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Abstract

The determination of the lower-end of the initial mass fiorc{IMF) provides strong constraints
on star formation theories. We report here on a search ftatesb planetary-mass objects in the
3 Myr-old star-forming region IC 348 and on a wider survey loé 30 Myr-old open cluster
IC 4665. IC 4665 is a fairly young~30Myr) star cluster and is 356pc distant towards the
constellation Ophiuchus. Proper motion is low at -4 to -7.&sfyr and extinction is also low
and present at A ~ 0.59 + 0.15 mag. WIRCanY, J, H and K, observations were made using
the CFHT and spanned 10 cluster fields (of total footpriit 1sg.deg) and two control fields of
20x20 each. Colour/magnitude diagrams were used to compare thlegae objects to the 30
and 50 Myr BT-SETTL models for photometric selection. Fartbolour/colour diagrams were
then iteratively used to further filter these objects intonalficluster candidate member list, with
590 unique objects. Contamination by field stars can be sesdessing the control fields and M-
and L- dwarf space densities. This part requires furthelyaisa

Probing into the lowest-mass end of the IMF in IC 348 requidedp, narrowband’ H ,off
andC H4on images. These were were obtained with CFHT/WIRCam ovdr €q.deg. over the
central part of IC 348, along witk/, J, H and K, band images. Young T-dwarfs were identified
from their 1.69um methane absorption bands. Three faint T-dwarf candide¢es detected with
C H, on—C H,off colours >0.4 mag. Extinction was estimated for each candidate amdrlithe
range Ay ~ 5 — 12 mag. Comparisons with T-dwarf spectral models, and catolotir and
colour/magnitude diagrams, reject two of the three candglaecause of their extremé — J
blueness. The one remaining object is not thought to be ayrfowed field dwarf because of
a number density argument and also its strong extinctipn A 12 mag, or thought to be a
background field T-dwarf which would be expected to be muaitéda Models and diagrams give
this object a preliminary T6 spectral type. With a few Jupitasses, the young T-dwarf candidate
reported here is potentially amongst the youngest, lowastsibjects detected in a star-forming
region so far. Its frequency is consistent with the extrafioh of current lognormal IMF estimates

down to the planetary mass domain.






Le Resung en Francais

La détermination de I'extrémité inférieure de la fanotde masse initiale (FMI) prévoit de
fortes contraintes sur les théories de la formation deitest 1C4665 est un amas d’étoile jeune
(30Myr) et il a situe 356pc de la Terre. L'extinction esg A~ 0.59 + 0.15 mag. WIRCam Y, J,
H et K observations ont été faites par le CFHT et a compriseHbmps (de 1.1sq.deg totale) et
deux zones de contrle de 20'x20’ chacun. Diagrammes cdutegnitude et couleur/couleur ont
été utilisees pour comparer les candidats sélectiomar les modeles BT-SETTL 30 et 50Myr.

Les images” H,off et C H,0n ont été obtenus avec CFHT/WIRCam plus 0.11 sg.deg. dans
IC348. Naines-T ont ensuite été identifiées a partir de ouleur de 1.69m d’absorption du
méthane et trois candidats nain-T ont été trouvée auigon—C H, >0.4 mag. Extinction a été
estimée a A ~ 5 — 12 mag. Les comparaisons avec les naines-T modeles, et dgamiaes
couleur/couleur et magnitude, rejeter 2 entre 3 candidatsison de leur extrémg — .J coleur.
L'objet reste n'est pas considéré comme un nain avantd&en raison d’'un argument de densité
en nombre ou I'extinction forte A ~ 12 mag, ni d'&tre un champ de fond nain-T qui serait devrait
étre beaucoup plus faible. Les modeles et les schéemastedcet objet un type T6 préliminaires
spectrale. Avec un peu de la masse de Jupiter, ce jeune aeandid-T est potentiellement parmi
les plus jeunes, des objets de masse plus faible déteatsaude région de formation d’étoiles a ce
jour. Sa frequence est conforme a I'extrapolation du aoulognormal FMI estime a au domaine
de masse planétaire
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The present knowledge of star formation is incomplete,ltiegpin the European Commission FP6
Marie Curie Research Training Network, CONSTELLATI®@NVithin this CONSTELLATION
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framework there are three packageswisaged to further our understanding of the universe in
this stellar domain; how the collapse of molecular cloudscifthe stellar initial mass function
(IMF) from brown dwarfs to massive-5 M, stars; modeling the formation of massive stars
and their effect on the surrounding environment; and howltiaer-mass end of this stellar
formation compares with planetary objects. The work presskin this thesis is predominantly
focussed towards Work Packagévghere the modus operandi is to search for the origin of brown
dwarfs, be it from turbulent cloud collapse or formationhirit the disk of higher-mass objects;
the description of physical parameters that these objeats to help further brown dwarf models;
and finally, at the lowest masses, how these objects compaleraoverlap with the planetary
domain. This Chapter deals with the current understandfrigrawn dwarf formation and the
associated observable details and mechanisms with whiaketpret the observable data. Stellar
and brown dwarf formation is discussed in the context of ingua statistically significant sample
of stars and sub-stellar objects to calculate and to comibarenass function of young stellar
clusters. Advanced theoretical models of the atmospheareégphotospheres of these sub-stellar
objects are also discussed with respect to the formationabcnles and dust grains at varying
temperatures, and the convection and cloud formationseifothest-mass objects. The formation
of these materials in the atmospheres have a direct impatiespectra of these objects. Finally,
this work builds upon previous work on the IMF of two youngstkrs with tighter constraints in
particular for the lower mass end of the IMF.

The second Chapter is a complete overview of the data atiqnisiy two wide-field optical
and near infrared (NIR) detectors (MegaCam and WIRCam) @tGhnada France Hawaii
Telescope (CFHT), a summary of its treatment within thogelmes, and then a full review of
the development of a custom made pipeline to treat and tiegddla to achieve a high data quality
that is ready for analysis. The particulars of this analyarsd cluster-specific data treatment,
are discussed in Chapter 3 for the young open cluster IC 4&@®b,in Chapter 4 for the young
star-forming region IC 348. A full discussion of these twastkrs with respect to the literature,
and the impact that this research has for astronomy andphgsits can be found in Chapter 5;
finishing with the conclusions and a description of furthe@rkvand prospects necessary for the
advancement of the current understanding of brown dwaddtamIMF.

The Appendix holds standard information about this work, dgample the configuration
details for the extraction programs, example programs lp dieal with large amounts of data and
also the routine used to extract candidate members frontectuor census and IMF purposes.

2http://www.constellation-rtn.eu/wiki/index.php/Soize overview
Shttp://www.constellation-rtn.eu/wiki/index.php/Wafkackage3



1.2 Introduction

The first light-sensitive cyanobacteria were formed onlEarbre than 4 billion years ago. More
complex, multi-cellular, organisms found it advantagetugvolve to move towards regions of
less light and away from regions with stronger light as girbght denatured their food source
(Weiss-Schaber, priv. comm). Organelles adapted to ubetligchange its everyday behaviour
and through larger and more sophisticated evolutionamm@s was then used more as a means
to find more advantageous living spots and food, evolvingnftaht-sensitive cells, to insect
eyes and to focusing animal eyes most recently at 540 mylears, (Halder et al., 1995). Eyes
have changed little since then, so all the early humans deatter looking upwards to see
seen points of light on the celestial sphere was just inett&sain power and interpretation or
perception. The eye detects radiation logarithmically ands is tuned to the peak wavelength
gained from the Sun through the atmosphere of Earth, whidbaut 0.51zm known as the
concept ‘green’. This energy originates via hydrogen ragyathesis in stars more massive than
~0.075 M), depending on their impurities of elements heavier tharrégeh and helium, so-
called metallicities, otherwise for lower mass objectgdhean exist deuterium burning as the
lowest temperature and pressure mass-energy changingmsch The typical energy conversion
out-put from one proton-proton chain equates to 26.7 Me\erelall of this outwards radiating
energy supports the Sun from the impending gravitationdse. This radiation is produced in
the vast central regions of a star, where grgy photon can take a random-walk path of more
than 1 million years to escape from the centre, changing freray energies to the optical at
~0.48 um from countless energy-sapping subatomic interactiortse mMajority of this emitted
energy is in the form of thermal radiation, and accounts fostof the emission from stars. The
form of radiation that sub-stellar objects and brown dwarfst, however, originates primarily
from the thermal energy left over from their formation, exieg some small deuterium fusion in
the large sub-stellar mass objects. For the lowest masstshifeere is no major form of thermal
radiation creation, except what is left from their formatievhen the material collapsed and was
heated using the excess rotational and gravitational patemergy as it fell into its gravitational
well. For interest, non-fusion originated thermal radiatis found in more massive and exotic
cosmic entities which usually have very high energy sigmatufor example quasars and neutron-
black hole binaries, where mass can be transformed diredtlyenergy at various efficiencies
(depending on the spin and the size of the gravitational)wiellependent of the stellar fusion
process.



1.2.1 Temperature & Luminosity

Stellar and sub-stellar objects emit radiation which idhigiependent on and proportional to the
temperature of the body, described as the effective terperaset out as the Stefan-Boltzmann

law, in Equation 1.1:
P=oTgy (1.1)

where P is the power radiated per unit areg, fis the effective temperature of the object in
kelvins, ands = 5.67x1¢ W M? K* is the Stefan-Boltzmann constant. The luminosity of an
object described in Equation 1.2, however, is the total arhofi power that an object radiates,
and assuming that the output per unit area on the surfacepifaaesis equal then the total power

output of a spherical object would be:
P =0Ty 47 R (1.2)

where R is the radius of the object.

Wien’s law allows the peak wavelength of the radiation to be
calculated from the temperature of the black body, showptacally

T
T=5500K

in Figure 1.1, and described shown in Equation 1.3:

T=5000K
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where\,..i is the wavelength for an homogeneous object at a given.
temperature in kelvin, T, and b = 2.8977686x10m K is Wien’s

constant. For example, when the Universe became transp@ren

L . Figure 1.1: Wien's Law
radiation its initial temperature was3000 K, but is now detected at

for various temperatures
~1.06 mm and known as the cosmic microwave background (CMBS P

as an example of the peak
whose temperature has dropped to just 2.725 K at the presgnt dS P P

temperature of a black

body.
The Hertzsprung-Russell (HR) diagram can show the relglipnbetween different luminosi-

after being redshifted by the expansion of the universe.

ties, effective temperatures and also spectral types.ingtypes of stellar objects can be plotted
in order to form a scatter diagram as shown in Figure 1.2 ntéi@m Wuchterl and Tscharnuter
(2003). The spectral type of a stellar object is based onfiextave temperature, which are
summarised for 5 Gyr field objects from M to Y in Table 1.1. THé&a is usually gleaned from
photometry or spectroscopy, though data for the M, L, T ardivérf spectral types listed here
were taken from the AMES theoretical models (see Sectior8)l.30bjects with these fainter
spectral types have large differences in their masses beaduhe spread of detected ages which



Table 1.1: Alist of stellar and sub-stellar spectral typestO as the hottest, (Habets and Heintze,
1981) down through to M, L and T-dwarfs to the newly alloca¥edwarfs. The M, L, T and Y-
dwarf data were taken from the AMES models for 5 Gyr objects.

