedure 2 — Estimate the uncertainty

We perform parametric bootstrapping by a Monte Carlo situiato determine thdg; distribution, al-
lowing us to determine the error rangeTaf;. In the simulation, we conducted seveyalfittings between
the model spectra and a randomly generated mock spectruoertdmty arises in the parameter estimate
from they? fitting due to both the Al of the observed spectra and the uncertainty of the visisiraktion
(Av) estimate. Therefore, we separately evaluated the impalecese uncertainties on the derivégt. We
show the values of ¢ and errors in column 6 of Table 2.2. The procedures for dagithhese values are as
follows:

(1) In order to conduct &? fit, we simulated a mock spectrum by adding artificial noiséht theoreti-
cal spectrum. The parameters of the theoretical spectruma getermined based on the values derived in
§2.3.2 and described in column 3 or 4 of Table 2.2. For exanmptlge case of 030-524, we use a theoretical
spectrum withle; = 2600 K and logg) = 3.0. The artificial noise is randomly generated based on tle err
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of the observed spectrum, which means that we model thecatifioise at each wavelength as drawn from
a Gaussian distribution with a standard deviation adjusidte 1 error of the observed spectrum at the
corresponding wavelength.

(2) We determine the best-fit parameters for the mock spmatisingy? fitting.

(3) We repeat 10,000 iterations of steps 1-2, generatingtahiition of Te. We fit a Gaussian function
to the distribution ofTe; measured in step 2. The error rangelgf should be treated carefully since it is
affected by the 8\ of the spectrum and the uncertainty of the visual absangiig By taking into account
the 9N of the spectrum, we adopt the-Tonfidence range of the Gaussian distribution as the emgera
ATeg s/N-

(4) To evaluate the impact of the uncertaint, on the error range dfs;, we conducjk? fitting using three
different A, the average valudy, the upper limitA, + AAy, and the lower limitA, — AAy. For example,

in the case of 030-524, we use three spectra dereddenedAyith AAy, Ay, Ay + AAy) = (0.3,1.8,3.3).
For the three spectra, we condyétfitting as described i§2.3.2 to determine the best fitting parameters.
(5) We obtain threeféective temperaturester(Av), Ter(Av + AAy) andTeg(Ay — AAy). To describe the
error dfected byAAy, we define the upper error value A3 ez a, .+ = Ter(Av + AAY) — Ter(Av) and the
lower error value adTega,.— = Ter(Av) — Ter(Av — AAY).

(6) We choose the larger dfTer sy andATeg 4, .+ 8S OUrTe UNCertainty. In most cases, our error is domi-
nated by the uncertainty iy .

Results

The obtained spectra and best-fit theoretical spectra §&f2 are shown in Figure 2.2, and the estimated
physical parameters are shown in Table 2.2. Most objectsvaliereproduced by the BT-Settl models.
However, 216-540 required a change to the extinction valée ~ 2 to obtain betteg? values, which
results inTer = 33207555 K.

Although some objects have slightly highgg than those estimated by the previous works, namely
037-628 and 188-739, our result is largely consistent witsé of previous works (Riddick et al., 2007,
Weights et al., 2009). Note however thag;= 2750250 K of 061-400 is much higher than the previous
resultTe; < 2400 K (Weights et al., 2009). In Weights et al. (2009), thetpmetry and spectroscopy for
this object were originally based on Lucas et al. (2001), nckv they adopted = 18250 andH = 17.706.
Adopting the same magnitudes, we obt&in = 0, which is lower than the adopted valdg = 5.7 in
this work, and the loweA, results in a lower temperature. However, Robberto et all2@rovided a
magnitude of]) = 1835+ 0.20 mag andH = 17.46 + 0.10 mag. Our adopted magnitudes are consistent
with these more recent values. Thus, we use our result fod061in the following discussions.
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2.4 Discussion

Our observations have identified new very-low-mass objedise ONC. Here we plofe and absolutéd
magnitude on a synthetic HR diagram. We have discovered tie® young BD candidates: 099-411 is an
object with a boundary mass between stellar and substeflas215-652 is a BD candidate with emission
lines associated with youth, and 208-736 is a very low magscblwhich is even a B[planetary-mass
object . In this section we discuss the properties of eachobljased on the HR diagram, and then derive
a number ratio for the stellar to substellar mass objectsdasuliss the star formation process in the outer
region of the ONC.

2.4.1 HR diagram

We estimate the masses of the BD candidates by plottingibetiee temperature and the absolttenag-
nitude on an HR diagram overlaid with theoretical isochso(fegure 2.3). The error range of the mass
corresponds with the error of théective temperature in the HR diagram. We show the derivedesas
and the errors in Table 2.2. To convert the apparent magsttm absolute magnitudes, we use 450 pc
(DM = 8.26) as the ONC distance. This value is the average distieteemined in a previous investigation
(Muench et al., 2008). The error of the distance is at mostd@M = 0.25), but the error is not significant
compared with the error of thefective temperature in deriving the mass.

In Figure 2.3, it appears that there are several old objects)(Myr) even though the ONC is a very
young cluster< 1Myr (Hillenbrand, 1997). We consider several scenariosxlain the old population.
The first is that we are seeing contamination from anothegi@und population. It is known that the ONC
is neighbored by several groups of stars. Alves & Bouy (201 investigated the surrounding popula-
tions of the ONC, and reported a contiguous population NG&8Mhich significantly overlaps the ONC.
Since they have shown that NGC 1980 can make up for more the20%0 of the ONC population, the pro-
jection of the foreground population may generate the agpetision. However, its members are thought
to be only~ 4-5 Myr old and therefore cannot account for the 10 Myr pojpartaon the HR diagram.
Secondly, we consider the case that the older objects aggrfmund Galactic field stars. In particular, it is
standing that 030-524 and 216-540 are older than 10 Myr.eSime local number density peaks at M3-M4
(Cruz, 2008), such objects are often contaminated. In asftit is unlikely the contamination is due to
fainter objects since the local number density steeplyadesas for the later spectral typeNI5), and dense
background molecular clouds prohibit penetration of thktlof very cool stars. To confirm how frequently
field stars can contaminate our sample, we calculated tHeapiity of the contamination in the spectral
type range of our interest.

Of the 12 objects observed in our work, eight have 2409 K < 3000 K, corresponding to M6 to M9
(Luhman et al., 2003b). We first estimated the number of comating field stars of spectral type M6 to
M9. For this purpose, we adopted the same method as Cabatlaio(2008) with the FOV of MOIRCS
~ 4 x7'°. We conservatively adopted a magnitude range of 12 < 18 to include the brightest magnitude
H = 128 mag (065-207) and the faintest magnitdle=- 17.7 mag (037-628) in our work. For the ONC,

bSince Caballero et al. (2008) did not provide informationtfee H-band, we use thd-H color from West et al. (2008).
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we usedEg_y ~ 0.32 from Lee (1968). Based on this, the number of contamigditahd stars was found to
be 0.23.

We estimated the probability of contamination by using a8am distribution with a mean of 0.23. The
probability of detecting at least one contaminant was 20.BBts means that one field BD having a similar
temperature to 030-524 is likely to be observed in our smeldl fiand thus the number of contaminants
is not significant for M6—M9 dwarfs. However, when M3-M5 dv¥gaare included, the expected number
of contaminants increases to 11.5, so the probability df édrcontaminant with a similar temperature to
216-540 is quite high. Therefore, we cannot make a strorigratant about the membership of the M3-M5
objects from the contaminant probability.

Next, we verify whether the objects which appear older intphreetry have any evidence of youth. Since
protostellar objects are still experiencing gravitatiawntraction, they have a low surface gravity. 030-524
has a clear trianguldt-band spectrum, which is evidence of low gravity and therevidence that it is
a protostar undergoing gravitational contraction. 216-8dows a By emission in theK-band, which is
associated with the mass accretion process and is a comnssaneretion tracer (Muzerolle et al., 1998).
061-400 and 215-652 also have an emission line in thddand spectra, which means that these objects are
mass accreting protostars. As has been noted, severatobpae spectral features consistent with being
young objects although they seem to be old on our HR diagrane eé3planation for this discrepancy is
that these objects are protostars with edge-on discs whttes light from the central star and decrease
its apparent magnitude. In fact, the HBTS study of Ricci et al. (2008) reported that 037-628, 060;4
215-652 and 216-540 have ionized discs seen in emissioneXisiEnce of such objects has been indicated
by previous surveys not only in the ONC (Slesnick et al., 224 also in other regions (e.g., Bricefio et al.,
2002b; Luhman et al., 2003b). For example, in two T Tauri@ystHH30 and HK Tau C with edge-on cir-
cumstellar discs, thK-band magnitude is more than 3 mag lower than expected forape, distance and
spectral type (Burrows et al., 1996; Stapelfeldt et al. 819€onsequently, the apparently older objects can
be explained as being young stellar objects with edge-asdidlso, the episodic accretion process may
explain the low luminosity of the apparently older objeetgen without them being edge-on discs (Biea
et al., 2009). However, to confirm the validity of their mensg¥ep, we need further evidence of youth. For
example, we should investigate the infrared excess duestoitbumstellar discs at longer wavelengths.

2.4.2 Stellar to substellar mass number ratio

Here, we derive the stellar to substellar mass number Ratrchich can give information on the possibility
of differences in the formation process between stars and sabsibjects (e.g., Luhman et al., 2003b;
Andersen et al., 2008). In previous works, two definitionRdfave been used:

N(0.08 < M/M,, < 1)
N(0.03 < M/M,, < 0.08)
N(0.08 < M/M,, < 10)
N(0.02 < M/M,, < 0.08)

In this paper, we derivR following the above definitions. We measiReandR, according to the following
steps. (1) We choose objects wiah < 7.5 from Lucas et al. (2005), whose observation was conducted f

Ry

(2.3)

R>

(2.4)
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Figure 2.3:T¢; vs absolutdH-band HR diagram for the 12 objects in our spectroscopic &anipe lines
indicate the synthetic HR diagram (BT-Settl; Allard et @010). The solid lines show the age isochrones
1, 5, 10, 100 Myr from top to bottom. The dashed lines show thessochrones 0.007, 0.013, 0.02, 0.03,
0.04, 0.05, 0.06, 0.075, 0.1, 0.11, 0.15, 0.2, ®3from right to left (the red dashed lines indicate 0.013
and 0.0789M,). The red dots indicate newly observed objects and the latkindicate follow-up objects
from previous works (Riddick et al., 2007; Weights et al.020 The magenta squares represent objects
with emission lines.
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Table 2.2: The result of>fitting
HP HKP Reference Reference

Name My? Terlog(g)x? Terlog(g)x?® Fit® Ter [K]? Mass My)© SpT Ter [K] 9
030-524 8.7 30003.00.9 26003.02.HK 260050 00379% M8.0:0.75 27107
037-628 8.6 27003.51.7 25003.01.HK 250010 002200  SM95 <2400
061-400 8.0 34003.01.8 28003.53.HK 280020 00460%  >M95 <2400
065-207 4.4 31004503 29004.01.0H 310070 0145057 . .
072-638 6.3 30005.50.9 .- H 30001® 009709 M65:05 293555
099-411 7.7 29004.54.8 29004.53.HK 290010 0062000 . .
104-451 4.6 31004.01.0 25003.02.8H 31000 0134907 . .
183-729 8.7 28003.01.9 25003.02.04K 25003% 0022095  >M95 <2400
208-736 8.2 25003.01.4 24003.01.HK 240030 00160022 . .
215-652 8.9 29003.52.8 25003.04.HK 250020 0022007 . .
216-540 6.9 33005.03.8 33005.02.61K 3300_*;88 > 0.100 - -
217-653 5.3 29003.02.3 26003.0 1. HK 260020 00310928 M7.75:0.5 27525

# AbsoluteMy magnitudes.

b The values are derived fro?-fitting for seeking best fitting parameters (§&3.2). TheT; and log(g) are

used for simulating the mock spectrum ($€€3.2).
¢ This column shows the wavelength used for determine beastfiarameters (se§2.3.2).

4 The besfT« and the uncertainty which is derived from the Monte Carlouation (se€§2.3.2).

€ Masses derived from the HR diagram ($@e4.1 and Figure 2.3).
f The reference of spectral type (SpT) is shown in Table 2.1eithe object has been observed both in Riddick

et al. (2007) and Weights et al. (2009), we use the SpT of Weigthal. (2009).

9 These quantities were derived using the reference spégpralto dfective temperature scale of Luhman et al.

(2003b)



2.4. DISCUSSION 30

the 17-5.7 regions from the ONC center. The completeness limitApris determined to bé, = 7.5.

(2) We consider that objects with spectroscopically knowapprties are fiducial samples for investigating
R. However the sample which we spectroscopically observstilisnsufficient for a statistical discussion.

In order to increase the sample size, we compiled informatio spectroscopic observations of the cor-
respondingAy < 7.5 sample from previous studies (Hillenbrand, 1997; Lucad.e2006; Riddick et al.,
2007; Weights et al., 2009). Also, non-member stars areided from the sample based on previous stud-
ies. Hillenbrand (1997) conducted an optical imaging aretspscopic survey of stellar mass objects in
a large region of ONC, almost 80% complete down tbM,. Lucas et al. (2006, infrared), Riddick et al.
(2007, optical) and Weights et al. (2009, infrared) repbipectroscopic studies for the substellar mass
candidates< 0.075 M) found by Lucas et al. (2001) and Lucas et al. (2005). (3) beoto avoid in-
consistencies from fferent mass determinations, we recalculated the massediaflial samples using
the HR diagram, as explained §2.4.1, instead of using the masses derived in the previopsrpa (4)
We corrected for the bias due to sample incompleteness afpthetroscopic survey. As described above,
Hillenbrand (1997) observed stellar mass objects, but thercstudies concentrated on substellar mass
objects. As a result, the spectroscopic completeness isif8%e stellar mass regime and 58% in the
substellar mass regimes as defined for the calculatid® .ofAlso, the completeness is 72% in the stellar
mass regime and 55% in the substellar mass regime usd®} fokWhen we estimate the number ratio of
the stellar to substellar mass, the bias of the completerasses the number ratio to be overestimated.
Therefore, in order to correct the bias, we added three hgpictl substellar objects to calculdge and

five hypothetical substellar objects to calculRseaccording to the completeness of the stellar mass regime.
Consequently, we determind®] = 90/26 = 3.5+ 0.8 andR, = 110/34 = 32*07 in 1.7-5.7" regions
from the ONC center. The errors were estimated using theodethScholz et aI (2012b) who used the
confidence interval provided by Cameron (2011).

2.4.3 Sample completeness

In this section, we explore the possibility that we have mectly estimated the ratio of BDs to stars due to
some bias.

Ay estimate — As discussed ir§2.3.2, the uncertainty id\, is estimated to have a high impact on
the determination of physical parameters. We consider ticentainty of the photometry, which has a rel-
atively large impactdAy ~ 1.5 mag). As another error source, we calculate the impactiofus10 Myr
color isochrone instead of 1 Myr in determinidg. As a result, we find that the meanfférence i\,
between the 1 Myr and 10 Myr isochrone is 0.5 mag, which igm§icant in comparison with the impact
of the photometric uncertainty.

Use of a limitedA, sample —We set a selection limit of, < 7.5 in the collecting sample. Tha,
limit prohibits embedded massive objects from being cadidisproportionally. In addition, the limit value
Ay < 7.5 is the same as that used in previous works (Lucas et al.,, Hd06ick et al., 2007; Weights et al.,
2009). Therefore, the use of @ limit has an insignificant bias on the sample selection.
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Table 2.3: Star to substellar number ratio in the ONC

reference Ry R, r
This work 3.5(2.7-4.3) 3.2(2.6-3.9) 17 <r <57
Luhman et al. (2003b) - 3.8 r<2l1%
Slesnick et al. (2004) 3°32.6-4.1) 5.0 r<25
Andersen et al. (2011) inner 7.2 (1.6-12.8) - OXr <58
Andersen et al. (2011) cluster 2.4 (2.2-2.6) - SZr<12%

The error range is estimated in the same manner as Schol{204PD).
b Andersen et al. (2008) have compiled the study of Slesniek €2004) and shown this value.

Distribution bias of spectroscopic sample —Seme authors have suggested that the distribu-
tions in the ONC between stellar and substellar objectsdcbeldiferent. Therefore, if our spectroscopic
sample has a bias in the distribution in the ONC, the raticubfgellar to stellar objects may be wrongly
estimated. Since all of our sample is selected from the fiettoved by Lucas et al. (2005), we can check
the distribution of our sample and have found no bias in iter€fore, the observations in our work and
previously published works have included no bias with resfeobjects’ positions.

Spectroscopic completeness -As discussed ir§2.4.2, since the spectroscopic completeness of
our sample is lower in the substellar mass regime than intéllaismass regime, we have corrected the bias
by adding some hypothetical substellar objects. This neehsimilar to that employed in (Slesnick et al.,
2004)

2.4.4 Implications on the star formation in the ONC: Comparison of the measured
number ratio with other studies

Scholz et al. (2012b) listeR values for various star forming regions. In comparison wfité other star
forming regions, our derive®; andR; are the second lowest values, which means that the number rat
of substellar mass objects in the ONC is relatively high carag with the other star forming regions. In
the ONC,R has been investigated from the center to the outer edge. réenet al. (2011) have discon-
tinuously covered a large area (2633) using HSTNICMOS Camera 3. Over the whole observed area,
they foundR; = 2.4 + 0.2, which is a small value and suggests a flat IMF in the sulasteiass regime.
Ri(Andersencluster) is lower than our derive®,(Suenaga) 3.5 + 0.8, indicating that in a wide FOV
the number of substellar objects is significantly high in @&C. Da Rio et al. (2012) have also covered
a large FOV (32x 33) with a WFI camera mounted on the 2.2-m MIESO telescope. They generated
the IMF down to 0.02V,,, which decreases steeply with decreasing mass. They fauedidence of IMF
flattening toward the substellar mass regime. The incarsigtbetween Andersen et al. (2011) and Da Rio
et al. (2012) may be explained byfidirent estimates of background contamination. To confirnvalidity

of these studies, it is necessary to extend the coverageoma spectroscopic study with multi-object
spectrographs.
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Considering the inner regions & 2.5") of the ONC, Luhman et al. (2003b) have measuRed 3.8.
The properties of brighter object& (< 12) in their sample were taken frotband spectroscopy, however
the fainter substellar objects were mostly based on phdtardata with HSTNICMOS camera 3 (Luh-
man et al., 2000). On the other hand, the inner regions we@rgiscopically investigated by Slesnick et al.
(2004), who foundR;(Slesnick)= 5.0. Andersen et al. (2008) have compiled the study of Slesgtick.
(2004), and foundr,(Slesnick)= 3.3"38 in this region. Our derive®, (Suenagaj- 3.5 + 0.8 is consistent
with the valueR;(Slesnick), buR,(Suenaga}x 3-2i812 is lower thanR;(Slesnick). Since our observations
focus on the outer regions of the ONC, in contrast with Sltdset al. (2004), the central concentration of
the high mass populatior (1M,) found by Hillenbrand & Hartmann (1998) may explain th&elience in
measuredr, values.

The outer regions (2 < r < 125) were observed by Andersen et al. (2011). They reported that
although it has a large errdR;(Anderseninner) = 7.2 + 5.6 in the 29-5.8 area is consistent with the
valueR;(Slesnick) of the inner part (< 2.5). In addition, Andersen et al. (2011) found that the number
ratio R decreases as a function of radius. Our result suggestRif&enagay 3.5 + 0.8 of the outer part
(1.7 < r < 5.7") is consistent with th&,(Slesnick) of the inner area of the ONC £ 2.5"). This result
suggests that the cluster distribution does not decreag#ysas a function of radius.

Our results imply that the substellar IMF is universal witli.6 pc of the ONC. As a substellar forma-
tion scenario, the photo-evaporation of OB stars has beggested and theffect might be dominant in the
vicinity of OB stars (Kroupa & Bouvier, 2003; Whitworth & Ziecker, 2004). For example, considering
the photo-ionization of a O6 sta#’(Ori C) in the center of the ONC, a protostar initially with assaf 0.3
M, and within a radius of 1 pc from the O star is reduced to one aittass of M8 M,, (Kroupa & Bouvier,
2003). Therefore, if this scenario was dominant for the &ilag formation, we would find the fferent
fraction of BDs to stellar populations between the centnal auter regions of the ONC. However, based on
our and previous spectroscopic samples, the universal IiINtkesubstellar regime implies that the scenario
is unimportant in the ONC. Note that we cannot reject thigfation scenario in the whole star formation.
For very massive clusters (stellar superclusters), whialy pontain many stars with masses reaching to
150 Mg, the radius for producing photo-evaporated BDs from lowssnarotostars may be similar to the
radius of the whole cluster. Globular cluster may thus hageyaificant population of photo-evaporated
BDs.

To be summarized, we conducted a spectroscopic surveyagmogr the Orion Nebular Cluster using
MOIRCS mounted on the Subaru telescope and ISLE mountedeo@kayama 1.88m telescope. We
present 12 near infrared spectra of BD candidates. We neentify two BD candidates, and a Bianetary
boundary mass object. We find that several young stellaridate$ appear older in the HR-diagram. The
faintness can be explained by the light scattering from #reral star due to the circumstellar structure, or
the episodic accretion. Our aims to observe the ONC are tiroothe universality of the substellar IMF in
the ONC and the impact of OB star’s photo-evaporation pmoeshe substellar formation. Based on the
spectroscopic data, we first show that the substellar IMRénduter regionr(< 6) is consistent with the
central one. In addition, we suggest that the impact of OBsgpthoto-evaporation process on the substellar
formation is unimportant in the ONC since the substellar lisIEniversal around the central OB stars.
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Figure 2.4: Ratio of low-mass stars.g8—10 M) to BDs (Q03—Q08 M,,) for the ONC as a function of
radius. The blue dot with error bars indicates the speabmsaesult of (Slesnick et al., 2004) and the
red dot indicates our result. The black dots represent théopfetric result of Andersen et al. (2011) and
the horizontal line is the average ratio of the cluster, wit dashed lines showing the-Error interval
(Andersen et al., 2011).









Chapter 3

Searching for Planetary Mass Objects in the
Taurus Molecular Cloud

The TMC is a nearby, young star forming region. Therefores dne of the best places to investigate the
population of PMOs. In order to find PMOs in the TMC, we coneédobptical and infrared imaging with
SubarySuprime-Cam and OATSLE. We combined the imaging catalogue with other infrgpedtome-

try data sources , UKIDSGECS, UKIDS3GPS, Spitzer and WISE. From several color selection criteria
and proper motion analysis, we selected several PMO catedidand obtained three spectra from these
candidates using SubdaCS.

3.1 Observation and Data

3.1.1 Optical Imaging

In order to search for faint PMOs in the widely spread TMC, rstriument with high sensitivity and wide
FOV is essential. The Suprime-Cam, on the Subaru Telesoopsjsts of 5< 2 arrays of 204& 4096
CCD detectors and provides a FOV of 3427 with a pixel scale of 02’ (Miyazaki et al., 2002). The
Suprime-Cam is the best instrument for studying a wide af@&A& and can achieve a sensitivity down to
a few My

We observed the TMC during November 20-21 in 2009. We usedoptical band filtersj” andZ
which enabled us to separate cool late-type stars from-egvy stars by combining infrared data. In order
to reduce the influence of bad pixels and cosmic rays, eaatefl@as observed with telescope dithering.
Before and after each run, we obtained the sky flat framesamikidields. The observation was conducted
under good conditions (seeirg1.0”), except for the TAUII1 region, which was obtained at low raiass
(~ 2.0). Also, we could not observe the TAUV3 and TAUV4 regionshiait-band since the weather turned
cloudy at the end of the Nov. 21 run. It isfliicult to cover the entire region of the widely spread TMC and
we therefore focused on the high stellar density regiongasribed in Fig.3.1.1. It is known that the region
includes many stars and BDs, and thus we can expect to find PNM¥@sobserved several photometric

34
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Table 3.1: Summary of the Suprime-Cam observations

Obs. Date Completeness

GCS

Field R.A. (J2000) Decl. (J2000) Exp. Time Seeing [2009.addh. [AB,mag] coverage
Name [hh:mm:ss.s] [dd:mm:ss] [se¢lt) [](i'/Z) (i"/2) (i"/Z) (JK) [%0]
TAUIIL 04:18:35.3 +28:23:01 7050 1.41.2 11.2011.20 24.23.5 37100
TAUII1 04:39:05.5 +26:06:51 2312025 1.00.7 11.2¢11.20 25.725.1 10014
TAUNI2 04:39:06.5 +25:35:37 2732025 1.00.8 11.2¢11.20 25.724.9 10065
TAUIII3 04:40:32.4 +25:36:00 208980 1.00.7 11.2¢11.21 25.24.6 10057
TAUIII4 04:40:32.2 +26:07:35 2211440 1.00.7 11.2¢11.21 25.%24.5 1000
TAUV1 04:33:26.0 +23:00:32 2400800 0.61.0 11.2111.21 25.24.5 Q100
TAUV2 04:33:26.0 +22:34:08 192H980 0.40.8 11.2111.21 25.24.1 100100
TAUV3 04:35:19.7 +22:34:09 /1650 /0.7 /11.21 /24.7 Q100
TAUV4 04:35:19.7 +23:00:36 /1700 /0.7 /11.21 /24.7 Q100

standard stars at the same air mass as the science framels wée selected by Smith et al. (2002).

3.1.2 Near-infrared Imaging

The color-magnitude and color—color diagram combiningoapand infrared data is a useful tool for distin-
guishing young stellar objects from Galactic field stars.Usfed optical data obtained with Sub&@uprime-
Cam and infrared data from the UKIDS8FCAM Galactic Cluster Survey and Galactic Plane Survey.
However, since the UKIDS&CS and GPS are ongoing projects, the infrared data did magpletely cover
our optical data. Therefore, we conducted near-infrareabing of some planetary mass candidates se-
lected based on Suprime-Cam optical data.

We observed several PMO candidates during November 29 terDlaer 4 in 2012 and September 23
to 29 and December 2 to 4 in 2013. First, we usédaand filter to follow up the PMO candidates which
were not observed in both UKIDSS GCS and GPS, and thus waeretedlbased only on optical data. Com-
bining theK-band data and optical data, we selected probable PMO catedicand then we observed the
candidates with)- andH-band filters. Also, we observed an L-type candidate in Ta2iv04342331)
to estimate the proper motion, although this object was douo Suprime-Cam field. In order to reduce
the influence of bad pixels and cosmic rays, each frame was\ada$ with telescope dithering.