Class Temperature Mass Radius
K Ma Ro

) >3.3x 10 >16.0 >6.60

B 1.0-3.0x10 2.10-16.0 1.80-6.60
A 75-10x16  1.40-2.10 1.40-1.80
F 6.0-7.5x186 1.04-1.40 1.15-1.40
G 5.2-6.0x1®6 0.80-1.04 0.96-1.15
K 3.7-5.2x16 0.45-0.80 0.70-0.96
M 2.0-3.7x16 ~0.03-0.45 0.25-0.70
L 1.3~2.0x1¢ ~0.015-0.03 0.10-0.25
T 0.7~1.3x1¢ ~0.005-0.015 0.01-0.10
Y <0.7x 106 <0.005 <1x10°2

in tun have an effect on the effective temperature. The so#ted brightest objects are O stars,
whilst the sun is a G2-type star. The lowest temperaturectbja this scale are Y-dwarfs which
can overlap with the planetary mass domain. A ‘dwarf’ is dedis being an object that has a
luminosity class ‘V’ in the Morgan-Keenan system and is jdirthe main sequence on the HR
diagram. For example, an object classified as a ‘M5V’, is adwéf that is half as bright when
compared to an MO dwarf.

Visually, the luminosity of an object can only be comparedtioer luminous objects and,
as the first observations were taken by eye, so takes the fbanfogarithmic scale. This is the
magnitude system, where each object is catalogued anchadsigvalue in comparison to some
standard star, which has historically been (and still iga/er a Vega-type star. Vega is defined as
being an A0 star where the definition of this system holdsttegradient across its spectrum, or
colour, of a star of spectral type AO is equal to zero. Throumghroved observations Vega takes
a modern value of 0.03 mag. The apparent magnitude, m, i®dela the amount of flux that is
obtained via Equation 1.4:

m = —2.510910(5) (1-4)
Fo

where F is the flux from the object ang 5 the zero-point flux, dependent on the photometric
system. The total luminosity is obtained from the amountwf fiver the whole spectrum, where
the intensity of the radiation is given by the integral of tlue density per wavelength. In this work
both the Vega and AB magnitude systems are used, where thgA@&s is independent of Vega.



3E T T 3

C - .

C 4 oy .

= OMe o oWt .

- L 2 =

> °F E
a - -
o - .
£ C .
£ o .
3 - -
- 1= =
- C DM 1994 2 M, 3
E - -
Q C .
w - .
™~ o 3
> 0fF 3
= - B
[o] C DM 1994 1 M, .
= C 3
£ : .
3 - .
. 1 -
o o DM 1994 0.5 Mg ]
o - .
-2 . DM 1994 0.1 Ms -

- | . .

4 2
log,, Effective Temperature / [K]

Figure 1.2: Example Hertzsprung-Russell diagram here stgpwhe evolution of collapsing
clouds of masses between 0.05 and 19adainst the effective temperature. Isochrones are the
evolutionary tracks at various ages. Figure taken from Warttand Tscharnuter (2003), their
figure 3.

A magnitude in the Vega photometric system is related to thedt a particular wavelength or in
a particular band from the object arriving at the observeiddd by the flux at that wavelength of
Vega, shown in Equation 1.5:

[ (FAstar SAdN)
J (FAvega SAdN)

) (1.5)

Myega = —2.5 log(

where R\ is the flux at a particular wavelength in WM and S\ is the instrument response which
depends on the telescope, filter and detector used. Ushallyriit W M2 is too large so the
Jansky unit is used instead where 1=9%0~26 W m~2 Hz !,

In addition, the AB system is also used although this is iedejent of any variations in the
magnitude of Vega at a given wavelength, and is given by Eouat6*:

(f (F Astar SA dX)

T (o) — 48.6) (1.6)

map = —2.5 (log

where again the flux is in W M. Note that if the flux is in Janskys then there is an additional

“http://dls.physics.ucdavis.edu/calib/vegaab.html



multiplying factor to the logarithm o026 (from the definition of the Jansky). Agreement is shown
with the Vega system, as if the flux is constant then the sangmituae is achieved and all colours
again equal zero. Conversion between the Vega and AB sysisoaly involve a correction
factor, tabulated and discussed further in Chapter 2.

The apparent magnitude is the luminosity iswith no form of corrections with respect to
distance or extinction, whilst the absolute magnitude,vihe magnitude of that objects at source.
If the distance to this object is known then and extinctionegligible then it is possible to change
between apparent and absolute magnitudes using Equafion 1.

m— M =51logio(D) —5 (1.7)
where D is the distance between the observer and the object.

1.2.2 Absorption & Emission

The luminosity of an object can be imaged spectroscopi@alghown in Figure 1.3dp) for the
Sun and i, and potton) for an M6 dwarf, Wolf 359 (McLean et al., 2003) and dependshen
resolution of the spectrometer to observe thinner and wdales features. Note the difference
in energies and also the appearance of emission and alesolipiés caused by the presence of
various elements and molecules in the objects’ atmospheres
Molecules in the line of sight absorb and re-emit radiatiepehding on the incident energy

of the photon, appearing as peaks and troughs in the spectixtending this means that any
material in between the source of the radiation and the vbsér liable to absorb and re-emit the
incident radiation. Space is permeated with small amourdsist and gas which is the interstellar
medium and reduces the amount of lightb$-2 mag kpc!.

This is in addition to any non-space based

N s e e = observation platforms which also have to deal with

90 m m the molecules existent in Earth’s atmosphere, where
o the most troublesome of these for optical or IR
ﬁ astronomy is HO (Bessell, 2005). An absorption

spectrum of water is shown in Figure 1. 4&raversing
the optical to infrared regions of the electromagnetic
spectrum. For this reason, modern telescopes tend

Transmission [%]
o
o

40 1 to be located in regions of low atmospheric water
10 4 vapour, usually in geographical and meteorological

. dry spots and/or at great heights, for example
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Figure 1.4: The absorption spectrum of
water by the Earth’s atmosphere. 2MASS



Hawaii on Mauna Kea, Chile or even the middle of
Antarctica on the Trans-antarctic mountain range. A
discussion on the telescopes and surveys used in this

work can be found in Chapter 2.

1.2.3 Extinction & Reddening

Extinction is the term given to the amount of flux lost

between the originating object, be it a star or brown

dwarf, and the observer due to preferential scattering

and absorption of shorter, bluer wavelengths and/or

re-emission to longer, redder wavelengths. The

amount of reddening is affected by the transmitting
medium which can be the interstellar medium (ISM) or morel@nd compact conditions such
as molecular clouds, dust clouds or circumstellar disksis @mount of material in the line of
sight has a particle density per unit volume, referred to aslamn density, where the average
ISM column density is~1 atom cnv3.

The best way to estimate the extinction is from a group of 8peEnergy Distributions (SEDS)
taken from objects across the region of interest where ftfiereint absorption features can be
distinguished from features that are not so readily absblyethe intervening medium. These
extinction curves can be collectively plotted for variotars, as shown in Figure 1.5 (taken from
Savage and Mathis (1979), their Figure 1), to gain the aeenamgmalised interstellar extinction.
Generally, the longer the wavelength of the incident emissbmpared to the size of the molecule
or dust grain in the line of sight, the less the extinction.other method is to observe large-scale
images using surveys and then modeling varying extinctams comparing withy? deviation
maps to ascertain the confidence of a particular extinctiddmev(Chapman et al., 2008). Applying
the average extinction for a given region will then not wankthe cases of individual objects.
Here, it is possible to retract the individual objects toottetical isochrones, adjusted to be at the
same distance as the object, where the difference is therdmbddiux lost, giving the level of
extinction.

To this end there is the empirical interstellar extinctiaw which relates the magnitude of an
object in a particular band with a value for the amount flux,|@Savage and Mathis, 1979). This
law is shown in Equation 1.8 where at least one bands abswlagmitude is known, usually the
optical V-band:

= +R (1.8)



where A, is the extinction at a particular wavelength, E(B-V) is tlodotir excess in magnitudes,
where a value of E(B-V) = 1 equates to a hydrogen column dew$i6.8 x 1¢' atoms cnr?
(Savage and Mathis, 1979). Extinction is usually given agdtal-to-selective extinction ratio, R,
as a function of the V-band flux,Ashown in Equation 1.9, although this can be convolved with
the wavelength to get a valug A

Ay
R=— (1.9)

(B-V)
where R takes the value 3.09 for the ISM. Rieke and Lebofskg%) confirm this interstellar
extinction law and improve the estimates between 1 andih3 Extinction is split into two
components which are the diffuse ISM component and thermmadston from this component
from dust grains, and a variable and generally thicker camapboriginating from the local dust
and gas formations in the line of sight. Various methods seelin order to calculate the extinction
in the line of sight, (Wegner, 2003), and whilst it is not stiéint to use an average of the interstellar
extinction because the values will take errors which arepdarspecific (Fitzpatrick and Massa,
2007), this method should hold for obtaining good estimafdfe extinction towards particular

areas. The colour-excess is shown in Equation 1.10:
E(B-V)=Ap—Ay=(B-V)—(B-V) (1.120)

where (B-V) is the observed optical coloyf? — V') is the star’s intrinsic colour, and, is the
extinction for that particular photometric band, It is possible to extrapolate the extinction curve
to find values for the detectors and bands used in this wgrky’, J, H, K, and CHooff/on
narrowbands. For the purposes of this work the extinctiomesghave been taken from the
Spanish Virtual Observatory (SVO) who convolved the bandhk the detector responses of the
various telescopes and instruments, and are tabulatedapt@? for the specific telescopes and
instruments used in this work (Table 2.1).
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Figure 1.3: Observed spectra for the Sun and Wolf 359 for gpemison between and examples
of black-body temperatures.tof): Spectrum of the Sun with the fitted black-body effective
temperature of 5777 Kbptton): infrared spectrum of a low-mass object, Wolf 356 which is
an M6 dwarf of mass 0.09M, where the effective temperature of this objecti2800 K. The
peak flux emits at 1.03m. These two plots overlap from 1.0 to 2.in. Note the increased
absorption in the infrared domain occurring at lower terapges due to the presence of more
abundant molecules in the atmosphere. (See text for refesgn
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Figure 1.5: The normalised curves of various O and B statststellar extinction are plotted as

a function% against EA — V). Each curve is derived from a sample of stars, where the total
extinction can be found by including the total-to-seleetaxtinction ratio, R~ 3.09. (See text for
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1.3 Stellar and Sub-Stellar Mass Objects