3.1.3 UKIDSS Galactic Cluster Survey/ Galactic Plane Survey

For combination with our deep optical data, we used a hugauatrad near-infrared data from the UKIRT
Infrared Deep Sky Survey (UKIDSS; Lawrence et al. 2007 hgeed with WFCAM (Casali et al., 2007) on
the 3.8-m UK Infrared Telescope (UKIRT) in Hawaii. WFCAM Hasir 2048x 2048 Rockwell devices, at
94% spacing. The pixel scale of 0.4 arcsec gives an exposddsgle of 0.21 sq. degrees. The UKIDSS
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Figure 3.1: Our FOV in Taurus. The red square boxes represanbbservational field, which focused
on the high stellar density regions. The symbols indicagekihown members in Taurus (Guieu et al.,
2006; Luhman, 2006; Luhman et al., 2009, 2010; Kraus & Hilamd, 2007; Rebull et al., 2010, 2011),
namely early type objects (Spd M6; green crosses), late M type objects (Sp™M6; red circles) and
2MASSJ 043737062331080 (2M043+¥2331), which is an LO object reported in Luhman et al. (2009)
(blue diamond). The background image is the visual extimathap (Dobashi, 2011).
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Table 3.2: Summary of the ISLE observations

Object Name R.A. (J2000) Decl (J2000) Band Exp. Time ObseDat
[hh:mm:ss.ss] [dd:mm:ss.s] [min] [yyyy.mm.dd]
taul152 04:17:31.39 +28:16:21.6 H 90 2013.12.04
tau1907 04:17:49.18 +28:19:01.1 H 60 2013.09.23
tau2229 04:18:00.58 +28:25:48.6 H 28 2012.11.29
J 36 2013.09.28
tau2370 04:18:05.65 +28:36:58.0 J 60 2012.11.29
H 60 2012.11.29
K 60 2012.11.29
tau4426 04:18:59.82 +28:24:12.4 ] 60 2013.09.23
H 60 2012.11.29
taul6696 04:32:40.28 +23:11:39.6 K 60 2012.12.04
taul7907 04:32:43.87 +23:13:125 K 60 2012.12.04
tau43800 04:33:51.72 +22:42:00.0 J 60 2013.09.28
tau49818 04:34:06.44 +23:17:33.0 K 60 2012.12.02
taul11618 04:38:07.47 +25:50:48.1 K 60 2012.12.04
tau113963 04:38:14.32 +26:05:459 K 30 2012.09.25
K 60 2012.12.04
tau130655 04:39:14.62 +26:01:33.1 H 90 2013.09.24
taul36414 04:39:47.25 +26:17:329 K 60 2012.12.04
taul36525 04:39:48.10 +26:01:07.5 J 60 2013.09.28
taul36744 04:39:49.53 +26:09:14.7 K 60 2012.12.04
taul40677 04:40:14.41 +25:37:425 H 60 2013.09.23
taul45277 04:40:34.36 +26:04:34.2 K 10 2012.11.29
K 60 2012.12.02
taul47881 04:40:46.67 +25:29:31.7 H 90 2013.12.04
taul51260 04:41:03.01 +25:29:40.6 H 90 2013.12.04
taul54866 04:41:20.59 +25:55:19.5 H 90 2013.09.24
2M0437+2331 04:37:37.05 +23:31:08.0 K 10 2013.12.02
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is a set of five surveys and aims to study BDs, high-redshitydatarburst galaxies, elliptical galaxies,
galaxy clusters at redshiftsd.z < 2, and the highest-redshift quasarz at7.

The Galactic Cluster Survey (GCS) aims to covel000 deg in 10 star-forming regions and open clus-
ters down to M3—-Q01 M, to investigate the universality of the IMF. Each clusterdsered inZ, Y, J, H,K) =
(20.4,20.1,19.6, 18.8,18.2). We obtained data of observations of the TMC from the ta343S data release
(DR) to date, DR10 on January 14, 2013 through the WFCAM Seiekrchive (WSA; Hambly et al.,
2008).

The Galactic Plane Survey (GPS; Lucas et al., 2008) is dedigmcover the entire northern and equatorial
Galactic plane that is accessible to UKIRT in &-4@de band around the sky. There is also a narrower
southern extension to the Galactic Center and a 200 sleyey of the Taurus—Auriga—Perseus molecular
cloud complex. The & depth is ¢, H, K) = (19.8,19.0, 181) given by Warren et al. (2007) about DR2,
whose depth is spatially variable. We use the latest GPS D&8ded from February 17, 2012.

3.1.4 Spitzer and WISE Catalogue

The Spitzer catalogue data is referred to as the TauBadzer Survey, and is described in Padgett et al.
(2008). It covers~ 44 ded using the Infrared Array Camera (IRAC;634.5,5.8, and §m; Fazio et al.
2004) and Multi-band Imaging Photometer (MIPS &pitzer; 24, 70 and 16Qum; Rieke et al. 2004), and
is a Spitzer Legacy Project. We obtained the catalogue data through &@®ANPAC Infrared Science
Archive.

WISE data acquisition and reduction are discussed in Wright.¢2@alL0) and Jarrett et al. (2012), and in
the Explanatory Supplement to thid SE Preliminary Data Release Products. There are WL8E bands,
with central wavelengths at 3.4, 4.6, 12 andu@2, and a spatial resolution of 12" at 22um). The four
bands are often referred to as W1, W2, W3 and W4. We obtaindke afWISE All-Sky Data Release
(Cutri & et al., 2012) through the VizieR database (Ochsenéeal., 2000)

3.1.5 Near-Infrared Low Resolution Spectroscopy

We selected PMO candidates from our photometry and obsé#nvee spectra out of these candidates. The
spectra were obtained using SuUbHRCS+AO188 which incorporates two 1024 1024 ALADDIN 1l
arrays which are sensitive from3-56 um (Kobayashi et al., 2000). The IRCS provides two plate scale
20 and 52 mas per pixel, producing FOV of 21” and 54", respebti We selected the 52 mode an@'Tslit
width for HK grism spectroscopy covering 1.4—2um with R ~ 320. We conducted grism spectroscopy
using AO188 and the laser guide star (LGS) mode. The obsematis conducted on October 5 in 2013
under a partly cirrus condition. In order to subtract thekigaound noise, we nodded the telescope pointing
(ABBA) at each exposure. We conducted 2—4 sets of 240-seasex@ on each science frame. Dome
flat frames and comparison frames were acquired at the endsefreation. We observed F-type stars to
measure the telluric absorption at the interval of eacmsei®bject acquisition.
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Table 3.3: Summary of the IRCS observations

Object Name Exp. Time

taul907 240x 4 ditheringx 2
tau4426 240x 4 ditheringx 4
taul154866 240g 4 ditheringx 4

Other information
Obs. Mode Long-slit spectroscopy with LGS AO188

Obs. Date 2013.10.05
Slit Width 0.6”

Grizm HK500 (14 — 2.5 um)
Resolution ~ 320

Pixel Scale 52 mdpixel

3.2 Data Reductions

3.2.1 Optical Imaging Data

The raw data were processed using the pipeline software EDRRdicated to the Suprime-Cam (Yagi
et al., 2002; Ouchi et al., 2004) in the usual manner. For tbegssed images, the PHOT and DAOPHOT
in IRAF package was used for the aperture photometry anddime-ppread-function (PSF) photometry of
the resolved stars.

The raw data were reduced by the standard procedure usinREEDFEach raw image was bias-
subtracted and trimmed, flat-fielded by self flat image, digto and atmospheric dispersion corrected,
PSF checked and matched, sky-subtracted and combinedusudaémanner. In order to get high accuracy
photometry, we conducted PSF photometry for objects hawaighbors within XxFWHM, and conducted
aperture photometry for the other isolated objects. TheiR8&el of each processed image was generated
and fitted to the sources by using DAOPHOT in the IRAF packagke scripts for semi-automatic PSF
photometry, AUTODAO provided by Dr. Noriyuki Matsunaga. €l'procedure to produce a photometric
catalogue of each object is as follows:

Photometry

1. Detect the peaks of flux above the local background frorh paecessed image with a-detection
threshold, and perform aperture photometry on the objeittsradius 2'.

2. Generate the PSF model template of each image from 30t ls@hted stellar objects selected from
the aperture photometric catalogues.

3. Compute coordinates and magnitudes of initial objectsttiyg the PSF model with goodness of fit
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statisticchi and image sharpness statistar pness parameters.

4. Estimate the value of the aperture correction, which mestdded to the fitted magnitudes to produce
the total magnitude, by computing the mean magnituierdince between the fitted magnitudes and
the aperture photometry magnitudes computed through the kperture of several bright isolated
stars.

5. The instrumental magnitudes of sources in the images eatiteated using the photometric standard
stars of Smith et al. (2002), observed with same air masseascience frame during each run.

6. As a photometric catalogue, we applied the magnitudebeoPISF photometry for objects having
neighbors within XFWHM, and performed aperture photometry for the other ieol@bjects.

An astrometric calibration was performed using the 2MAS#P8ource Catalogue as a reference cata-
logue (Cohen et al., 2003) since the quality of the world dowte system (WCS) originally embedded
in the science frames was poor. Aperture photometry with PM@s conducted for brighter sources and,
at first, the WCS correction with WCSTools was conducteduphomatching the coordinate catalogue
of our science frames with the 2MASS catalogue. This procapsoved the astrometric precision to a
few subarcsec. However, the WCSTools are limited in the rarmbavailable reference positions 60
points), which limits the precision of the astrometry. Imder to improve the precision, we ran SCAMP
(Bertin, 2006) to obtain a third order polynomial fit to thetdirtions with about 1,000 2MASS sources and
corrected the WCS coordinate using this. As a result, weddbe mean astrometric errors to €100
mas in both the right ascension (R.A.) and declination (Delitections.

We estimated the completeness limit in the images from te®¢iiam of the detected magnitudes in
our photometry. From the histogram of the TAUIII1 field, shoin Figure 3.2, we found the completeness
limits to bei’ = 25.7 andz = 25.1 in this field. We show all the results in Table 3.1.

3.2.2 Near-Infrared Imaging Data

The raw data were processed in the usual manner using @itware provided by Dr. Akihiko Fukui.
For the processed images, the PHOT in the IRAF package wddarsaperture photometry.

The raw data were reduced using the standard procedure. reacimage was dark subtracted, flat
fielded by a self-flat image, mode count subtracted cBpped and combined on average. We conducted
aperture photometry with the PHOT in the IRAF package. Wedédhe peaks of the flux above the local
background from each processed image withradétection threshold, and perform aperture photometry
on the objects with radius.2’. The instrumental magnitudes of the sources in the images gadibrated
using several bright 2MASS sources in the same FOV. We cdaedastrometric calibration of the science
frames in the same way §8.2.1, but without the SCAMP procedure due to the small nurab2MASS
objects in our FOV. As a result, we found the mean astrometrars to be- 250 mas in both the R.A. and
Decl. directions. To correct for reddening caused by theagwdbr cloud, we estimated the visual extinction
value by comparing the observed and the intrinsic YSO catagnitude isochrones. As an intrinsic YSO
color—magnitude isochrone, we used a synthetic stellduswoal isochrone (BT-Settl: Allard et al., 2010).
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Figure 3.2: Histogram of the objects in the TAUIII1 field. Ttog panel shows thié-band histogram and
the bottom panel shows tlzeband histogram. The completeness limit of each FOV is detexd from the
peak of the histogram.



3.2. DATA REDUCTIONS 42

When an object had- andK-band data, we appliedkK vs J plane for an A estimate. Otherwise, when
the object was not detected, we calculated the lower limis®a 3 upper limit of theJ-band magnitude.
We assumed the extinction law, R 3.1, (Aj/Av, An/Av, Ax/Av)=(0.282, 0.190, 0.114) (Cardelli et al.,
1989).

3.2.3 Near-Infrared Spectroscopic Data

We reduced the near-infrared spectroscopic data in thelatdmanner as described §2.2. In order

to calibrate the wavelength of these data, we identifiedratop@s and determined the wavelength—pixel
relation in the comparison frame. We then adopted the ogldt the science frames. Since the influence
of distortion was negligible, we did not correct the arragtdition. We corrected the visual absorption of
objects using thé, value measured i§3.2.2 and the reddening law of Cardelli et al. (1989).
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3.3 Analysis

In order to select PMO candidates before performing spsctqomy, we used color—-magnitude and color—
color diagrams. We conducted SED fitting of the synthetic SED to the observed fluxes to dethese
photometric parameters. To plot the parameters on an HRalfggve selected young PMO candidates.
For spectroscopic datg?-fitting was conducted between the observed and syntheditrspto derive their
effective temperatures and surface gravity.

3.3.1 Sample Selection for Spectroscopy

We selected probable candidates for spectroscopic oltgsrzsed on these colors as follows.