1.3.1 Stellar Objects

Field (~ 5 Gyr) M-stars are better understood as they are brighter freing more massive and
have had a longer history of detection. These objects afeqilgr capable of hydrogen burning
and usually have low levels of dust in their atmospheresusezaf their higher local temperatures
which prevent grain formation. The first oxide molecules higgh-temperature condensate grains
begin to form in the cooler parts of the atmospheres of midiate-type M-dwarfs. The M
to L spectral type transition occurs with the formation dicate dust that is dense enough to
become a major factor at temperatures less than 2500 K wédtten of the spectrum of the star,
characterised by the disappearance of the TiO and VO lineglka 500 and 900m (Jones and
Tsuji, 1997). Hydrogen burning is thought to occur down tosses of 0.075 M, for the solar
abundance, (Burrows et al., 2001), though Burrows (200&ifirms that this is not known for
sure. This equates to the early L spectral type with tempegatdown to E¢r ~ 2200 K for
the most massive of the field (5 Gyr) brown dwarfs. Objects déin@ not massive enough to fuse

hydrogen are termed ‘brown dwarfs’.

1.3.2 Sub-Stellar Objects

The first bona fide detections of brown dwarfs occurred withomths of each other; firstly Teide
Pleiades 1 discovered by Rebolo et al. (1995) with a com&tdhimass of between 20 and 50 M
and revised spectral type of M8 (Martin et al., 1996) using Wdgectra and H and Li detection;
and then secondly, though not much later, the companionfdewahe nearby star GI299B by
Nakajima et al. (1995). Further work on clarifying the prajes of GI299B such as its temperature
at Tgry ~900 K, and the existence of IR GHand HO absorption lines (Oppenheimer et al.,
1996), and its spectrum (Oppenheimer et al., 1998) has men &ince this discovery and proof
of the existence of brown dwarfs according to theory, thereehbeen many surveys with the
express aim of expanding our knowledge of the formation apljation of these objects down
to the planetary mass regime.

The Sloan Digital Sky Survey (SDSSand the 2Micron All Sky Survey (2MAS8surveys
have been instrumental through their shear coverage botfl@m their complimentary nature
from the opticalu’ at ~0.3 um to the centre of thé{; band at 2.17um. More recent brown
dwarf surveys exploited the UKIRT Infra-red Deep Sky Sury&)KIDSS) where theZ, Y,

J, H and K bands are available between 0.83-2,3%, (Lodieu et al., 2007, 2009a,b). A
comprehensive database ofall300 currently known brown dwarfs, not candidates, is kefitea

"http://www.sdss.org/
8http://www.ipac.caltech.edu/2mass/
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Dwarf Archive$. There are 536 M-dwarfs, 601 L-dwarfs and 205 T-dwarfs culyeatalogued
in this database at time of writing.

A brown dwarf is held to be an object that is less than 0.08 Ehd is too lightweight to
sustain hydrogen burning whose limit occurs at approxitp&e75 to 0.08 M), depending on
the metallicity of the object. The effect of age on this linsitunclear, but the younger the object
the lower the mass for a given effective temperature. Browarts can overlap with the M and
L spectral types, where the newer T and Y-dwarf classes ithesttre coolest objects. Deuterium
burning can exist, however, down to masses~00.012 M, (Saumon et al., 1996; Chabrier
et al., 2000) or lower, again depending on the age and terperaf the object. The effective
temperature of the object defines its spectral type, whisage defines its mass. Younger brown
dwarfs, therefore, should be less massive than field brovwarfdar a given spectral type. It then
follows that the thermal entropy of these young objects rhage originated from the gravitational
potential energy and rotational potential energy impaftech the formation mechanism, where
the associated temperature with an object would then bésgtgast after formation. Sequentially,
these objects are similar to gaseous planets and shoudt diffew areas, where Fortney et al.
(2008) discuss an interesting proposition that brown dsvarfd planets can be differentiated by
their metallicities. Their metallicities should be didgatelated to the composition of the birthing
cloud, the mass of the clump and also the disk formation pckdeed, the lower the mass of
the object the higher the likelihood of having proportiongreater amounts of impurities arising
from the settling of heavier elements within the disk, frdm parent cloud, over time compared
to the major compositional stellar elements H, He, C N and O.

More complex molecules and dusts form in the atmosphereegals-tiwarfs get later and this
burning reduces to deuterium burning. There is also the dtion of cloud layers and internal
convection and mixing, where the cloud bases occur at theines and are dependent on the
lower temperatures needed for upper atmosphere dust formatvhen these clouds are cool
enough to allow the heavier materials to drop out from a high@ lower cloud base, this clears
the upper atmosphere which now dominates the spectrumsobliject, discussed in detail as the
L — T transition by Burrows et al. (2006). Of note here is theeegence of Chl as one of the
dominant absorbers in this spectral range and is a definitkemaf the T-dwarf spectral type.
Y-dwarfs are cooler than T-dwarfs and are defined by the esneryof stronger CHand NH;
absorption, whilst the kD lines is thought to reduce because of sedimentation intthesphere.
For a more detailed description of the elements, materiadsphysics involved in the models of
the brown dwarfs over their spectral types, look towarddiSed..3.3.

Observationally, without spectroscopic data it is possiiol use broadband magnitudes and
colours to broadly classify objects into spectral types. e Hppearance of dust in the outer

Shttp://spider.ipac.caltech.edu/staff/davy/ARCHIElex.shtml
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atmosphere of these late-M, L and early-T dwarfs faintelessifectrum through absorption and
emission, but affects the redder part of the spectrum lesm®pared to dust-free field stars or
early M-dwarfs. TheK; magnitude is then fainter, but thelband gets even fainter giving the
comparatively reddey — K, observed colours. Thé-band and thé - andz-bands brighten for
early T-dwarfs because of the cloud ‘clearing’ of dust, whilouth is also suspected to causes
these bands to brighten. Thieband brightening in particular is thought to be a conseqeiai
the rapid clearing of the cloud levels at arourd3. The region of interest in thé&/-band is,
specifically, the CH molecule that dominates absorption at temperatures loelewoTz; ~
1300 K (Burrows et al., 1997). The colours of the younger ciigjare usually redder than the field
colours, excepting the — .J colour as discussed above.

Currently, brown dwarf spectral types can be approximassdg.itheoretical models, where it
is possible to use g? test in order to best fit a spectral type to a spectrum (Alvedldeira et al.,
2010). These associations are not always accurate as ttteaspan be noisy due to the extreme
faintness of these objects, due to obfuscation of the emnrtidiation by dust or disks (Scholz
and Jayawardhana, 2008), but also by the incompletene$e dficoretical models. Additional
difficulties in assigning spectral type to these young dijet low-resolution spectroscopy is that
age, and so gravity, are significant factors which greafigcatthe absorptivity and emissivity of
the molecular lines, making it hard to assign a correct affecemperature. For high-resolution
spectroscopy it is mainly due to gravity that the spectrpktyare hard to derive because of the
overlapping of the spectral lines. Usually these methodks tijie spectral type to an error of within
a few sub-types. The treatment of dust within theoreticatlef®is currently the major source of
errors for derived observational properties as its behavmstill far from being well-understood
across the brown dwarf regime (Burrows, 2009). The mostnteB&-model spectra take into
account updated solar abundances which are based onvadigtirodynamic simulations by
Asplund et al. (2009).

1.3.3 Models

Theoretical models are of immense value to not only helptifjecandidate objects, but to also
estimate the level of extinction suffered due to the inherature of local, stellar, dust and
from interstellar extinction. The problem is relating ohsdions to theory as the age, mass and
temperature are interdependent. Theoretical models aessary in order to ally observational
discoveries and puzzles with the usually established bdttwaapply theory. This research makes
use of model atmospheres proposed for M, L and T dwarfs owep#st two decades. These
models attempt to predict masses, ages and temperaturegige the gap between stars and
planets, and have an associated magnitude for variousdafieed observational bands.

The ‘NextGen’ model (Baraffe and Chabrier, 1996; Baraffealet 1998; Hauschildt et al.,
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1999) was the initial model to describe solar-type starsy vew mass objects (VLMs) and
early-type brown dwarfs, for solar metallicities. Maguias are given for various masses, and
their associated temperatures, radii and luminosities aa@ in good agreement with empirically-
derived relations. These models are more uncertain forrlewectral types and can have large
errors for objects temperatures 3700 K. This uncertainty was expected to be directly related
to incomplete optical opacities and grain formation in thma@sphere and incomplete solar

abundances.

Initial problems with modeling atmospheres reduce to theblem of having incomplete
molecular line lists, and the poor understanding of the ngpaf materials between cloud layers.
This translates to underestimating the level of dust gi@imétion in the atmosphere, the treatment
within the upper and lower atmospheres, and thens#tding over time of these grains whilst
reducing the formation rate as they condense out, so remdkimn molecular species necessary
for particular grain formation. A typical zirconium dioxedZrO,, grain forms at a temperature of
~ 2800 K, whilst other grains form at lower temperatures; faraple at 1800 K for corundum,
Al,O3, and at 1600 K for VO and enstatite, MgSIOA detailed discussion of the astro- and
atmospheric physics involved is discussed in the review lgrd\ et al. (1997), and the mixing
is discussed in detail by Freytag et al. (2010). There ares®te of models used in this paper,
the Lyon-AMES models that are based upon the Langhoff and&dicher (1994); Partridge and
Schwenke (1997) molecular line lists and Noels & Grevis®93lsolar abundances, and the BT-
models which have updated opacities for grain and moleggacies in the atmospheres (Allard
etal. (2003, 2007) and Allard et al. (in. prep.)), and uségpdund et al. (2009) abundances. Both
of these sets of models are available as theoretical isnebror as spectra and can be queried from
the Phoenix simulatf.