I, Z, K Detection —We had access to multi-color photometric data from SytSanrime-Cam,
UKIRT/WFCAM, OAQ/ISLE, Spitzer andWI SE. We chose to use the, Z- andK-bands from the data sets
as the detection criteria because these three bands cogepfraur FOV with high sensitivity. Therefore,
we do not use the data for TAUV3 and TAUV4. In order to avoid tioearity, we set the bright limit of
the magnitude a = 16.8 andz = 16.6. Also, we removed faint objects with large errassQ.2mag).

I, Z, K Color Selection — We conducted color selection with tfte’ K color to distinguish red
embedded objects in the parent cloud from blue Galactic §&gds. In star forming regions, young stellar
objects become redder due to extinction from the parent&cuntar cloud and infrared excess from the cir-
cumstellar material. Therefore, we selected redder abjbein the color predicted by synthetic isochrones
of young stellar objects (BT-Settl model). As describediguife 3.3, our criteria successfully distinguishes
most of the known members from the population of field stars.

Color Selection CombiningpitzerAVISE Photometry —By using theSpitzer AWM SE color, we
removed early spectral type stars from our sample. We pl&ttewn late-type members§16) and known
M type field stars in th&-[4.5] vsi’—K plane, and we chose a border line alongAgevector to select all
late-type members. We removed bluer objects to the setebtader line, whose uncertainty Spitzer or

WISE photometry is less than 0.2 mag.

Ay limitation — In order to our results with previous works in Taurus, we ctele the sample within a
extinction valueAy < 4, which is the same manner as the previous works (e.g.,Brieeal., 2002a; Guieu
et al., 2006; Luhman, 2006) and reduces the backgroundatémination. Using the Taurus member list
provided by Kenyon et al. (2008), we found that over 50% mashave a lower extinctioA, < 4 in our
FOV. Therefore this value is high enough to include a largalmer of members in our FOV.

In our FOV, there were 94 objects observed in previous ssuffiiieu et al., 2006; Luhman, 2006;
Luhman et al., 2009, 2010; Kraus & Hillenbrand, 2007; Reletlal., 2010, 2011), and nine objects of
these were late M-type objects. Since most of the known mesnbere brighter than our bright limit of
magnitude, only 10 objects were left before our color s@ectWe selected three red K-type objects and



three mid—late M-type objects, and removed early blue mesab&e cannot select late M-type members
that are brighter (younger) than our limit, but we succdgsfeamoved only blue early type members.
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Table 3.4: Astrometry data

Object R.A. (J2000) Decl (J2000) u,cosf)  x° Us x¥> Ngi® Baseline
Name [hh:mm:ss.ss] [dd:mm:ss.s] [mas] [mas] [year]
PMO candidates
taul907 04:17:49.18 +28:19:01.1 13 33 23 -146+27 172 5 6.0
taul54868 04:41:20.58 +25:55:19.5 -35+49 0.6 -31+44 0.0 4 5.0
Other substellar mass candidates
tau677 04:17:22.77 +28:24:35.5 18 34 76 -10+34 2.8 4 4.0
taul152 04:17:31.39 +28:16:21.6 -2+38 0.4 31+ 37 4.6 4 6.2
taul835 04:17:47.36 +28:29:16.1 24 35 1.3 31+ 35 8.7 3 4.0
tau2751 04:18:16.53 +28:20:03.5 199 0.1 -16+9 0.3 5 13.9
tau4426 04:18:59.82 +28:24:12.3 0: 28 0.2 6+ 28 3.4 5 6.0
taud2771 04:33:49.12 +22:55:50.8 -67+39 20.2 -168+39 915 4 3.4
tau43800 04:33:51.72 +22:42:00.1 =32 37 -2+32 1.3 4 3.9
taul12291 04:38:09.46 +26:16:05.8 -3+11 3.2 2+ 22 1.7 4 11.5
taul12603 04:38:10.42 +26:14:18.7 1511 23 -9+23 1.6 5 11.5
taul28633 04:39:05.52 +25:51:42.0 -1+10 0.3 1+ 10 0.4 5 11.6
taul30655 04:39:14.62 +26:01:329 -16+48 1.0 -16+x47 1.1 5 5.0
taul31362 04:39:18.37 +25:47:47.5 14 0.1 -14+15 3.2 5 11.6
taul31458 04:39:18.81 +25:33:53.2  46:88 0.1 16888 2.6 4 1.6
taul33861 04:39:31.36 +25:43:13.1 124112 0.2 9& 112 1.0 3 11
taul34791 04:39:36.89 +26:23:07.6 -109+93 6.1 84+ 93 1.8 4 1.7
tau134902 04:39:37.56 +25:49:59.0 -11+94 15 -124+94 238 4 1.7
taul36525 04:39:48.09 +26:01:07.4 -14+122 1.2 116122 0.1 3 11
tau136896 04:39:50.71 +25:36:56.3 26- 86 0.1 -24+86 0.1 4 1.6
taul40677 04:40:14.41 +25:37:42.4 -25+24 0.2 55+ 45 6.1 5 5.0
taul41495 04:40:18.27 +25:23:06.7 -272+97 3.0 7+ 97 0.0 4 15
taul43361 04:40:26.40 +25:27:29.6 69 90 1.2 26390 29 4 1.7
taul46563 04:40:40.02 +25:21:24.0 5120 05 -18+24 0.1 5 11.6
taul47881 04:40:46.66 +25:29:31.6 3@ 59 1.3 76+ 30 0.1 5 5.2
taul51260 04:41:03.00 +25:29:40.5 -16+44 1.0 -80+36 13.7 5 5.2
taul56562 04:41:28.69 +25:34:12.8 -108+89 1.3 -202+89 7.1 4 1.6
Objects rejected by SED fitting due to the higfeetive temperatures
tau1908 04:17:49.19 +28:24:30.7 Q9 0.3 11+ 9 1.8 5 13.9
tau2154 04:17:57.83 +28:19:59.0 2334 100 -7x+34 0.5 4 4.0
tau2229 04:18:00.58 +28:25:48.6 15-34 55 27+ 34 4.2 4 4.0
tau2605 04:18:12.72 +28:26:13.2 1% 34 02 -12+34 1.1 4 4.0
taul12147 04:38:09.02 +26:08:01.4 2@ 17 0.7 2+ 25 0.3 5 11.5
taul15576 04:38:19.38 +25:55:26.1 -59+94 0.6 -99+94 1.1 4 1.7
taul28647 04:39:05.58 +25:51:29.7 -72+95 0.0 6+ 95 0.1 4 1.6
taul33247 04:39:27.89 +25:40:19.0 3993 0.2 -3+93 0.3 4 1.7
taul35352 04:39:40.28 +25:49:07.1 9: 93 1.7 -125+93 1.6 4 1.7
tau135992 04:39:44.58 +25:43:08.3 -1+10 0.0 7+ 10 0.0 4 11.1
tau140208 04:40:12.21 +26:05:33.2 -54+112 0.3 -20+112 0.6 3 11
taul50424 04:40:59.19 +26:08:44.7 -152+93 4.7 157+93 3.7 4 1.7
taul56932 04:41:31.32 +25:27:17.7 213 26 -19+13 0.0 4 11.1
Objects rejected from CM-diagram based on the data provrded our observation
tau2370 04:18:05.65 +28:36:58.0 - - - - - -
taul7907 04:32:43.87 +23:13:12.5 - - - - - -
tau49818 04:34:06.44 +23:17:33.0 - - - - - -
taul11618 04:38:07.47 +25:50:48.1 - - - - - -
taul113963 04:38:14.32 +26:05:45.9 - - - - - -
taul36414 04:39:47.25 +26:17:32.9 - - - - - -
taul36744 04:39:49.53 +26:09:14.7 - - - - - -
taul45277 04:40:34.36 +26:04:34.2 - - - - - -
Note.

a Selected for spectroscopy.
b The number of data points used in measurement of the propiEmo
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Table 3.5: Opticghear-infrared photometry data
Object i’ z J H K 1 12
Name (AB)[mag] (AB)[mag] [mag] [mag] [mag] [mag] [mag]
PMO candidates
taul907 2451+ 0.15(1) 2210+ 0.03(1) 1891+ 0.18(4) 1764+ 0.04(1) 1677+ 0.04(2) 1665+ 0.13(6) 1630+ 0.34(6)
taul54868 24.77+ 0.06(1) 2233+ 0.02(1) 1906+ 0.13(2) 1776+ 0.04(1) 1692+ 0.06(2) - -
Other substellar mass candidates
tau677 2486+ 0.19(1) 2225+ 0.03(1) 1878+ 0.16(2) - 1657+ 0.03(2) 1594+ 0.06(5) 1577+ 0.11(5)
taul152 2461+ 0.11(1) 2207+ 0.03(1) 1911+ 0.15(2) 1762+ 0.04(1) 1676+ 0.04(2) 1595+ 0.06(5) 1591+ 0.13(5)
taul835 249+ 0.18(1) 2233+ 0.04(1) 1940+ 0.28(4) - 1707+ 0.05(4) 1666+ 0.14(6) -
tau2751 228+ 0.02(1) 2029+ 0.01(1) 1686+ 0.14(7) 1499+ 0.08(7) 1392+ 0.00(2) 1328+ 0.01(5) 1309+ 0.02(5)
tau4426 2394+ 0.07(1) 2175+ 0.02(1) 1861+ 0.05(1) 1666+ 0.04(1) 1606+ 0.02(2) 1570+ 0.07(6) 1524+ 0.15(6)
taud42771 241+ 0.08(1) 2190+ 0.04(1) 1896+ 0.11(2) 1796+ 0.50(3) 1684+ 0.04(2) 1556+ 0.03(5) 1535z 0.06(5)
tau43800 234+0.18(1) 2270+ 0.03(1) > 2171(2) - 1685+ 0.05(2) 1666+ 0.13(6) 1549+ 0.19(6)
taul12291 2388+ 0.01(1) 2034+ 0.01(1) 1675+ 0.02(2) 1459+ 0.08(7) 1370+ 0.00(2) 1296+ 0.01(5) 1275+ 0.02(5)
taul12603 232+ 0.02(1) 2099+ 0.01(1) 1718+ 0.03(2) 1500+ 0.09(7) 1409+ 0.00(2) 1327+ 0.01(5) 1310+ 0.02(5)
taul28633 2%6+ 0.03(1) 2120+ 0.01(1) 1728+ 0.03(2) 1527+ 0.07(7) 1430+ 0.01(2) 1377+ 0.02(5) 1347+ 0.02(5)
taul30655 287+ 0.04(1) 2156+ 0.01(1) 1849+ 0.07(2) 1724+ 0.03(1) 1647+ 0.04(3) 1646+ 0.14(6) 1596+ 0.29(6)
taul31362 249+ 0.10(1) 2269+ 0.02(1) 1798+ 0.05(2) 1567+ 0.16(7) 1459+ 0.01(2) 1388+ 0.02(5) 1370+ 0.03(5)
taul31458 237+ 0.13(1) 2280+ 0.02(1) 1930+ 0.15(2) - 1680+ 0.05(2) 1684+ 0.15(5) -
taul33861 256+ 0.15(1) 2309+ 0.03(1) 1912+ 0.13(2) - 1615+ 0.03(2) 1530+ 0.07(5) 1519+ 0.10(5)
taul34791 232+ 0.14(1) 2243+ 0.02(1) 1905+ 0.14(2) - 1639+ 0.04(2) 1650+ 0.13(6) 1619+ 0.38(6)
taul34902 232+ 0.03(1) 2143+ 0.01(1) 1799+ 0.05(2) - 1565+ 0.02(2) 1493+ 0.04(5) 1481+ 0.06(5)
taul36525 226+ 0.14(1) 2276+ 0.02(1) > 20.09(2) - 1709+ 0.06(2) 1687+ 0.16(6) -
taul36896 285+ 0.18(1) 2297+ 0.03(1) 1897+ 0.11(2) 1649+ 0.03(2) 1572+ 0.08(5) 1533+ 0.10(5)
taul40677 2%3+0.13(1) 2293+ 0.02(1) 1971+ 0.22(2) 1812+0. 06(1) 1727+ 0.06(2) - -
taul41495 254+ 0.14(1) 2308+ 0.03(1) > 20.58(1) - 1729+ 0.08(2) - -
taul43361 281+ 0.08(1) 2348+ 0.01(1) 1973+ 0.19(2) - 1716+ 0.06(2) - -
taul46563 289+ 0.01(1) 2091+ 0.01(1) 1759+ 0.03(2) 1589+ 0.15(7) 1508+ 0.01(2) 1449+ 0.03(5) 1421+ 0.04(5)
taul47881 2%7+0.01(1) 2287+ 0.02(1) 1888+ 0.09(2) 1720+ 0.07(1) 1605+ 0.02(2) 1548+ 0.06(5) 1503+ 0.07(5)
taul51260 2®1+ 0.20(1) 2337+ 0.04(1) >1932(2) 1857+0.10(1) 1771+ 0.10(2) - -
taul56562 247+ 0.09(1) 2248+ 0.02(1) 1904+ 0.10(2) - 1643+ 0.03(2) 1555+ 0.06(5) 1520+ 0.08(5)
Objects rejected by SED fitting due to the higfeetive temperatures
tau1908 238+ 0.07(1) 2122+ 0.01(1) 1700+ 0.03(2) 1478+ 0. 07(7) 1367+ 0.00(3) 1289+ 0.01(5) 1220+ 0.01(5)
tau2154 285+ 0.15(1) 2250+ 0.03(1) 1865+ 0.14(2) 1572+ 0.02(2) 1503+ 0.05(5) 1486+ 0.06(5)
tau2229 287+ 0.19(1) 2254+ 0.03(1) 2001+ 0.11(1) - 1714+ 0.06(2) 1663+ 0.12(6) 1675+ 0.50(6)
tau2605 2482+ 0.15(1) 2227+ 0.02(1) 1864+ 0.14(2) - 1566+ 0.02(2) 1517+ 0.05(5) 1496+ 0.09(5)
taul12147 2384+ 0.02(1) 2081+ 0.01(1) 1764+ 0.04(2) - 1510+ 0.01(2) 1453+ 0.03(5) 1393+ 0.03(5)
taull15576 287+ 0.01(1) 2068+ 0.01(1) 1769+ 0.04(2) - 1542+ 0.01(2) 1478+ 0.03(5) 1486+ 0.07(5)
taul28647 233+ 0.01(1) 2041+ 0.01(1) 1669+ 0.02(2) - 1384+ 0.00(2) 1327+ 0.01(5) 1312+ 0.02(5)
taul33247 240+ 0.06(1) 2223+ 0.02(1) 1852+ 0.08(2) - 1531+ 0.01(2) 1460+ 0.03(5) 1453+ 0.04(5)
taul35352 242+ 0.09(1) 2253+ 0.02(1) 1903+ 0.12(2) - 1584+ 0.02(2) 1529+ 0.05(5) 1522+ 0.08(5)
taul35992 220+ 0.01(1) 2010+ 0.00(1) 1630+ 0.01(2) - 1333+ 0.00(3) 1207+ 0.01(5) 1193+ 0.01(5)
tau140208 237+ 0.10(1) 2292+ 0.02(1) 1877+ 0.11(2) - 1565+ 0.02(2) 1501+ 0.04(5) 1510+ 0.09(5)
taul50424 251+ 0.13(1) 2316+ 0.03(1) 1915+ 0.12(2) 1593+ 0.02(2) 1506+ 0.04(5) 1472+ 0.05(5)
taul56932 2®6+ 0.02(1) 2099+ 0.01(1) 1734+ 0.02(2) 1573+ O 14(7) 1455+ 0.00(2) - -
Objects rejected from CM-diagram based on the data providadour observation
tau2370 295+ 0.20(1) 2270+ 0.04(1) - 1837+ 0.11(1) 1778+ 0.10(1) - -
taul7907 252+ 0.07(1) 2327+ 0.10(1) - - > 1825(1) - -
tau49818 254+ 0.07(1) 2223+ 0.05(1) - - > 17.95(1) - -
taul11618 256+ 0.20(1) 2301+ 0.03(1) - - > 1825(1) - -
taul13963 24+ 0.10(1) 2501+ 0.15(1) - - > 1825(1) - -
taul36414 2®7+ 0.13(1) 2356+ 0.02(1) - - > 1825(1) - -
taul36744 250+ 0.19(1) 2326+ 0.03(1) - - > 18.10(3) 1705+ 0.20 -
taul45277 2®1+0.17(1) 2350+ 0.03(1) > 17.95(1) - -
mﬂmmmm (6) WISE (7) ZMASS