The ‘Dusty-AMES’ model (Allard et al., 2001; Chabrier et,#2000) was created to place
limits on the range of colours that brown dwarfs could havgeylalso give a good account of what
spectra could be observed of hotter brown dwarfs with rasjgedust grain formation, because
the dust was found to be in equilibrium with the gas in the pipheric layers in the atmospheres.
This model applies to L and T dwarfs which are not reprodugedust-free models, though below
~2800 K dust grains and opacities are needed which were tloamiplete, discussed Chabrier
et al. (2000) and references therein. These L and T-dwawis bluer NIR and IR colours due
to the presence of HD and methane absorbers (Burgasser et al., 1999). Grairafiormwas
discussed in relation to low-mass brown dwarfs and plapetass objects by Allard et al. (2001).
Gravitational grain settling allowed ‘backwarming’ whidh the increase in brightness due to
reduced infrared absorption by the®l present. Missing sources of opacities to give the observed
colours, to be included in future models, are discussed lgfigaet al. (1998). In all, the Dusty

Bhttp://phoenix.ens-lyon.fr/isimulator/
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models underestimate the opacity, and do not account fomsetation or settling within the
atmospheres. Further discrepancies with observed cotmuisl be due to the presence of the
strong K | and Na | lines in the optical and near-infrared édl et al., 2007).

The ‘Cond-AMES’ model was developed by Allard et al. (200Bgraffe et al. (2003) and
favours coolerx1300 K brown dwarfs where the gas is treated condensing ioteaules rather
than forming silicate features, so affecting the spectruth many absorption and emission lines.
As these properties change with time, a hotter object malyarabso transit from the Dusty model
domain through to the Cond model domain. This model is smidadhe NextGen model in that
there are no dust features, although it should bridge therbdwarf-planet regime. The size and
composition of the core is physically a good representatifaihe difference betweenlaona fide
brown dwarf and a planet; a planet should have more of a rodka@ncore which can relate to
a 5% difference in the radius. The cooling theory of a browmidwand extrasolar giant planet is
similar, where the differences are more the metallicitied @omposition (Fortney et al., 2008),
expected because of the different mechanisms of formation.

Atmospheres of these very low mass stars, substellar sbjecbler brown dwarfs and
planetary-mass objects allow the formation of moleculethiwitheir atmospheres from the
reduced temperatures. Indeed, low-mass objects have dai@dities of molecular hydrogen,
H,, and carbon found as carbon monoxide, CO, (Chabrier et @Q)2 Objects with masses
lower than 0.075 and 0.08 M have reached hydrogen burning limit depending on the nigtgll
of the object, for example the aforementioned seminal disgoof the first brown dwarf, GI299B,
weighs in at~ 50 M; and is thought not to be able to sustain hydrogen burning.reTagist
titanium oxide, TiO, vanadium oxide, VO, and wates® among others in varying amounts, and
are found to be the main mechanisms with which to lock up feggen - burning indeed! These
molecules greatly affect the optical and infrared spectamuh so influences the overall observed
brightness of the object, where,8 absorption are dominant in the near and mid-infrared down
to ~1300 K. Below this temperature the ¢k$ the dominating absorber (Burrows et al., 1997).

The new ‘BT-Settl’ model is finished and available for quagyifrom the Phoenix database.
Allard et al. (2003, 2007) are the main contributors to theotly. The updated solar abundances
laid out in Asplund et al. (2009) are used for all of the new Bddals, (F. Allard, priv. comm) as
opposed to the Noels & Grevisse (1993) abundances as distfmshe previous AMES models.
The major change in these abundances is the reduction inxtlgeo abundance which affected
the previous models by predicting too-high water absonptiothe M-dwarfs. The treatment of
the atmospheric water within these models are based onrdateEarber & Tennyson, (2009).

The input physics to this new model has been described indAdaial. (2003) and Helling et al.
(2008a), where the cloud is treated as a diffusing mediunrevhmaterial can be convected from

16



_6 _l T T I T T T T I T T T T I T T T T I Jl;‘-
I s
3 X x X i
8k W _
Y i
I % A ]
£ -0 X .
o . ¥ ]
g 12f .
EU - -
= i
8 i
1af -
16| i
:>"/ L L | L L | 1 L | L L | ]

2500 2000 1500 1000

Teﬂ [K]

Figure 1.6: The total dust level is clearly related to theuwin in temperature from the
hydrodynamical models by Freytag et al. (2010), where tlissas depict the total dust level
in the atmosphere, and the plus signs follow the dust presentin the layers of the atmosphere
with an optical depth of 167, showing the settling of the dust as the temperature dezseéSee
text for figure reference).

the depths to the upper cloud layers. These are based upariotiet segmentation and dust
grain settling models described by Freytag et al. (2010hairthydrodynamical simulations of
the influence of the underlying convection zone on this isgttl The total dust present in the
atmosphere can be clearly seen to increase with loweringgeture, shown in Figure 1.6, (their
Figure 10bottom lef}, compared to the atmosphere layers that have a lower bpéqah. As
the spectral type latens, the clouds can form thicker ancerasting clouds that begin to have
their own mini-convective mechanisms, creating layers ofech species and grains, which are
dependent on the local conditions (Helling et al., 2008is Eloud segmentation and dust grain
settling is dealt with in the BT-Settl model, over the fulhgge of T.;, but is not yet dealt with
within the ‘BT-NextGen’, ‘BT-Dusty’ and ‘BT-Cond’ models.

The ‘BT-Dusty’ and ‘BT-Cond’ models (Allard et al. (in. prgjp are not quite finished at time
of writing (August 2010) as they take a lot of computer preaeg power to calculate the new
grids down to the brown dwarf regime. The models outputtethfthe Phoenix simulator can be
adjusted for different metallicities and can span from 1 Myd0 Gyr. Optical and IR bands are
included and are also convolved with a large number of difietelescopes and detectors in order
to match the models to the photometric systems of the user.
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1.3.4 Youth & Gravity Considerations

The effects that youth has on the spectrum of an object aneesskell in these models which are
related to the gravity of the object. As discussed, the yeumg object the less massive it is for
a given temperature. Strong alkali K | doublet (0/7) and Na | resonance lines are also major
absorbers in the deeper atmospheres of brown dwarfs. Thesgreatly affected by reduced
gravity for younger objects and in turn have a discernibleaton the colours of these objects and
spectral types (Martin et al., 1999a). As gravity decreasethe convection within the atmosphere,
and the cloud layers, becomes more efficient as the grantdtdrag is reduced, consequently the
dust formation is also more efficient to later spectral typsdditionally, the resonance lines can
change the shape of spectrum differently in lower gravitjects, as the greater the mixing the
more that these K | and Na I lines will broaden and overlap edftical, reducing the expected
flux for a given Tg¢. HoO vapour will form in lower density mediums for a lower gravand
increases the strength of these bands, increasing theatetemtion in the spectra. The molecular
hydrogen bands in Kare weaker in lower gravities which will increase the bngdds in this
band. Additionally, the presence of lithium in the atmospheapecifically the Li | (at 670.8 nm)
absorption is a sign of youth (Martin et al., 1999a) and @lp blassifcation (Martin et al., 1999b).
For T-dwarfs, this lower gravity can increase the radiushef atmosphere and can increase the
observed ‘coolness’ of thé-band part of the spectrum for a given temperature due torrsepce

of H,O and CH being created in the extended and cooler atmosphere. Gk youth have
been addressed for their effect in the mid-infrared by Légeteal. (2007).

1.4 Initial Mass Function (IMF)

Data for particular regions can be plotted using colourinitage (CMD) and colour/colour
diagrams (COLDSs) in order to extract candidate cluster mesmfor analysis. Membership of an
object can be fickle to assign and usually require confirmati®ing a variety of technological
and data processing techniques. The data must be seledg theoretical isochrones.
Further membership tests involve using spectroscopicrediens, and so compare the relative
compositions of the objects, for exampleldmission, Li absorption and any red excess, or using
proper motion surveys for more dynamically evolved clusteFurther, the local reddening is
a problem as it can distort and make it very difficult to achi@ccurate absolute magnitudes,
which are necessary in order to accurately assign magsitadd so masses or spectral types
from theoretical models and/or from the spectra. The dusgess function, or the distribution of
masses within a particular cluster, can then be derivedreMie masses are based on observed
magnitudes and luminosities.

The mass function (MF) was first put forward by Salpeter (39&%d captured the relative
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numbers of the observed luminosity function as a functiostelfar mass across the Galaxy, or in
particular globular clusters or regions. The luminositynfobject is a function of mass where hot

stars are the most luminous, described for main-sequear®istEquation 1.11:

L M s

==

— 1.11
Io - i (1.11)

where L is the luminosity and M the mass, as functions of ti@ dominosity and masd, -, and
M. The power co-efficient takes lower values for sub-stellgedts. It is also worth noting that
the more massive the object the shorter its life span asrishts fuel as a function of mass. It can
be shown that star formation occurs at a uniform rate, at igglsin the solar neighbourhood by
comparing the number of stars as a function of the lumincity point in time g, (M, ), shown

in Equation 1.12:

dN = ¢(M,) dM (1.12)

and wherelN is the total number of stars per cubic parsec of absoluteabisagnitude between
M, and M, + dM. Through the use of deeper surveys from improved technptbgyrange of
masses now exceed more than five orders of magnitude meduainig is now more useful to use
a logarithmic definition of the mass. A recent review by Clieti2003) thoroughly discusses the
modern interpretation of the MF. Here the mass functionitensed and shown in Equation 1.13

in log form:
dn
¢ (logm) = Tlog m (1.13)
or
_ ; _ dn 1.14
f(m)—mf(ogm)—% (1.14)

wheren is the number of observed stars per cubic parsec of space abamt in time, as a function

of the mass intervalj log m. The MF can also be expressed as a power-law:

¢ (logm) xcm™ (1.15)

and

&(m) xcm™@ (1.16)
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wherex = a-1 and the Salpeter value af= 2.35. It can also be expressed as a log-normal law :

_ (log m—log m0)2
202

¢ (m) o e[ (1.17)

wherelog myg is the peak mass (mode) of the distribution, anthe width of the dispersion,
confirmed by Moraux et al. (2007) for the young open clustemBb 1. The power-law seems to
more accurately describe the higher-mass portion of the #déve 0.3 M), whilst the log-normal
law, Equation 1.17, describes more accurately the lowessraad of the IMF.