a Selected for spectroscopy.
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Table 3.6: Selection status of previously known stellar BBdmass objects in our FOV

Object Name Other Name Spectral Type Status
tau2968 V410 Anon-24 Gl Rejected from CC
tau3221 V410 Anon-25 M1 Rejected from CC
tau3334 IRAS041542823 M2 Rejected from CM
tau3408 V410 X-ray-2 K6, MO Rejected from CC
tau3617 V410 X-ray-4 M3, M4 Rejected from CC
tau3648 LR1 K4.5 all passed
taul3609 IRAS042962251 K7 all passed
tau53269 CFHT-Tau-1 M7 all passed
taull4134 2MASSJ 04381488611399 M7.25 all passed
taul30517 IRAS043642547 K2 all passed
taul34539 IRAS043682535 K2 Rejected from CM
taul38359 CFHT-Tau-17 M5.5, M5.75 all passed
tau2437 V410 X-ray-3 M6,M5.75 Too bright
tau4085 KPNO-Tau-2 M6.75, M7.5 Too bright
tau4357 IRAS041582805 M6 Too bright
tau27327 CFHT-Tau-12 M6,M6.5 Too bright
taull6212 GM Tau M6.5 Too bright
taul28246 CFHT-Tau-6 M7.25 Too bright
taul36458 CFHT-Tau-4 M7 Too bright
taul152789 ITG34, CFHT-Tau-8 M6.5 Too bright

- ITG2 M7.25 Saturated
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Figure 3.3: Color—magnitude diagram. The left panel shdws’+Z vsi’ diagram and the right panel
shows the’-K vs i’ diagram. Black dots mean all observed objects, purple sguapresent selected
substellar mass candidates and yellow stars represent Riididates observed spectroscopically in this
work. Known member and field stars are provided from Guiel.2@06 and Luhman et al. 2006, which
are spectroscopic survey programs in Taurus. The theal&mchrones (BT-Settl; Allard et al., 2010) are
represented by the dashed line (1 Myr), the solid line (5 My the dash-dot line (10 Myr). The red arrow
means the reddening vector with = 4.
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red arrow means the reddening vector with= 4. The dashed line means the selection border color.
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3.3.2 Estimate of Photometric Physical Parameters

We estimate the photometriGs; by SED fitting and estimate the age and mass from the HR diagigen
fitted our observed flux to the synthetic flux and found the{figgig synthetic parameters. Along with
the Ter and luminosity calculated from the optigafrared magnitudes, we plotted the photomefiig and
luminosity on an HR diagram overlaid with the synthetic is@ne. By comparing the observed data with
a grid of the synthetic HR diagram, we estimated the photooiass and age of each object. Under this
criteria, we removed older field star candidates (afj&yr) from our sample data. The procedures of SED
fitting and HR diagram plotting are explained in the next sabtion. In order to estimate the photometric
physical parameters of our selected candidates, we coediyfitting of synthetic SED to the observed
flux. We restricted the fitting parameter ranges to 1808 K. < 4900 K and D < log(g) < 5.5. Also,

we adopted solar metallicity as the average Galactic nigitgll The fit process minimizes the value pf
defined as:

N

XZ _ 1 Z(Cfmod - 1Eobs)z (3.1)

N_n Uobs

whereN is the number of photometric pointsjs the number of fitted parameters for the modglgis the
theoretical flux predicted by the modé},s is the observed flux and,,sthe observational error in the flux.
C is the scaling coficient of f,,q With fy,s and is derived frondy?/dC = 0 for Equation 3.1:

_ (Z fobsfmod/o'obs)2
Z(fmod/o'obS)2 '

We show the result of this estimate of the photometric platparameters in Table 3.7, and find several
objects with very low temperature: (2000 K). To derive the photometric mass, we convgst to mass
using the theoretical evolutional isochrones with an agsliage o~ 1 Myr. As a result, we find several
PMO or BD candidates. In order to compare with previous wonkes finally select two objects, taul1907
and taul54866, as PMO candidates based on theiAlpow 4 and magnitude of thié&-band above our com-
pleteness limiti( > 24.1). In addition, we select a object, tau4426 as a low mass raefabspectroscopy.

(3.2)
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Table 3.7: Photometric physical parameters

Object Ay M; Y Ter l0g(g Age Mass IReR PMP
Name [mag] [mag] [K] [Myr]  [Mg]

taul907 2.7 1242 5.3e-1 1800 5 80 0.023 no -1
taul54866 4.2 12.14 1.%¢ 2100 55 >100 0.070 no -1
taue77 6.4 11.24 5.2e-1 2400 3.0>100 0.078 yes(SED) -1
taull52 7.0 11.41 2.4e-1 2700 3.5>100 0.094 no -1
taul835 5.2 12.20 3.8® 2400 3.0 >100 0.080 no -1
tau2751 9.3 851 2. 2800 4.0 10 0.046 no 1
taud426 8.6 10.45 8.6e-1 3400 3.5>100 0.255 no -1

taud2771 45 11.96 820 2400 3.0 >100 0.080 yes(SED) -1

tau43800 > 20 - - - - - - - -1

taull2291 105 8.06 228 3000 4.0 20 0.098 no 2
taul12603 11.0 835 7.9& 2800 4.0 10 0.048 no 1
taul28633 10.1 8.70 8.1& 2600 4.0 9 0.028 yes (SED) 2
taul30655 5.3 11.26 538 2500 3.5 >100 0.084 no -1
taul31362 13.0 858 12& 2600 4.0 7 0.028 no 1
taul31458 8.0 11.31 7.3e-1 2600 4.0>100 0.089 no -1
taul33861 11.8 10.06 2.6 3000 4.0 >100 0.120 no -1
taul34791 9.0 10.78 296 2800 3.5 >100 0.100 no -1
taul134902 8.1 998 85%@ 2800 4.0 >100 0.089 no -1
taul36525 > 9.0 - - - - - - - -1

taul136896 7.9 11.01 1886 2300 3.0 >100 0.044 no -1
taul40677 4.7 1265 6.6 1800 4.5 >100 0.039 no -1
taul41495 > 10.7 - - - - - - - -1

taul43361 7.1 12.00 2.+& 2300 3.0 >100 0.077 no -1
taul46563 6.6 10.00 2.3 2400 3.0 30 0.030 no 0
taul47881 7.2 11.12 4.3& 1800 35 <1 0.006 yes -1
taul51260 > 0.7 - - - - - - - -1

taul56562 8.7 10.86 286 2700 3.5 >100 0.094 yes(SED) -1

Note.

The values ofA, are measured from the— K vs J diagram. The2— fitting providey?, T, 10g(g). Age
and Mass are derived from the HR-diagram.

a8 SED means IR excess confirmed from the SED.

b |ndicating the status of the measured proper motion: 1. lin@se 10 yr, y?> < 5, consistent with the
Taurus motion within 1o-; 2. baseline> 10 yr, y? < 5, consistent with the Taurus motion withino2
baseline< 10 yr, ory? > 5



3.3. ANALYSIS 52

taul907, T=1800K, log(g)=5.0, 4,=2.7 taul54866, T=2100K, log(g)=5.5, A,=4.2 tau677, T=2400K, log(g)=3.0, A,=6.4
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Figure 3.5:Continued.
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Figure 3.6: Photometri€e; vs absolutel-band HR diagram. The lines indicate the synthetic HR-diagra
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3.3.3 Estimated Spectroscopic Physical Parameters

We obtained three spectra for our PMO and low mass candiddtesrder to derive the spectroscopic
physical parameters of the three objects, taul907, taudd@€u154866, we compare our observed spectra
to a grid of synthetic spectra and find the best-fit model inytheense. The procedure is the same as
that in §2.3, in which we used the BT-Settl model for the parametegearnl800K< T < 4900K and

3.0 < log(@) < 5.5., We also used the solar metallicity as the average valukeriTMC. In order to
minimize telluric contamination from water vapor, we regtthe regions for the fit 1.5-1.78n and 2.10—
2.38um.

We show the result in Table 3.8 and plot the observed andfbbaegiectra in Figure 3.7. We find that the
two best-fit spectra indicate a very low temperatdig < 2000 K), even though the observed spectra lack
water vapor absorption and clearly conflict with the bestfitdel spectra. We therefore speculate that the
uncertainty in theA, estimate from the color—-magnitude diagram degrades timgfitand we recalculate
the A, for a minimizedy? by usingAy as a free parameter in the SED fit. We show the result in Table
3.8 and Figure 3.7. We find that tlyé values improve and the best-fitting spectra reproduce thergbd
spectra well. However, since the recalculaggdor our targets increases above teestimated from their
colors, the fitting result shows that these objects are nangd®MOs, but rather are early-type field objects.
We will discuss the details of this procedure§id4.1.

Table 3.8: Spectroscopic physical parametgfsTq; and logg) provided by the? fit.

Object | Color-magnitude diagram SED fitting

Name | A® x* log(@) Ter |AP® x* log(@) Ter
taul907 | 2.7 1.8 50 1800 7.0 1.0 5.0 3500
taud4426 | 86 1.3 50 3600 89 1.2 50 3700

taul54866 4.2 3.6 5.0 1800 6.8 2.4 5.0 3100
Note.
aThe values of\y are determined from & - K vs J diagram.
b The values ofAy are determined from the SED fitting.

3.3.4 Proper Motion Analysis

Another way to determine the cluster membership of our catds is to analyze their proper motion.
Proper motion studies of stellar members of the whole TMGashawvide dispersion in proper motion.
Bertout & Genova (2006) provided average values and thelatdrdeviation for the proper motions of the
Taurus sample from Ducourant et al. (2005):

[, COSE) = 8.20+ 14.45 magyr
us = —20.82+ 13.84 magyr



3.3. ANALYSIS 57

3.5 3.5
. 3.0} .
taul907
- - :
o 1 o 2o
O O
+ + i
X . X 2.0f .
o tau4426 i | tau4426
(o e | |
o) . D 1.5F -
E T | " “
: - E 1] =
> tay154866 > | taul54866
0.5} Mﬂ% .
OO I I I I I : OO I I I I I ‘
14 16 18 20 22 24 14 16 1.8 20 22 24
Wevelength [pm] Wevelength [pm]

Figure 3.7: IRCS observed spectra (black) and best-fit gyiatispectra (red). The left panel shows the
result with Ay determined from the color—magnitude diagram. The righepahows the result with,
determined from the SED-fit. In order to minimize telluriotamination from water vapor, we restrict the
regions for the fit 1.5-1.78m and 2.10-2.3@m.
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This value is consistent with the median value of all Tauresbers, 4, cos¢) = 6.1 magyr andu; =
—21.0 magyr), provided by Luhman et al. (2009).

The proper motion space of Taurus members overlaps withothiéie Galactic field objects. Quanz
et al. (2010) simulated the proper motions of the Galacsc dnd halo objects using the Besangcon model
(Robin et al., 2003, 2004). The simulation shows that mastighnd sub-giant stars have a proper motion
of |u| < 5 magyr, and the fraction of these objects with proper motign< —10 magyr and 16< J < 18
is 3+ 1 %. The fraction for bright M giants would be even smalled #mus a proper motion measurement
with a long time baseline would reject the giant hypothedifowever, because the proper motion space
of disc dwarfs is more widely spreafl|(> 10 magyr) and overlaps with that of the Taurus members, the
proper motion cannot completely remove the field dwarf coiation. A 5% fraction of field dwarfs with
16 < J < 18 have a proper motion §i,| < 30 magyr andu; < —15 magyr.

Table 3.9: Astrometric properties in the catalogue usecttve proper motion

Catalogue Mean epoch Adopted error Ref. Mefinai
[year] [mas] R.A.[mas] Decl. [mas]

2MASS 1997-2000 100 (1) - -
GCS 2005-2012 100 (2) 7 9
GPS 2005-2008 100 (2) -12 14
WISE 2010 150 3) 30 -16
Suprime-Cam 2009 100 4) -5 -1
ISLE 2012-2013 ~ 200 (4) 33 10

Reference of adopted astrometric error : (1) Skrutskie.g2806); (2) Dye et al. (2006); (3)Cutri
et al. (2012); (4) This work

We determine the proper motions of our candidates from alatdnveighted linear fit (Teixeira et al.,
2000). To check the procedure, we calculate the proper motiging the published data for the globular
cluster 47 Tucanae (McLaughlin et al., 2006), and confirmaimgletely reproduce the published results
. We determine the proper motions of our candidates ovewallable multi-epoch positions, including
that of Suprime-Cam (assuming a 100 mas error), ISLE (withestimated errors), 2MASS (assuming a
100 mas error; Skrutskie et al., 2006), UKIDSS positionsifagng a 100 mas error; Dye et al., 2006), and
WISE All-Sky Database (assuming a 150 mas error; Cutri e28IL2). For fainter objects, the astrometric
errors increase due to their lowNs Therefore, for 2MASS, if the error in the original catal@gis larger
than the assumed error, we use the catalog error. We do trefsatte WISE data, but we calculate the
actual weighted mean position, epoch and standard dewviitbon the single exposure source table. For
our Suprime-Cam data, we always use the assumed error vabgetke astrometry is based on #tdand
image, which shows all candidates with gogtN%> 10). For UKIDSS astrometry, we apply the same
method since our candidates ardéfiently bright (K < 18) for UKIDSS sensitivity.

We present the measured proper motions in Table 3.4. Seslgjeadts with long time baselines (10
year) show good precisior (10 mas) in the proper motion. However, the majority havedatgcertainties
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due to faintness and a short time baseline. In order to checkneasurements, we calculated the proper
motions of the samples whose membership have been confisiedibstars or associated objects in Taurus
in the previous work. We show the results in Figure 3.8, whiga tnean values and standard deviations of
good solutions (time baseline5 yearsy? < 5):

U, COSP) = —0.25+ 1264 magyr

us = 0.30+ 1278 magyr (Galactic field stars)
[, COSP) = b5.24+7.66 magyr

us = —1572+ 826 magyr (Taurus member)

We use~ 900 field stars and 300 Taurus members in the calculation. We determine thesproption of
the field star samples to be nearly zero. The calculated propgon of the Taurus members is consistent
with the result of Bertout & Genova (2006), however the abtoVvalue along the Decl. direction is slightly
smaller than the previous calculated value. Thifedeénce might be explained by the coordinaftset of
each catalogue. For confirmation, we measure the m#&aat®f the catalogue positions to the 2MASS
counterparts. We used field star samples With< 14 (resultant sample number 400), and show the
result in Table 3.9. We find that most of the mediset is sificiently smaller £ 10 mas) than the adopted
error. We note though that the meafiiset along the R.A. direction of WISE and ISLE is slightly larg
than the others, but thefset has a smaller weight on the proper motion due to the |atyeraetric error.
Also, we found that the proper motion of the field star sampds wearly zero, and hence théeet of the
mean dfset in the catalogue coordinate is not likely to contribatéhie diference in the proper motions.
Rather, the dference in the proper motions can be explained by tfferénce in the catalogues used in
the calculation. Since all our astrometric data use the 2BIA8sition as the WCS reference, including
additional astrometric catalogues in the calculation deange the result . Therefore, we recalculated the
proper motion of Taurus members by including the USNO-A2@logue (Monet, 1998), which was also
used in a previous proper motion study of Taurus (assumi@gn2&ss error; Ducourant et al., 2005). We
used Taurus members includikg < 14 andB < 19 with a long time baseline of 20 years (with a
resultant sample number ef 150), and found that the measured proper motiopafos¢) = 5.15 +
4.02 magyr,us = —19.24 + 498 magyr, which is closer to the results of Bertout & Genova (2006).
Therefore, the dierence in the catalogue used in the calculation can expiaidiference in the measured
proper motion.

Unfortunately, the USNO-A2.0 catalogue is largely unafali for use as our Suprime-Cam counterpart
owing to its sensitivity. Meanwhile, the mean proper motdaurus members without the USNO-A2.0 is
still consistent with Bertout & Genova (2006). Therefordiil we compared the measured proper motions
with that of Bertout & Genova (2006), we regard proximity yrls one of the membership indexes, not
a definite index. Since the proper motion space of Taurus reesriargely overlaps that of Galactic field
stars, the method used in this work is relatively consergatiVe add the index of the proximity to Bertout
& Genova (2006) in Table 3.7.
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Figure 3.8: Proper motion distribution showing the propetions of known field stars (black), known
Taurus member (blue) and our substellar candidates (rédghvihave long baselines (10 yr) and good
2 values & 5). The green square indicates the range of the proper mapmrted by Bertout & Genova
(2006).
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3.4 Discussion

3.4.1 Survey Completeness

In this section we will consider the possibility that we hawessed some PMOs due to biases in the color
selection or in the parameter estimates.

Spatial coverage of Taurus member We check the coverage of our FOV for the distribution
of Taurus member. Using the average age of TaurdisMyr Kenyon et al., 2008) and the one-dimension
velocity dispersion{1kmys Luhman et al., 2009), we can estimate that the moving distahthe Taurus
members is~ 1 pc. Since our FOV is- 1° x 1° at most, we do not miss a large number of the stellar
members. As shown in Figure 3.1.1, our FOV for the TAUIII gnazovers most members associated with
the neighboring stellar group. Therefore, if the velocitypérsion of the PMOs was same as that of the
stellar members, we would not miss many PMO members.

Color-magnitude diagram —we plot 1 Myr and 5 Myr theoretical isochrones in Figure 3.8. |
addition, considering the age of Taurus (1-10 Myr; Kenyoal ¢2008), we compare the 10 Myr isochrone
with the 1 Myr and 5 Myr isochrones. In theK vsi’ plane, we find that the 10 Myr isochrone is similar
to the 5 Myr isochrone. On the other hand, in the vsi’ plane, the 10 Myr isochrone is similar to the
5 Myr isochrone, but becomes redder belowRg(, Therefore, we have not missed any PMO candidates
due to the model used in the selection. However, our seleatisses two known Class | objects in the
I’—=z vs Z plane due to their peculiar blue color. The high fraction ¢S | objects is associated with a
refraction nebular (Connelley et al., 2007), which scatthe light from a central star and causes a Class |
object to appear bluer. We missed such blue objects in oactseh, but Class | objects far from very
high extinction A, ~ 20) and our interest is in very cool objects with low extinatiA, < 4). Therefore,
this limitation is unimportant for our conclusion.

Color—color diagram —in this plane, we set the border to select all known BD mem{&p3>M6)
and reject many early-type stars. However, as seen in FRjdresince there is a large scatter in the color
of known background objects, we should check the SpT of tikameinants in our selection. We found
that most of the objects with 4 (32/34) will contaminate our selection field, and half of the @ltgewith
M3-M4 (6/11) will become contaminants. For abauM3, we reject most of such objects83), but since
there are few samples in the M1-M3 SpT range due to the coemass of previous research (Guieu et al.,
2006; Luhman, 2006), the contribution to our selection ilear. Therefore, we conclude the¥13 objects
from the Galactic field contaminate our color selection.

Ay estimate — We indicate that the\, estimate from SED fitting improves the value above that
from the color magnitude diagram §8.3.3. As described i§3.2.2, we calculated thg? using a value

of Ay estimated from the—K vs J diagram. TheA, estimate using the color-magnitude or color—color
diagram has been adopted in many studies of star formingnsgiince the procedure is simple and the
typical uncertainty is not significanA@, ~ 1). However, the method depends on the model or experimen-
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tal color used. For example, some authors might assumehibattrinsic stellard-K color is unity for the

Ay estimate, and this assumption is reasonable when we olgéree earlier objects whosé&-K color is
almost unity. However, if we focus on late M-type objectsTSpM9), we overestimaté,, since M9 or
late SpT objects clearly becomes redder tdald = 1. On the other hand, if we use a synthetic isochrone
of young low mass objects, we underestimateAhef Galactic field stars, which seem redder due to visual
extinction. Therefore, in studies focusing on faint PMOs, stiould more carefully estima#g. Then, as
described ir§3.3.3, we estimate th&, in minimizing they?-fit with three free parameter$e;, log(g) and

Ay (Alves de Oliveira et al., 2010). Hereafter, we call thgemeasured from the color-magnitude diagram
as Aycolor, and theA, measured from the SED fitting #§,sep. In this method, since we do not assume
an intrinsic color of the object of interest, we expect thatean calculaté,, without any assumption. To
confirm the validity of usindAysep, we checked whether we could reproduce Ajyevalue correctly using
SED fitting from artificial photometric data. We generatetifiaral data from photometry on the synthetic
spectra whose flux is scaled with tdeband magnitude setl(= 15 or 16), with the temperature arg
given by 2000 K< Te; < 4600 K and O< Ay < 20. We estimatd\, for the artificial data using the twa,,
determination methods. We show the results in Figure 3.9rabte 3.10. Our findings are: B cior has a
systematic error such that it will be overestimated for Ioilug; 2) the systematic error becomes worse for
fainter objects; 3Aysep has slightly larger dispersion, but no systematic erroseBlzon these findings, we
choose the result usiny, sep in this thesis instead of the result usiAgcoior -

Ter €Stimate — In the same manner as for tig estimate, we checked the validity of tfig; esti-
mate. We compare the calculatég: from SED fitting with the inpuil s, and show the results in Figure
3.10. For low visual extinctiod, < 10, we find a good agreement between the calculated and Tpput
except for inpufles ~ 3300 K. For high visual extinctioA, > 10, the dispersion of the calculatég; for
the input value becomes worse, and f#evalue increases>( 10). In the comparison between the previ-
ously estimated ¢ from spectroscopy and this work, we find a good agreementdtat €fiwarf stars, but
a discrepancy for field giant stars since our adopted sugemety (log@) = 3.0-5.5) cannot cover that of
giant stars (logf) ~ 0). Therefore, we conclude that our SED fitting procedurestartessfully reproduce
the dfective temperatures of BDs and PMOs wit: < 3000 K andA, < 10. On the other hand, we
should carefully treat the case Bf; > 3000K since we might fail to estimaféy of such early type stars.
However, it is unlikely that an object with an estimated temgure ofTe; > 4000 K is actually a very low
mass object witi ¢ < 2500 K.
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upper left panel shows the case fay < 10 and the upper right panel shows the casé{pr 10
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Table 3.10: Calculated, from synthetic photometry given by the inpi

Input Ay CalculatedA, — Input Ay
Avcoior® J = 15 | Avcolors J = 16 | Aysep®, J = 15,i’ZJIK | Aysep, J = 15,i’Z JHK
1 -0.2+0.9 -0.7+0.8 -0.0+05 -0.0+0.3
3 -03+11 -14+13 -0.2+0.9 -0.1+0.7
5 -04+11 -15+13 -05+12 -04+11
7 -04+11 -15+13 -04+11 -0.2+0.9
10 -04+11 -16+13 -06+15 -06+13
12 -04+11 -16+13 -0.7+16 -09+12
15 -05+11 -16+13 -0.8+17 -24+07
Note.

aThe values ofA\y are determined from a— K vs J diagram.
b The values ofAy are determined from the SED fitting.

3.4.2 Observational Features of Individual Objects

We compare the photometric parameters ugingor with those usindhysep, and summarize the features

of individual objects.

PMO candidates —We found that two PMO candidates and a low mass candidate €adehti-
fied as early type stars with spectroscopy. We show the pheitanyparameters of two PMO candidates
estimated fromAysegp in 3.11 and find that the PMO candidates might be early type ibjects.