1.4.1 Observations

There have been many surveys into the IMF for various clssbérage and size including
Persei (Barrado y Navascués et al., 2002); Hyades (Boavar, 2008); Blanco 1 (Moraux et al.,
2007); NGC 2264 (Kendall et al., 2005); Pleiades (Moraux.e2804, 2003); Upper Sco (Lodieu
et al., 2007);0 Orionis (Caballero et al., 2007; Barrado y Navascués £2@04) and NGC 2516
(Moraux et al., 2005). Table 1.2 lists a few surveys with sdrasic parameters such as age,
or log mg ando depending on the use of the power or log-normal relationshiese IMF cluster
surveys. Figure 1.7 is taken from Moraux et al. (2005), amdspthe IMFs for three young open

Table 1.2: Summaries of various cluster surveys usingriedralata to prove the IMF. The mass
range is given for those clusters where the IMRalue is given, rather than the peak masg, M
Data origin: 1) Barrado y Navascués et al. (2002) 2) Moraux et al. (200WI&aux et al. (2004) 4) Moraux et al.
(2003) 5) Caballero et al. (2007) 6) Barrado y Navascuék €@04) 7) Lodieu et al. (2007).

Age Distance « mass range o Cluster

[ Myr / pc or My / Mg Name

90 176 0.59+0.05 - - o Persel
100-150 260 0.6% 0.15 (M) 0.36+0.07 0.58+0.06 Blanco %
120 125 0.60+ 0.11 0.03-10 ~ 0.52 Pleiade!
3+2 360 0.60+ 0.20 0.006-0.11 - o Orionigf
5 120 0.60+ 0.10 0.01-0.3 - Upper Sto

clusters; Blanco 1 (100-150 Myr), the Pleiades (120 Myr),N&516 (150 Myr) and the older
Hyades (625 Myr) which is used to compare the young clust@tso plotted is the field MF
from Chabrier (2003) for systems with both solitary and iiplét objects. The peak mass varies
as expected because of the differing ages of the clustets;dold also be from the different
totals of member populations and so mass distribution frormétion. The Hyades appears to
have fewer lower mass objects and so the peak mass is sigtiifitégher than for the younger
cluster, suggested to be the evaporation of low-mass menolver the dynamical time-scale of
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the cluster. Cooling of low mass members is not sufficienettuce the observed deficit in the

low-mass brown dwarf populations.

4 e - Field {ay=leam MF)
- =~ __(Chobrier 2003)

L
I

log n + constant
g
| I

)

|

Figure 1.7: The IMFs of three young-(LO0 Myr) clusters compared to the older Hyades (625 Myr)
and the field system IMF, separated by a constant. It can Inglsagthe three young clusters show
broad agreement with the log-normal law, Equation 1.17ilaity with the field system IMF and
the Hyades. The peak massksg, m, are different as expected for clusters of such differizgsi
and total masses.

So far only the ‘present day’ mass function has been disduddee initial mass function (IMF) is
the number of stellar objects that had originally been ecat a particular region, be it a galaxy
or stellar cluster, and can only be extrapolated from thegmeday MF. This has been discussed
but only in relation to clusters losing lower-mass memblersugh dynamical interactions, and in
relation to lower-mass objects cooling over time and tlt@eebeing much harder to detect. This
has implications, for example, for the percentage of baryoratter compared to dark matter in
our Galaxy. Further implications are the size and formadibtihe molecular cloud that condensed
to form the cluster, as the total mass of the cluster is soawdidn of the total mass of the parent
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cloud. Luhman et al. (2000) discuss that what actually iadgpebserved in a star forming region
is the star creation function as similar molecular clouds sl create a different distribution
of objects depending on the initial conditions, and disayiescent or turbulent clouds that can
create differing populations in a given mass range.

1.4.2 Formation Mechanisms & Simulations

10% cm—3 _IC 348

n=

m [Me]

Figure 1.8:left: Dynamical simulation isochrones from Padoan and Nord(@084) for different
starting parameters, which are then plotted over an emaplitF of the young star-forming region
IC 348 from Luhman et al. (2003)jght. Mg is the Mach number (rms of the cloud’s initial
turbulence). (See text for reference).

After the discovery and confirmation of the theoretical tise of brown dwarfs, the origin of
the population of brown dwarfs was still unclear. Modelsaligsng the activity in molecular
clouds were needed in order to describe the formation ofelenses (Padoan and Nordlund,
1997) that then go on to form stars and sub-stellar mass tsbj&adoan and Nordlund (2002)
introduced turbulent fragmentation into theoretical 2Budations that then reduced the allowed
Jeans mass required for classically stable, free-falliryitational collapsing clouds going
on to form a pre-stellar core. They conclude that turbuleisca necessary mechanism for
the formation of stellar and sub-stellar objects. Turboéeran be modeled via hierarchical
fragmentation where the minimum mass required for star &ion has been shown to vary
between 0.007 and 0.010Min newer 3D simulations (Boyd and Whitworth, 2005), which is
still heavier then some isolated planetary mass objectsreéd, for exampler Orionis 70 for
example (Zapatero Osorio et al., 2002, 2008). More advanutiods are required to model this
formation when presented by evidence of isolated planetass objects of masses lower than this.
Fragmentation simulations are required in order to atteimmxplain the frequency of brown
dwarfs which are two orders of magnitude lighter (Padoan Madilund, 2004). An example
their simulation is shown in Figure 118ft showing the IMF lognormal curve for different initial
conditions whilst theight describes the IC 348 IMF from Luhman et al. (2003) with thenlognal
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IMF curve from the best-fitting initial simulation paramete

A large proportion of brown dwarfs also show no evidence
of either being ejected from angular momentum interactions
with a parent star and disk, as proposed by Reipurth and €lark
(2001), or being formed from further interactions withireth
disk, or from possible photo-erosion of pre-stellar corgs b
external massive stars (Whitworth and Zinnecker, 2004}, St
these have all been shown, however, to produce brown dwarf-

mass and planetary-mass objects. The ejection mechanism ca
Figure 1.9: Formation of aStill be one method of brown dwarf formation, though they
brown dwarf with its own disk of occur less in the more advanced models which include radiati
gas and dust. feedback (Bate, 2009c). Bate et al. (2002b) also discuss
from simulations that star/brown dwarf multiple systems ca
also occur at a higher frequency around more massive stars,
indicating that fragmentation is not the only mechanisnbiawn-dwarf production. Guieu et al.
(2007) discuss the star/disk-brown dwarf interaction Whighilst thought to be thelominant
formation mechanism, requires the numbers produced byjélsta@ mechanism to be increased
by ~ 25-30% to agree with observations. To this end, it is necgdsanodel one-pass turbulence
within a molecular cloud, originating with soliton shockerh either a relatively nearby supernova
or a nearby and recently turned-on O or B-type star, presemtainy star forming regions. The
minimum masses for this can be less than as discussed andsptbpy Boyd and Whitworth
(2005) when using 2D fragmentation simulations to be as ®®.603 M, (or 3 M;) for specific
shock parameters, and conclude that isolated brown dwatlfsthese masses can form from
shock-compression in turbulent clouds. In addition, ferttvork by Whitworth and Stamatellos
(2006) reduces the masses formed fiiardiskformation scenarios to just 1 M In this case, there
is also a constraint on the minimum distance, 30 AU, from thea which these objects can form
due to the temperature and ease of fragmentation withinigtke @here is evidence of more disks
present around brown dwarfs, with further disks observetldlynan et al. (2007a); Scholz and
Jayawardhana (2008). There is also recent evidence fot broain dwarfs which have formed
within a disk where Luhman (2004) made the first discovery wfde (~pc) brown dwarf binary,
modeled with success by Whitworth and Stamatellos (2006) ayparent star. There is also further
evidence for brown dwarf-brown dwarf binaries that can fannsolation (Luhman et al., 2009).
A possible brown dwarf forming in isolation is rendered irgltie 1.9 1.9. A further problem
with the current understanding is the proposed brown dwefi€id detected (or not, as it were) in
many clustered regions, although perhaps the origin ofdéfiit can be partially explained by
the generally small FOV of cluster observations (Guieu gt24106), leading to the lower-mass
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brown dwarfs being missed from the census, due to wide clastets or having been ejected
completely. Further, turbulent fragmentation simulagi@iso manage to produce the predicted
number of brown dwarfs from mass function estimates whichiragre not observed in these
numbers, an improvement on previous simulations by Batk €&@02a) which overproduced the
numbers of brown dwarfs (Bate, 2009a). More recent tweakintpe models by Bate (2009b)
indicated a certain robustness of the initial formationdibons where the level of turbulence,
referred to as a ‘power velocity field’, seems not to greatiffuence the stellar properties or
distribution.Bate (2009c) summarise their previous hggimamical simulations (Bate et al., 2003;
Bate and Bonnell, 2005) between the initial conditions drelformation of cores via radiative
feedback from the more massive stars. The radii used anditte masses, and so Jeans masses,
resulted in differing distributions of stars and brown dfsarThe inclusion of radiative feedback
was shown to reduce the number of pre-stellar (or sub-steltaes by a factor o 4 by reducing
the fragmentation rate of the larger stellar disks and sotiweirrence of lower mass embryos.
These are summarised in the standard logN IMF plot in Figut® ({their Figure 7), along with
the IMFs from Chabrier (2003); Kroupa (2001) and Salpet®58). The accretion radii is the
limit at which a simulation (SPH) particle falls in and ontoetsink particle which is created
when the central density of a particular region in the sitioieexceeds 10'' g cni™3; particles
greater than this distance join the sink particle in a cacwlrbit. Bate (2009c¢) proposed that the
similarities between the observed IMFs in nearby clustesundamentally based upon radiative
feedback between the cloud-star-disk interactions, whicie accurately explain the observed

numbers of brown dwarfs.

Number
Number

10 0.001 0.01 0.1 10 0.001
Mass [M,]

Figure 1.10: Fronteft to right: results from the Bate et al. (2003) at an accretion radils®AU,
Bate et al. (2003) with a different accretion radius of 5 Addahe denser initial cloud results
from Bate and Bonnell (2005) with accretion radius 5 AU. Theved, broken, and straight line
are the empirical IMFs from Chabrier (2003); Kroupa (20043l &alpeter (1955) respectively.
The singularly hashed area defines the accretion and thdydoeashed regions define the non-
accretion set of the sample.
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1.5 Motivation

Two clusters have been observed that should give us theegtaztances of success in detection
low mass objects and to constrain the low-mass end of thalimass function (IMF), are the star-
forming region IC 348 and the open cluster IC 4665. It is hoghed with narrowband photometry
the lowest mass members of IC 348 can be catalogued, whilgsteccensus of IC 4665 of M to
L-dwarfs can be divined using a large survey wittand NIR broadband photometry.

Finally, the open questions attempted to be addressedsimvtitk are:

How do the lowest mass objects form?

How do the lowest-mass objects affect the IMF?

How do the lowest-mass objects overlap with the largestgian

How does this work add to the current scientific understagitlin

To answer these questions, the two young cluster regionglaste observed with respect to
frequency and distribution of the lowest-mass brown dwarfattempt to find how many brown
dwarfs form. Itis expected that the lowest mass objects forafl scenarios and clusters but many
of these remain undetected; from ejection due to dynargicdilifting interactions from within
the cluster itself; from cooling to below present detectiomts; and from regions of high local
extinction which, when in the foreground of these faint abjealso prevents detection. It can be
simple to assume that whilst the lowest mass objects shaillddomost numerous; the formation
methods could prove that the lowest mass objects are tobtbdiorm via unaided gravitational
collapse (e. as a lone brown dwarf and disk), or that they experience tochrmieraction leaving
their formation stunted due to the close proximity of it iddgurs located nearby in the cluster
region. This then reduces the number of low-mass objectgylfermed whose material could
remain as dust and some gas orbiting around a more massiwa lowwarf or star, indicated by
large disk fractions in star forming regions yet low numbafrfow-mass objects. This affects the
low-mass part of the IMF which can be skewed to either a p@wmedr lognormal dependence.

The lowest-mass objects should overlap with planets wiipeet to the materials making
up these objects and their coalescence into planet-likectsbfrom parent disks. The types and
amounts of dusts and gases are purely dependent on theatspeesent in the originating cloud,
and specifically the material present in the original caiag cloud.

The work presented in this thesis hopes to expand the nunflibie dowest-mass objects
ever detected in a star-forming region with the discoverg chndidate T5.§115 dwarf in the 3
Myr old star-forming region IC 348, and the work done towaadsill census and candidate list
ready for spectroscopic followup of thed0 Myr open cluster IC 4665 down to a completeness of
0.015 M, or ~L3 dwarf regime. Both of these regions have not been obset/edch a depth to
date and this work should greatly expand the informationmh@onfirmation of the lower mass

25



end of the initial mass function.

1.5.1 Observational Strategy

e Why observe clusters and not field objects?
e Why observe different clusters?

e Why choose star forming regions and young open clusters?

These are the main questions to think about when deciding gdra of observations to take.
The possible telescope integration time and the size ofdlesdope are main limitations on
current searches for low-mass objects in the field and irfstening regions. Dedicated surveys
are available but the trade off is depth against survey egeerwhich are all dependent on the
observation time allocation. The survey depth should barigtd to the expense of the coverage
to find the lowest mass objects. Itis important, then, tofadlyebalance the telescope and detector
with respect to the regions of interest. To this end we musbasselves what the best solution is
when using the available time and technology.

These questions can be answered forthwith. Old, 5 Gyr, gilassmass objects are typically
field objects which have long since evaporated from thethlmlusters and are now roaming free
betwixt the stars. They are usually more massive for a giViactere temperature as they have
lost thermal energy since their formation and are not prioduenergy from hydrogen synthesis,
though depending on mass and original temperature or spégte these objects could have had
some small amount of deuterium burning. There will certalvd some decay from radioactive
isotopes within the confines of the object, similar to thathie core and mantle of the Earth,
though the energy that this would produce would likely beligdge over such a time frame.
Young, < 50 Myr sub-stellar mass objects are very similar exceptifreatyoung and old object
have similar temperatures or spectral types then it folltves the young object should be less
massive as they have not had 4.5 billion years to expel hedtaaery little mass, to reduce their
effective temperatures. An additional factor is that stéddlar objects contract when they cool,
reducing their luminosity further whilst increasing andhserving their gravitational potential
energy, however, a young object will still be more luminoliart an old field object. Given that
field objects are likely to be single, or at most small boursteayis, it seems more ideal to observe
a cluster which should have a large population of sub-stetlass objects in one place, without
the need for a large scale survey.

A cluster, therefore, would seem the best place to obsemestaliar mass objects as the
relatively low coverage area should yield useful numberbarfa fide objects. Additionally, the
youth of a cluster is especially important as it partiallyedmines the magnitude of the lowest
mass objects that can be detected. The distance to therdlustiso as important as the youth
as it determines how much extinction is present, exceplieddcal cluster extinction, and so the
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magnitude and depth of the observations. Additionallyhendase of a young star-forming region,
all of the objects should be approximately the same age,andtispersion of the age of the cluster.
Young clusters are also still evolving through dynamic&tiiactions and so fewer objects should
have been ejected from the cluster, or found in largel(ster radius) orbits meaning there should
be less contamination in a given region. Extinction als@$¢his contamination issue as in star-
forming regions there is usually still a lot of dust and gasoltocclude background stars, and also
give most objects within the cluster a red excess which isexdstent in the objects found in the
foreground. So, the younger the brighter the object, theetlthe brighter the object and, finally,
the lower the extinction the brighter the object. To this é¢mel young (3 Myr) star-forming
region IC 348 is observed for the lowest mass object® M;, and the young~40 Myr) open
cluster IC 4665 is observed to find the initial mass functioross this cluster.

1.5.1.1 Coordinate System & Galactic Locations

A coordinate system is used to ascertain the location of bjecowith respect to the location of
Earth. The most recent coordinate system is the J2000 systhare the tiny variations in the
movement of the Earth around the sun over the course of itsreduires the coordinate system
to be re-calculated every 50 years. Older data can be foutitbid1950 system. All data in this
work is given in the J2000 coordinate system for clarity.

A map of the Galaxy can be found in Figure 1.11, taken from Mayret al. (2006) and shows
decimal J2000 coordinates and the location of the Sun andfasmajor features. The Galactic
centre and anticentre, the bar (Freudenreich, 1998) otHen8 kpc (Vallee, 2005), along with
some of the spiral arms are labeled. The two clusters IC 4665/@ 348 are located towards
Ophiuchus and Perseus respectively, where the distaneesparoximately the same distance,
300-350 pc, from the Sun as shown in the spherical inset. &5 4fs a distance taken to be
356+15 pc for this work, whilst the distance to IC 348 has beennakebe 30615 pc. IC
4665 is a young~40 Myr) open cluster that contains low-mass objects cugreriservable to a
spectral type-L3; and IC 348 is a very young<3 Myr) star forming region T-dwarfs of spectral
type later than~T3 should be observable. The difference in observable pdgpes are due to
the cooling and ejection of low-mass members, and the efidtlescope time for this work. The
properties of and the work done on these clusters are desgtdigeher in their respective chapters,
3and 4.
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Figure 1.11: An HIl region/dust mapped schematic view (fidnmmel and Spergel (2001)) of
the Milky Way as seen from above. The Galactic center, theg®drihe names of the spiral arms
(dashed) are plotted. The Galactic bar was added with antatien angle ofi4° and is of length

3 kpc. The large blue circle is a fixed heliocentric distaricE/&kpc for scale, with the coordinates
in decimal degrees. The two clusters IC 4665 and IC 348 discli; this work are within the
black circle around the Sun, expanded in the spherical ofseidius 350 pc (arrowed).

1.6 Summary

The basics of the physics behind the luminosity and tempessaf stars and other celestial bodies
has been discussed with respect to the apparent and abs@ygtetude systems that are in use
today. Further, the loss of energy leading to the differerimetween this systems occurs from
reddening of the radiation along the line of sight which iened to as extinction. Galactic star
formation originating from dense molecular clouds formaayk cores is also discussed and can
be greatly affected by the local conditions which can be thbulence from supernova shocks
or from quiescent gravitational collapse. Angular momenis conserved as this mass of gas
and dust flattens and collapses into a spinning disk. Lowsrats formation is mainly affected
by the mass of the parent cloud. Turbulent ejection scemaal ad hoc low-mass brown dwarf
formation is thought not to be the dominant mechanism forftimation of low-mass brown
dwarfs as predicted by hydrodynamical models, rather theniaof these objects form within
the influence of a parent star or disk.
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The Lyon theoretical models are discussed in depth, to Explay these models are used as
the principal isochrones used for this thesis. The updafedBdels are the most recent and are
superior in that they take into account the work done over plist decade on the opacities and
distribution of known species and grains in the atmosphanesphotospheres of brown dwarfs.

The mass function (MF) and initial mass function (IMF) uspaliginates with colour/magnitude
(CMD) and colour/colour diagram (COLD) analysis, involgifit-by-eye cluster regions or using
comparisons to theoretical isochrones. Following theilbddg of further study and proposal
acceptance of spectroscopic follow-up, candidates mesydaerbe accepted or rejected. The mass
distribution of accepted members can then be plotted agtiasmass, usually on logarithmic
axes, and the MF or IMF can be found to follow either a power-thstribution for solar and
higher-mass stars and more of a log-normal curve for sulaistbjects. Additionally, the current
understanding of the IMF is summarised for a sample of youagfsrming and open cluster
regions from the literature.