Table 3.11: Photometric physical parameters of the PMOidatek

Object Ay M; X° Ter log(@ Age Mass IReR PMP

Name [mag] [mag] (K] [Myr]  [Mo]

taul907 7.0 11.21 3.1le-2 2700 4.5>100 0.094 no -1

tau4426 8.9 10.37 2.6® 3500 3.0 >100 0.353 no -1

taul54866 6.8 1141 7.7e-2 2600 4.5>100 0.089 no -1
Note.

The values of\, are measured from the—fitting. The?— fitting providey?, Ter, log(g). Age and Mass
are derived from the HR-diagram.
a8 SED means IR excess confirmed from the SED.
b Indicating the status of the measured proper motion: 1. lin@se 10 yr, y? < 5, consistent with the
Taurus motion within 1o; 2. baseline> 10 yr, y? < 5, consistent with the Taurus motion withino2

baseline< 10 yr, ory? > 5

From the analysis of Quanz et al. (2010), we should consmgiacnination from Galactic field dwarfs,
giants and carbon stars. A proper motion measurement witngtime baseline would reject the giant
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hypothesis. However, the short time baselire {0 yr) for our targets means that we cannot reject it.
Therefore, based on the appar&nmagnitude, we derived a range for the potential distanceutedthk—
M) for our candidates. Using

d = 10P2Mk-Mi)+1 (3.3)

we can estimate the physical distandeg@n pc) for our candidates if they were indeed carbon stargl or
giants. This shows that the minimum distances for thesectshyeould be over 140 kpc for carbon stars,
whose derived distances lie way beyond the currently knowane of our Galaxy. The minimum distances
would be around 100 kpc for mid-late M giants, which is s#hsonable. In the same way, if we assume
that these objects are field M dwarfs, we could estimate stanices to be 500—-1000 pc. Therefore, we can
reject the carbon star hypothesis, but it is likely that ésee objects are indeed background M dwarfs or
distant M giants.

Table 3.12: Typical absolut€-band magnitude of carbon stars and M-type giants and thresymynding
minimum and maximum distance module if our candidates wech sbjects.

taul907 tau4426 taul54866
My mk — Mk  Distance mg - Mk  Distance mg — Mk  Distance
[mag] [mag] [kpc] [mag] [kpc] [mag] [kpc]
Object Type Ref. makin maxmin maxmin maxmin maxmin maxmin maxmin

Carbon stars (1) -8&.7 24.7921.69 9018 23.8%0.79 600144 24.9421.84 972233
MOl —M7 11 (2) -7.6/-4.0 23.5919.99 522100 22.6919.09 34366 23.7420.14 560107
Reference. (1) Tanaka et al. (2007); (2) SIMBAD Astronorhizatabase (2MASS catalog; Hipparcos catalog)

Other substellar mass candidatesWe show the photometric parameters of other candidates esti
mated fromAysep in 3.13. We found that most of the candidates might be eaplg field objects. However,
we note that these objects do not always hdxdHK, which changes the resultant parameter from that
of the SED fitting, although it is unlikely that these objeats actually low mass BDs or planetary mass
members. In samples of highly embedded candidates Avitt 4, taul36896 might be BD mass candi-
dates. Therefore, a imaging follow-up with a long time besebr a spectroscopic follow-up to confirm
their membership is required. Five objects of our substedadidates appear to have infrared excess in the
SEDs. Two of them, tau2751 and taul28633, have similar proj&ions as the Taurus members. There-
fore, these objects might be young stellar objects. Howsugce our photometri€; has a relatively large
uncertainty, these objects appear older in the HR diagramconfirm their membership, a spectroscopic
follow-up is needed.

L-type member candidate: 2M0482331 — 2M04372331 has been identified as the first iso-
lated L-type member in the TMC (Luhman et al., 2009). The fiifieation as an L-type object in the
spectrum has been confirmed in the visual regime by Luhmah @099) and the near-infrared by Alves
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de Oliveira-2013. However, its location in the HR diagram indicates thatage of 2M043¥2331 might
be > 100 Myr, which is too old for the age of Taurus (1-10 Myr). Téfere, to confirm its membership,
we conducted the proper motion analysis of this object byrapd new data point taken with OAISLE.
Our analysis shows that the proper motionus ¢os¢) = 4 + 18 magyr, us = —50 + 20 magyr) using
an~ 15-year time baseline from 2MASS (1998) to ISLE (2013). Imparison with the proper motion
provided by Bertout & Genova (2006), the motion along the .Rikection from our data is consistent,
but the amount of proper motion along the Decl. directiorargér. We can explain this by assuming that
2M043 72331 has been ejected from its birth place, since the latafidM0437-2331 is relatively distant
from the dense stellar groups of the TMC. If this is the casepuld be very interesting for the formation
of PMOs since it might be direct evidence for the ejectiomac® in PMO formation. On the other hand,
there is a possibility that 2M04322331 is a contamination from a nearby association, namelteiades
moving group since the proper motion of 2M042B831 is nearer that of Pleiades, Cos¢) ~ 19 magyr,

us ~ —45 magyr; Robichon et al., 1999) than Taurus, and the age estinfietedHR diagram is consistent
with Pleiades (125 8 Myr; Staufer et al., 1998). The location of 2M0482331 is actually far away
(~ 10 deg) from the Pleiades center, but some distant Pleiaaedates have been reported by Frink et al.
(1997). However, it is diicult to conclude the membership of 2M0437331 because of the large uncer-
tainty in 2M043%2331's proper motion< 20 magyr). Since the infrared magnitude of 2M0487331
(Ks = 15.44) is fainter than the detection limit of the 2MASS detedt¢s = 14.3), the uncertainty in the
2MASS position is worse, although the time baseline figently long for a precise determination of the
proper motion (erk 10 mas). In addition, the faintness on the HR diagram couleikipéained by episodic
accretion in the early stage of stellar evolution (Bee&t al., 2009). Therefore, we must carefully consider
the membership of 2M0432331. A more precise position determination of 2M043331 will be useful
for this discussion.
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Table 3.13: Photometric parameters of other substellas weasdidates

Object Ay M, % Te log(g) Age Mass IReR PM°
Name [mag] [mag] [K] [Myr] [Mo]

au677 82 10.74 1.2e-2 2700 55>100 0.094 yes(SED) -1
taull52 7.8 11.18 3.0e-1 2900 5.0> 100 0.108 no -1
taul835 7.6 11.53 1.6e-1 2900 5.5>100 0.108 no -1
tau2751 11.5 7.89 1.24 4000 3.0 >100 0.631 yes (SED) 1
tau42771 6.6  11.37 4.8e-1 2800 3.5>100 0.100 yes(SED) -1
tau43800 - - - - - - - - -1
taull2291 11.9 7.66 1.6 4000 3.0 >100 0.631 no 2
taull2603 12.9 7.81 566 4000 3.0 >100 0.631 no 1
taul28633 13.5 7.74 266 4200 3.0 >100 0.692 yes (SED) 2
taul30655 6.3 10.98 5.8e-1 2700 3.5>100 0.094 no -1
taul31362 17.7 7.26 1.3 4800 3.0 > 100 0.851 no 1
taul31458 9.5 10.89 1.8e-2 2900 4.5>100 0.108 no -1
taul33861 14.2 9.38 4.1e-1 4500 3.0> 100 0.767 no -1
taul34791 10.0 10.50 2.9e-1 3000 5.5>100 0.120 no -1
taul34902 9.2 9.66 6.4e-1 3100 3.5>100 0.136 no -1
taul36525 - - - - - - - - -1
taul36896 9.2 10.64 5.1e-2 2500 3.0> 100 0.063 no -1
taul40677 8.4 11.61 2.2e-1 2800 5.5>100 0.100 no -1
taul41495 - - - - - - - - -1
taul43361 104 11.07 1.7e-1 3300 3.0> 100 0.196 no -1
taul46563 10.5 8.90 6.1le-1 4200 3.0> 100 0.692 no 0
taul47881 11.9 9.79 4.2e-2 3000 3.5>100 0.119 no -1
taul51260 7.7 >1142 1.3e-2 2600 3.0 >100 > 0.089 - -1
taul56562 10.5 10.35 4.0e-3 3200 5.5>100 0.160 yes(SED) -1

Note.

The values of\, are measured from the— K vs J diagram. The/?— fitting providey?, Tes, 10g(g). Age
and Mass are derived from the HR-diagram.

a SED means IR excess confirmed from the SED.
b |ndicating the status of the measured proper motion: 1. lin@se 10 yr, y?> < 5, consistent with the
Taurus motion within 1o; 2. baseline> 10 yr, y? < 5, consistent with the Taurus motion withino2

baseline< 10 yr, ory? > 5
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Figure 3.11: Result of SED fitting with three free parame(@gs, log(g), Ay). The observed flux (black
crosses with error bars) is fitted by the model flux (purplemdiads), which is calculated from the model
spectrum (red line). The fluxes at the longer thapan3 obtained by the Spitzer and the WISE are not
included in the fitting process. Thé&ective temperature, the surface gravity and the visuahetitin are
derived from g ?—fitting.
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Figure 3.12: Photometri€e; vs absolutel-band HR diagram. The lines show the synthetic HR diagram
(BT-Settl; Allard et al., 2010). The solid lines show the @égmehrones 1, 5, 10, 100 Myr from top to bottom.
The dashed lines show the mass isochrones 0.007, 0.013000320.04, 0.05, 0.06, 0.075, 0.1, 0.11, 0.15
M, from right to left (the red dashed lines indicate 0.013 a®@¥9®M,). The black dots indicate observed
substellar candidates.
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3.4.3 Comparison with Luhman et al. (2009)

We did not find any PMOs in our target regions. This means tiaekistence of PMOs may be rejected
based on our comprehensive observations. Note that wet $840 sample within a extinction value
Ay < 4, and thus we do not consider embedded objects A&jtly 4. We define our observational coverage
in Taurus as 1.85 dégexcept for the TAUV3 and TAUV4 fields due to a lacki6dband data. Since the
completeness depth varies with region, we conservativip’ = 24.3 andz = 235 as our completeness
limit, which correspond with the predicted magnitudes @ thasses ®1,,, and 4-5M;,, with distance~
140 pc, age- 1 Myr andAy < 4. Therefore, our observation achieves a sensitivity do;,, covering
1.85 ded regions, and did not find any PMOs.

Our coverage is smaller than that of Luhman et al. (2009} ghonve can compare our results with
this study by scaling the results of Luhman et al. (2009) togbale of our observation. The IMF in the
Luhman et al. (2009) study extends down toMg),, in Taurus using the Spitzer and X-ray data, which are
consistent with previous studies. The first PMO candidate med included in the X-ray sample due to the
lack of X-ray data, and the X-ray IMF also has no objects inglametary mass regime. We recalculated
the Salpeter slope to fit the power law to the IMF bela®8M, and found a slope af = —0.47 + 0.10,
which is consistent with the value reported in the paper.uAsag a monotonic continuation of the power
law, we would expect 14 objects with 0005 < M/M, < 0.020, which is detectable in our observation.
Scaling the coverage of Luhman et al. (2009)5ded) to our study ¢ 1.85 ded), we expect 2-5 objects
in our observation. Therefore, the lack of PMOs in our obsgon suggests that the IMF of Taurus may
decrease sharply in the planetary mass regime. Howeveresult is based on a smaller FOV than that of
Luhman et al. (2009), in which a PMO candidate has already bménd. In order to appropriately com-
pare these results, we need to extend our coverage in the TheZefore, our result suggests that the IMF
in the higher stellar density region of Taurus might lackealtg in the planetary mass regime down td £,

3.4.4 Implications of the star formation in the TMC: Frequency of Planetary Mass
Objects

We consider here the lack of PMOs in the TMC. In order to comphe TMC with other star-forming
regions, we consider the fraction of BDs that have a massdrptanetary mass domaifi, = Np/Ngp
(Scholz et al., 2012a). We show the fraction against ourtesuTable 3.14. (Scholz et al., 2012a) have
conducted a large spectroscopic survey in NGC1333 to obfeEntra of substellar candidates. In other star
forming regions, discussions in previous studies have basad on photometric data and partly followed-
up spectroscopic data. Considering the incompletene$ggirevious studies, Table 3.14 shows that most
star forming regions are likely to have 10-20% PMOs to BDscdntrast, our result shows an absence of
PMO in our Taurus FOV.

We show that the abundance of PMOs is unaccountably lowéhéomassive members in the TMC and
the frequency of PMOs in the TMC is also lower than that regmbit the other star forming regions. We
discuss the impact of our results on the substellar formatoenarios in the following paragraphs.
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Table 3.14: Abundance of planetary mass objects in varimrg@aming regions

fp Depth
Region [%0] M.] Reference
Taurus ~0 ~0.006 This work
NGC1333 12-14 ~0.006 Scholzetal. (2012a)
o Orionis ~26 ~0.006 Caballeroetal.(2007)
Upper Scorpius  ~ 10 001 Lodieuetal. (2011b)
o Ophiuchus ~ 20 003  Alves de Oliveira et al. (2012)
Chamaeleonl ~14 0008 Muzic et al. (2012)

Turbulent fragmentation

This scenario can explain the formation of substellar mégscts as a simple extension of massive star
and the universal IMF observed in several star forming megidHowever, the universal IMF contradicts
with the IMF of Taurus, which has higher typical mass and @ ltail of substellar mass objects, although
the Mach number of Taurus is rather consistent with otherfgtening regions (Kainulainen & Tan, 2013).
Therefore this process is unimportant for the star fornmatioraurus.