Finally, the open questions that are posed encourage fudgbearch into the low-mass initial
mass function of star forming regions and open clusters withew to looking at the overlap
between brown dwarf and planetary mass objects. This islhgsen the feasibility of new ground
and space based telescopes and improved detectors thapatde of delving ever deeper into
space, and with it a deepening of our understanding of thegess
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1.7 Resune

Les bases de la physique derriere la luminosité et des@empes des étoiles et autres corps
célestes a été discutée en ce qui concerne les systenmeagnitude apparente et absolue qui sont
en usage aujourd’hui. En outre, la perte d’énergie coraldits differences entre les systemes de
ce produit a partir de rougissement du rayonnement le lentp digne de visée qui est appelée
extinction. La formation des étoiles galactique provermnuages moléculaires denses formant
des noyaux sombres est également discutée et peut atrdegnent affectée par les conditions
locales, par example les turbulences des chocs supernada Ieffondrement gravitationnel de
repos. La conservation du moment angulaire que cette masgazalet de poussiere aplatit et
s’effondre dans un disque en rotation. La formation delfeistde faible masse est principalement
affectée par la masse du nuage parente. Scénariostiiajearbulent et formation ad hoc de
faible masse naine brune est la pensée de ne pas étredaist@e dominant pour la formation de
faible masse des naines brunes que prévu par les modalesdgmamiques, plutt la majorité de
ces objets forme sous l'influence d'une étoile parent oquais

Les modeles théoriques de Lyon sont discutées en pretondi’expliquer pourquoi ces
modeles sont utilises comme isochrones principal attisur cette these. Les modeles-BT mis a
jour sont les plus récentes et sont supérieurs a ce quiglsnent en compte le travail accompli au
cours de cette derniere décennie sur les opacités etdisttidbution des espéces connues et les
grains dans les atmosphéres et photosphéres des naimes br

La fonction de masse (FM) et la fonction de masse initiale IjFplovient généralement
de couleur / magnitude (CMD) et la couleur / couleur (COLDalgge, impliquant des régions
cluster ajustement par les yeux ou en utilisant des congmaraia isochrones théoriques. Suite
a la faisabilité d'une étude plus approfondie et 'adaéipn de la proposition de spectroscopie
de suivi, les membres de candidats peuvent étre acceptégates. La distribution massive de
membres acceptés peut ensuite étre tracée en fonctitanrdasse, le plus souvent sur des axes
logarithmiques, et le FM ou le FMI se trouve a suivre soit digdribution en loi de puissance
pour les étoiles de type solaire et plus de masse et plug @anrbe log-normale pour les objets
sous-stellaires. En outre, la compréhension actuelleMuest résumée pour un échantillon de
régions jeune star cluster formage et ouvert de la liieea

Enfin, les questions ouvertes qui se posent encourageriargde sur la fonction de masse
initiale de faible masse des régions de formation stellafrdes amas ouverts en vue d’examiner
le chevauchement entre les naines brunes et des objets de plasétaire. Ceci est basé sur la
faisabilité d’un nouveau terrain et télescopes spatetudétecteurs améliorés qui sont capables
de plonger toujours plus profondément dans I'espace, et ele un approfondissement de notre

compréhension du cosmos.
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2.1 Instrumentation & Observations

2.1.1 Principal Observatory - Canada France Hawaii Telesqme (CFHT)

The Canada France Hawaii Telescbf@FHT) is 3.6m in diameter, located at an ideal location
4,200m up on the summit of the dormant volcano Mauna Kea inaiawslands classically
make ideal locations for telescopes as the weather usuallys faround the high-ground rather
than over it, resulting in reduced atmospheric water vapbat is always problematic for any
ground-based IR observations. There is still water abgorph the upper atmosphere which
is especially problematic for IR observations resultinghia use of bands where the absorption
in the atmosphere is at a minimum, discussed in Chapter 1. ophieal/IR-capable telescope
has historically had various instruments on the back enderdlare currently three imaging
instruments available for use, which are the wide-field ietddegaCam (Boulade et al., 2003) (on
the MegaPrime focus), the Wide-Field Infrared Camera (WARE(Puget et al., 2004), and the 1k
x 1k Infrared detector (KIR), that last of which uses the AtlagpOptics Bonnette (AOB/PUEOQ).
MegaCam and WIRCam were the main instruments used to imatge ggahe sky necessary to
fulfil our motivation, whilst the KIR has not been used for agervations in this work. The fields
of view and CCD layout of WIRCam and MegaCam are shown in Edut, and are discussed
further in due course. Tabulated data of these two instrtsremthe CFHT can be found in Table
2.1, where the field of view (FOV), available filters and apgmmate quantum efficiency values of
the filter regions are also neatly summerised. Figures Ad2a@hshow the quantum efficiency of
the detector and centraffectivewavelengths of each of the filters for the WIRCam and MegaCam
detectors respectively, where the data originated fronCHid T website. The filters have all been
convolved, excepting th& -band filter, by the Spanish Virtual ObservatoVO - see 2.2.4)
to produce useful extinction @Ay co-efficients. The WIRCam’y” extinction value was not
available at the SVO and therefore will be discussed momtighly in section 3.3.

The CFHT offers various sets of dithering patterns whereatservations usually used the
greatest pattern of 7 dithered images per pointing in orddilitin the gaps between CCDs, to
slightly increase the FOV and also to improve the reliapibit the data at the borders of our fields
of view.

2.1.1.1 Wide-field Infrared Camera (WIRCam)

WIRCan? (Puget et al., 2004) is an upgraded IR version of the retirBlH 12K CCD mosaic
optical camera, and is located on the main CFHT prime focyeupnd (PFUE) shown in the
upper panels in Figure 2.1. The optics for WIRCam (Thibatlale 2003) were made by the

Lwww. cfht.hawaii.edu
2http://svo.laeff.inta.es/theory/filters/index.php
Shttp://www.cfht.hawaii.edu/Instruments/Imaging/WIR@/
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Table 2.1: Instruments on the CFHT used listing the FOV,rfilend FWHM'’s of the associated
MegaCam £') and WIRCam {, H, K, C H,off and C H,0n) filters. Extinction values for each
filter have also been convolved as a function of each filtehley3VO, with the exception of the
WIRCamY filter (see section 3.3). Values with an asterix have unitgitg of more than 15%.

Telescope FOV Filter ABtoVega Detector Quantum X977 AXTT AL /Ay
offset Efficiency um um
MegaCam 0.96x0.94 2/ -0.554 ~0.30(20 webpage) 0.88 0.27 0.52
WIRCam 20x 20 Y - 0.50* 1.04 0.10 0.42
J - 0.75 1.25 0.16 0.30
CHjoff - ~0.75* 1.58 0.10 0.21
H - 0.75* 1.63 0.29 0.20
CHson - ~0.75* 1.69 0.10 0.18
K - 0.80 215 0.33 0.13

Groupe D’Astrophysique at the University of Montréaind the Institut National d’Optique in
Quebeé. The IR camera has to be cooled to 80K using a cryostat deselap Laboratoire
d’Astrophysique et Observatoire de Gren8b{eAOG), where the mechanical structure of the
camera system was also developed. The four CCDs which matkee WfyIRCam array each have
dimensions of 2048x2048 pixels, of size 8, and gives a total o£16 Mpixels. The standard
FOV is 19.4 x 19.4 and so yields a pixel scale of 0.30gixel~! with dithering. Another addition
to the camera, and the CFHT dithering option, is the Imagbilstar Unit (ISU), which allows
micro-dithering of up to 0.5 pixels to increase the pixellsdeom 0.306 to 0.1% pixel~! (used
for both of the IC 348 and IC 46653, H and K, images). The large gaps in between the CCDs,
of size 4%, are dealt with using a combination of the 7-pattern ditiggiof the CFHT, the 4 to 8
micro-dithering exposure per dither on the ISU, and alscagsociated weight (coverage) maps,
which are discussed later in Section 2.1.2.2.

The imaging capabilities available on WIRCam include a eaofgbroadband IR filters, primarily
the IRY, J, H and K filters. In addition to these broadband filters there are abminof
narrowband {x ~0.1 um) filters including, and most notably for this work, tii&H 4off filter

at 1.58um and theC' H,on filter at 1.69um. Data on these filters can be found in Table 2.1, whilst
filter curves and the approximate quantum efficiency of thtealer for all the WIRCam broad
and narrowbands can be found previously in Figure 2.2. Qtheowband filters not used in this
work can be found on the CFHT WIRCam webpdges

4http://www.astro.umontreal.ca/groupe/
Shttp://www.ino.ca/fr/accueil.aspx/
Shttp://www-laog.obs.ujf-grenoble.fr/
http://www.cfht.hawaii.edu/Instruments/Imaging/WIR@/
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Figure 2.1:top: The four CCDs making up the WIRCam array with gaps of ordét. 4ttom
CCD arrangement of the MegaCam array with gaps ranging frd®1to~80". Gaps between the
CCDs are dealt with primarily through dithering and miciithdring and associated weight maps.

2.1.1.2 Mega-Pixel Camera (MegaCam) on MegaPrime

MegaCam (Boulade et al., 2003) is an optical camera which lgls at the Commissariat
I'Energie Atomique (CEA) in France, and is housed on the ek of MegaPrin® the wide-
field prime focus environment on the CFHT. It requires a cigio® keep its 36 CCDs cooled to
153K. The CCD matrix is made from 4 rows of 9 rectangular CCdsanged into a square, as
seen in the lower panels in Figure 2.1. Each CCD lattice hd8 201612 pixels equating to 360
Mpixels, and giving a pixel size of 13/om. The FOV of MegaPrime is 0.9& 0.94 and relates to

a pixel scale of 0.18%ixel~!. There are small gaps-(3’) between each part of the CCD matrix
and two large gaps between the first and third row~80", and are treated in a similar manner
to those gaps on the WIRCam CCD array (see Section 2.1.2).tWitndargest gaps, however,

8http://www.cfht.hawaii.edu/Instruments/Imaging/M&gane/
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Figure 2.2: Black dotted curves are raw detector resporsedtd broadband filters (labelléd,
J, H and K left to right) whilst the red solid curve is the response far@ H,0off and green solid
curve theC'H4on narrowband filters. The dashed line through the curvdgigaantum efficiency
of the detectors, where all points apart frohand K; have uncertainties of more than 15%.

are not able to be addressed in this manner resulting in trga®l@m output images having two
blank lines across its raw and then processed images, shoRrigure 2.6. MegaCam has been
calibrated to output data in the modern CFHT AB system ugiegdFHT Elixir pipeliné.

The MegaCam filters are similar to the filters of the Sloan faigBky Survey (SDSS)/, ¢/,
r’, i andz’, (Fukugita et al., 1996; Bessell, 2005), and though all ekéhfilters were available,
observations from just thé filter was proposed and then used in this work. Consequenljytbis
MegaCam filter is discussed in any detail, found previouslyable 2.1. The’ central effective
wavelength is 0.8%&m, with an associated detector quantum efficiency of 30 %yevak filters

Shttp://www.cfht.hawaii.edu/Instruments/Elixir/
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Figure 2.3: MegaCam/, ¢/, r/, i’ and?’ filters and associated CFHT quantum efficiency of the
detector. The central effective wavelength of thés A5/ 0.88 um of width 0.27m. Additional
information regarding the effectiveness of the CFHT mimad optics are also given, with the
final throughput shown as bold coloured lines. The bold bine is thez’ filter convolved with
the quantum efficiency of the detector, where the base respaointhis filter is shown as the thin
blue line. Other filters are labelled as per the figure. Figaken from the Canadian Astronomy
Data Centre (see text for reference).

can be found in Figure 2.3 along with the othérg’, " andi’ filters for completeness (figure taken
from the Canadian Astronomy Data Centre (CABCHata from the CFHT MegaCam pages).
The effectiveness of the CFHT mirror and the optics are akert into account to obtain the final,
effective filter values.