Dynamical ejection from proto-stellar or proto-planetary system

We report no PMOs in our FOV concentrated on the high ste##asdy regions. However, the L-type mem-
ber candidate 2M04372331 is located apart from such regions. One scenario t@iexible lack of PMOs

in high stellar density regions is that PMOs which form thgbulisk fragmentation are ejected away into the
outer regions or Galactic field (Stamatellos & WhitworthQ2 In fact, we found that the L-type candidate
has a higher velocity in the proper motion, which might besealby the ejection process. This mechanism
can also explain the excess of free-floating PMOs in the @alaeld (Sumi et al., 2011). If this is a dom-
inant process for PMO formation, we can identify the disttédal planetary mass population for massive
objects by observing a larger areas of Taurus. In this caselMF of Taurus extends down to planetary
mass, which is consistent with the theory of opacity-limiteagmentation and the observational results for
several star forming regions. However, it is unlikely thia¢ fow stellar density of Taurus promotes the
ejection process from multiple stellpfanetary systems. For instance, stellar encounters daaiktate
the ejection of bound BD companions from their host starof®on & Whitworth, 2007b). However, the
frequency of the stellar encounters would become lowenindensity regions.

Fragmentation of infalling gas into stellar cluster

We also suggest that the L-type member might be contamméabo the nearby young cluster. Therefore,
it is possible that no PMOs exists even in the larger areaseoTMC, and the predicted minimum mass
is actually higher in the TMC. Based on the currently avddadensus, the stellar density of Taurus is
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significantly lower than that of other regions. Bonnell et @008, 2011) have suggested that BDs in
clusters form through gravitational fragmentation of Ilifg gas. The fact that larger clusters attract more
gas from surrounding molecular clouds might explain the &wndance of BDs in ffuse cluster like
Taurus. This scenario suggests that the abundance of lo&masibers in a cluster might depend on the
number density of cluster objects, and BDs would be the éxtetie low mass stellar members based on
the similarity of the resultant physical properties. Extieg this scenario to the planetary mass regime, if
PMOs also could be regarded as an extent of low mass stetlaBBmass members, we would expect a
lower abundance of PMOs in Taurus in comparison with othear ferming regions. However, since the
mass resolution of Bonnell et al. (2008, 2011) is limited 10167 M,,, they provide no values for the
planetary mass regime.

Fragmentation of massive circumstellar disk

The disk fragmentation process also suggests a dependérapsiellar formation on the stellar density.
The disk fragmentation process is driven by stellar enasn({Thies et al., 2010) or disk—disk collisions
(Shen et al., 2010). Since this encounter scenario depemdsetlar density, the low stellar density of
Taurus might cause low abundance of substellar objectseiTMC. The limitations of these processes
could explain the low abundance of BDs and PMOs fifudie clusters like Taurus. However, it is unlikely
that these processes only suppress the formation of PM@gglthit is an important suggestion that the
formation of the population at the bottom of the IMF might fkeeted by the surrounding environments.

Photo-evaporation of OB stars

Another way to explain the low abundance of PMOs in Tauruadack of OB stars which might produce
BDs and PMOs through the photo-evaporation of the nearlstgltar cores . If this mechanism was domi-
nant for the formation of substellar mass objects, we would tihat the spatial eierence in the abundance
of BDs and PMOs is greater in the vicinity of OB stars. Howeasrshown ir§2.4.2, the spatial distribution
of BDs is constant or distributed with the stellar mass masibethe ONC, which contradicts the central
concentration predicted by this scenario.

In conclusion, the fragmentation of infalling gas in thesters might explain the peculiar form of the
IMF in Taurus, and the other formation processes might bepartant in Taurus. Note that these theories
consider PMOs as a extension of BDs and ritedent properties between PMOs and BDs. One can explain
the lower abundance of PMOs by the higher minimum mass pgestlio the star formation. The process of
the infalling gas fragmentation might cause higher mininmaass in the diuse stellar cluster, however it
has not unveiled the planetary mass formation due to théutgso of the simulation. Therefore we need
additional éfects in order to explain the low frequency of PMOs in Taurus additional €ects, the mini-
mum mass has been predicted to depend on the metallicitg.(B@05) investigated the dependency of the
metallicity which increases the minimum mass of a BD td ), However, his hydrodynamical simulation
assumes an extreme case of the metallicity, namelyj@gj = —3.3, which corresponds to that of an old
globule cluster. Also, the analytical study of Low & Lynd&eill (1976) suggested that the dependency of
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the minimum mass of the metallicity is insignifica@¢/’) and therefore is not applicable for nearby star
forming regions. We can explain the higher minimum massaffetrmation by considering the magnetic
field. Magnetic field tends to quench the formation of BDs bskdragmentation because they tend to
suppress the formation of big massive disks at the class $epdrad to stabilize them whenever they form
(Hennebelle, 2012). However, there has been no large soaldesion resolving the planetary mass regime
including the &ect of magnetic fields. Therefore, our studies only confirenttend of magnetic fields
suppressing the formation of BDs and PMOs.

To be summarized, we obtained deep opfin&lred images using the Sub#Buprime-Cam and the
Okayama 1.88hSLE. Combining our deep images with the other infrared datafirst achieve the sen-
sitivity down to 6 M;,, with Ay < 4. Our aims to observe the TMC are to reveal the bottom of IMthén
TMC and the impact of several substellar forming theoriethenPMO formation. Based on several color
selections and proper motion analysis, we selected 2 PMOidaties and obtained these spectra using the
SubarylRCS. As a result, we did not find any PMO in our FOV (1.85%edn contrast to the frequency
of PMOs being 10- 20% in other star forming regions, our results first implytttiee frequency of low
mass BDs and PMOs is quite low in the TMC. The lack of PMO cowexplained by what the substellar
mass objects are formed through fragmentation of infaljag into cluster. Another explanation is that the
minimum jeans mass is higher in the TMC. However, since tleeipus theories predict the formation of
1-10 M,y 0bjects in star forming regions, it needffdrent formation mechanisms to explain the frequency
of PMOs in the Taurus molecular cloud.






Chapter 4

Summary and Conclusions

We have reported the results of a near-infrared multi-dlged long-slit spectroscopic survey in the Orion
Nebular Cluster, and the most sensitive opfio&iared imaging and spectroscopy in the Taurus Molecular
Cloud. Our main results are the following:

Orion Nebular Cluster

1. We presented 12 near-infrared spectra of BD candidatescdiirm that eight of those show strong
water absorption and have a very low temperatlige € 3000 K). We identify two of the cold objects
as young BD mass members, and one of them as/alBbetary-mass boundary object.

2. We report a spectroscopic estimate of the stellar to sliéstatio in the outer region (Z < r < 5.7’)
of R = 3.5+ 0.8, which is consistent with that in the central region<{ 2.5") derived by Slesnick
et al. (2004). In a previous photometric study with a largeWVKr < 125; Anderser2011), it was
reported that the IMF in Orion is not universal locally, bodt the stellar to substellar ratio decreases
from the center to the outer region. However, determinirgglMF based only on photometric data
depends on the correction of the background contaminaiiéa carefully discuss the membership
of each object based on the spectroscopic sample, and denttiat the IMF is universal at least in
the local area within 5’ of the center of Orion. Observational studies in severalfetaning regions
suggest that the substellar IMF could be universal. Howeawest previous studies have been based
mainly on photometric data, and limited in the observaticoaerage. In order to check whether the
IMF is universal, we need to investigate the IMF based ontspscopic data for the whole of the
cluster. Our study stresses this necessity.

3. Since the ONC has several OB stars in the central regioaglioto-evaporation would produce the
small cores becoming the substellar mass objects arour@@Blstars if the &ect was dominant. We
report that the substellar IMF is universal between thercanel the central regions. Therefore our
results rather support that the OB star’s photo-ionizirggpss is unimportant in the ONC.

4. We found that several stellar and BD mass candidates afgpba older than 10 Myr on the HR dia-
gram. Following a consideration of the probability of thel&sic field contamination, we concluded
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that it is unlikely that the BD candidates are actually Gadafteld stars, but that the stellar mass ob-
jects might be contamination from the Galactic field. We skiwat many candidates that appear older
have spectral features of youth, which indicates that sipbcts are actually young stellar objects.
The faintness on the HR diagram can be explained by lightesaag from the central star due to the

circumstellar structure, or by episodic accretion.

Taurus Molecular Cloud

1.

We conducted an extremely deep optical imaging, and ainfared imagingspectroscopy follow-

up. Combining these measurements with near-infrared 4iHE)SS; Spitzer; WISE), we achieved

a sensitivity down to 6V, for Ay < 4 sample with the large FOV covering a few square degrees,
the best sensitivity achieved to date.

. We calculated the proper motions of our candidates, pusvknown field stars and Taurus members.

We found that the measured proper motion of Taurus membstigigly mismatched with previous
reported values. Since our measured values are consistamrevious values using the UNSO-A2.0
catalogue, we suggest that mismatch might be caused by ftieeedice in the catalogue used in the
calculation.

Based on several color criteria and proper motion arglyge found two PMO candidates with
Ay < 4. We carried out a near-infrared spectroscopic followamtfiese candidates and found that
the candidates are background field dwarfs. We found tha¢ ®amdidates have infrared excess in the
SEDs and similar proper motions as the Taurus members, l@owedo not include the candidates
in our PMO list because of the faintness or high visual eximc To confirm the precise mass and
membership, we need to conduct a spectroscopic follow-up.

We found no PMOs in our sample, which was complete downly§ andAy < 4, covering 1.85
ded. In comparison with a previous study of Taurus (Luhman et28109), our result clearly shows
a lack of PMO members, although an extrapolation of the IMEM/@redict 2-5 PMOs in our FOV
of Taurus.

We give the first demonstration that the IMF at the playataass regime is not always universal. In
comparison with other star forming regions, our estimatachdance of PMOs is significantly lower
than the 12—-14% of NGC1333 and 10—-20% of other star formigigns. Although the spectroscopic
observation of NGC1333 is comparable with our study, we tiwethe results for other star forming
regions might be modified in future since the majority of thasudies were not completed with
spectroscopy in the planetary mass regime.

Our results suggest that the lower limit of the IMF in Taurs higher than in other star forming
regions. Since the opacity-limited fragmentation predibe existence of PMOs with a few Jupiter
masses, we must consider a non-standard scenario to egplaiesult. In order to explain the lack of
PMOs, we suggest the following scenarios, 1) Substellaaliprmation in a dfuse cluster Bonnell

et al. (2008, 2011) might explain the lack of PMOs in TaurysEiZe minimum Jeans mass is high in
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the TMC for the predicted values. In order to explain it, wedh¢o include additionalféects (e.g.,
metallicity, magnetic force) in a large scale simulation.

Our results point the way for future works to develop the gtatl planetary mass formation. We have
revealed the very low mass population below the hydrogenibgdimit in two nearby rich star forming
regions, the ONC and TMC. In the ONC, we added several new Bilmee to the spectroscopic sample.
However, many photometric sample of BD and PMO candidateds® be identified using a spectrograph.
A multi-object slit spectrograph (e.g. MOIRCS; FMOS) woblel quite useful for revealing the population
down to several Jupiter masses and the distribution of BD Ineesin Orion. On the other hand, since
the sensitivity of recent observations is limited down t¥g, even in the most sensitive imaging (Lucas
et al., 2005), we have not confirmed the population with a fapitdr masses, whose existence has been
suggested by opacity-limited fragmentation theories &ednicrolensing observation in the Galactic field
(Sumi et al., 2011). In Taurus, we made the first demonstratfdhe lack of PMO in this region, which

is at odds with other star forming regions since many authax& shown the existence of PMOs in star
forming regions. In order to confirm this result in a larger\-@e propose the use of Hyper Suprime-
Cam (HSC), a powerful instrument whose FOV 1.5 deg) can largely cover the star forming fields in
Taurus. We intend to obtain the largest proper motion samflea long time baseline in Taurus using
HSC. Advanced telescopes with larger diameter are plarovetié future (e.g., TMT; E-ELT), which will
allow us to reveal the population at the bottom of the IMF.c8isuch telescopes have an extremely large
power for gathering objects’ light and high resolution poveit a relatively small FOV, they could detect
a few Jupiter mass objects in a rich and compact cluster ikeQNC, or very low mass BDs and even
PMOs in a distantX 1 kpc) young cluster (e.g., the W3 star forming region; Ojhal ¢ 2009). The James
Webb Space Telescope (JWST) is suitable for detectingreetsecool PMOs or young substellar objects
because of its capability of mid-IR wavelength@8283um) measurement with a mirror diameter 6.5

m) comparable with recent large telescopes at the grourghrticular, open clusters are good sites for this
study since they have various ranges of agel(Q) Myr), abundant cluster members and negligible visual
extinction. Pacucci et al. (2013) simulated the deteatgwif free-floating PMOs in open clusters, and
found that JWST enables the detection of cool PMDs: (500 K) of the Pleiades in 1 hour using &4m
detector array.
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