2.1.2 Observed Data
2.1.2.1 CFHT Pre-Processing Pipeline

MegaCam’s raw output is pre-processed by the EftxiMagnier and Cuillandre, 2004) pipeline
in-house at the CFHT. WIRCam data is also pre-processedeatC#HT using the 'l'iwi

Phttp://www4.cadc-ccda.hia-iha.nrc-cnre.ge.ca/megefiocs/filters.html
Phttp://www.cfht.hawaii.edu/Instruments/Elixir/
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preprocessing pipelidé!® (Albert et al., in prep.). Both pre-processing pipelines areant
to remove any detector-specific details from the outputtedgies and includes detrending the
raw data and flagging the saturated pixels where saturatgd dli@e assigned if the flux values
exceed 36000 ADUs. Flat-fielding, sky subtraction and distsihg an astrometric solution are
also handled in this pipeline, before the photometric catibn is addressed. The photometric
calibration is achieved using standard stars, except &f tlif and K, bands which are calibrated
using the available 2MASS bands. Consequently, MegaCam idabutputted in the CFHT
AB system whilst the WIRCam calibration uses a mixture ohdtad stars and 2MASS and is
therefore outputted in the CFHT Vega system, as 2MASS isdn/dga system. Both sets of data
are also zero-point calibrated to 30 mag by the 'I'iwi pipeli This zeropint is handled in two
ways, depending on the filter. For 2MASS-similar filtess {, K) the zeropoint is given in the
"I'iwi documentation by:

ZPmeasured = magaMASS + 2.5 lOglO(flumtotal) —2.5 loglO(Temp)> (21)

whilst for the other filtersY and the narrowbands for example, the zeropoint is calibbrate

using:
ZPmeasured = MAGmodeled T 2.5 lOglO(flumtotal) —25 10910 (Temp)> (22)

wheremaganr ass is the associated 2MASS magnitud@ux;..; is the integrated flux from
the star in the image.,,, is the exposure time of the measured star, @ag,, 4.4 iS calculated

by convolving the filter response curves with model spedithe@standard stars.

2.1.2.2 Elementary Treatment, Reduction and Analysis of Pdels (TERAPIX)

Both MegaCam post-Elixir pipeline data and WIRCam postvil’ pipeline data is sent to
TraitementElementaire, Réduction et Analyse des PIXels (TERAPHYefore being calibrated
using their pipeline. This pipeline, (Bertin et al., 200&)¢cludes using various custom made
programs?®, for example SCAMP, SWarp and SkyMaker (Bertin, 2008), amstam IDL routines
to calibrate the astrometry and photometry, and image isigck=inally a catalogue of objects
in the FOV is constructed using Source Extractor (SExtracwtiscussed in Section 2.3, and
outputted along with the qualityFITS analysis which is atsed with each image, and a weight

map and a flag map.

Lhttp://www.cfht.hawaii.edu/Instruments/Imaging/WIR@/WIRCamPreprocQueue.html
Bhttp://www.cfht. hawaii.edu/Instruments/Imaging/WIB@/liwiVersion1Doc.html
Yterapix.iap.fr

Bhttp://astromatic.net/
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Figure 2.4: left): J-band image from IC 348, shown with the FOV that has been degising
blank pixels to that of the’ MegaCam FOV.rfght): Identical J-band image (faintened), aeff)
but has the/-band associated weight map superimposed ontdthend image, showing how the
dithering patterns altered how much of the sky each partefrttage was exposed to during the
observation periods.

Science-ready TERAPIX Data The TERAPIX pipeline outputs two further data files on top of
the pre-processed data from the CFHT. Weight maps, which Aaassociated weighting to each
stacked image, and flag maps for each image that specify whiels are bad and/or saturated or
next to these types of pixels. Flag values are discrete sati®, 4, 8 and 12, where 0 indicates
an absence of saturated or bad pixels and 4, 8 or 12 the nurhiperets that have or ajoin a
saturated or bad pixel value. The left hand image in FigudesBows the science-ready WIRCam
J-band image of IC 348 which is made up of a number of stackedésésee Section 2.1.2.4 for
further information about this image). The dithering effexcseen in its associated weight map,
on the right in Figure 2.4, where regions of different weigidicate how often that region has
been observed prior to stacking and what factor that patiefrhage is weighted with. Note the
less-observed regions form a cross due to tHegéps between the WIRCam CCDs. These files
can be used for the object extraction and are directly supgdry SExtractor, which is discussed
in more detail in Section 2.3.1. A single SExtractor-parsathlogue is outputted for each stacked
observation using a set of standard configuration valuéss tletection and analysis thresholds,
standard 30pixel aperture value and a 64/3 background ioak/tize for background subtraction.
The full details of the TERAPIX SExtractor configuration fdan be found in the Appendix 5.5,
whilst specifics and optimisation of this file is discusse&dttion 2.3.2.
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Figure 2.5: The FOV of observed fields A through to J of IC 468%He two control fields are
located outside the frame of this image.

2.1.2.3 IC 4665 Observations

IC 4665 is an open cluster whose centre is taken to b&"as™ 18500 +05°43'00”0 (J2000),
which is towards the constellation of Ophiuchus. The pogtiin the direction of IC 4665 are
spread across 12 overlapping fields, (see Table 2.2), whathdes the cluster’s centre and the two
control fields all observed by the CFHT in service mode betw®eptember 2008 and December
2008.

The grid of 10 images of the cluster are shown graphicallyigufe 2.5 where the existance of
30" overlaps between each individual field can be clearly sebp.tWo control fields are located
at least 2 outside the known cluster boundary to help assess the corgtom from the presence
of field stars within the cluster images, and so are not shoitmirthe frame of this figure. The
short and long observations were taken at the same time &br @aserving field and acquired
using a 7-position dithering pattern to fill in the”4®ide gaps in between the IR arrays. The short
and long exposure images were takefY'in/ and H filters. Microdithering was used for the long
images with 8 exposures per dithering pattern forkhand 4 for theY” and.J, and were not used
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Table 2.2: Field of view of the WIRCam images and the centoardinates of the pointings
towards IC 4665. Th&", J, H and K long and short exposure images all have an overlap '6f 30
and the centre of the cluster is taken from the SIMBAD dataade 1¥46™18°.00 +054300/0
(J2000).

Instrument  Field of Field Coordinates (J2000)
View (FOV)
WIRCam  20'x20’

172464200 +054923/0
17046™425.00 +052923'0
1745222 .00 +054923/0
170452225.00 +052923'0
1748202.40 +052923/0
1748202.40 +054923'0
174402 .40 +054923/0
17044™02.40 +052923'0
17244058 54 +060923/0
1746™015.60 +050923'0
Controll 1751™03°.00 +080554’0
Control2 1740™53°.00 +025014/0

T IOTMTMmMOOwW>

for the short observations. TH€, images were observed with the remaining allocated time and
so have ‘medium’-length exposure times of between 532 afd.7Dhe differences in the lengths
of these exposures are dealt with at TERAPIX whilst assgdia zeropoints to ensure that the
K, band observations are scaled to be equal over all 12 fields.

Total long exposure integration times of 1.07h, 0.54h, ar@l® for theY, J and H and
were obtained from multiple individual exposures of 1283s @nd 13s respectively. The same
observing strategy was used for the shoyt/ and H images, all with individual integration times
of 5s. See Table 2.3 for more detail regarding the short and é&xposure times and observing
periods. The ‘medium’ exposut§, observations are treated in this work as being associati&d wi
both the long and the short exposures, discussed furthexdtioB 2.3.5. The TERAPIX pipeline
outputs qualityFITS which give the details and plots on tbsuits of the processing, and also
outputs a SExtracted catalogue of objects for each field ackl fiiter where the configuration file
can be found in the Appendix 5.5.

2.1.2.4 |IC 348 Observations

IC 348 is a clustered star forming region towards Perseusisridcated at03"44™34500
+32°09'48'0 (J2000). WIRCam was used to take narrowb&hfl,off and C H,on along with
J, H, and K, images of IC 348, whilst MegaCam was used to také image of IC 348, where
the properties have been shown previously in Table 2.1. TH&G&m observations were obtained
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Table 2.3: IC 4665: List of the observing programs and respgeexposure and integration times
for theY, J, H and K, long and short exposure observations.
Filter Programme(s) Fields Exposure Integration
length/s time/s

Short

Y 07AF22 & 07TAF99 ABC,C1C2,D+EFGHIJ 5 315
J 07AF22 & 07TAF99 ABC,C1C2,D+EFGHIJ 5 315
H 07AF22 & 07TAF99 ABC,C1C2,D+EFGHIJ 5 315
‘Medium’

K, 07AF99 ABCD 15 700
K 08AF98 C1C2,EFGHIJ 15 532
Long

Y 07AF22 & 07TAF99 ABCD + C1C2EFGHIJ 128 3864
J 07AF22 & 07TAF99 ABCD + C1C2EFGHIJ 60 1960
H 07AF22 & 07TAF99 ABCD + C1C2EFGHIJ 13 2576

under programme 06BF23 in service mode between SeptembBéra&@ January 2007, whilst
the MegaCam’ observations were obtained under programme 06BF28 in cgezuiEe mode on
September 21-23, 2006. It was used to take 6, 7-patternreihéimages of 1500s each, yielding
a total integration time of 9000 s, shown in Table 2.4. Thé,on andC H ,off pointings are both
centred at the same location, which includes the clusteriset, while four overlapping WIRCam
fields were taken i/, H and K, to provide a larger areal coverage, shown in Table 2.4.

Table 2.4: IC 348: Instruments used with FOV, filters, andddetral coordinates of the pointings
of the cluster. The/, H and K final WIRCam images are made up of four overlapping fields (A,
B, C and D), where the total integration times are also iretlfibr each filter.

Telescope FOV Filter Integration time (h) Pointing cooedas (J2000)
MegaCam 0.96x0.94 2/ 2.5 03'44™36°.00 +3201'50/0
WIRCam 20 x20’ CHyoff,on 3.7,1.4 0844™14°.80 +320506'0
WIRCam 20'x20’ J,H, K, 0.35,0.16,0.12
A 03"44™14°.80 +320506'0
B 03"44™14°.80 +3215086'0
C 03"45™025.00 +320506’0
D 03245™02.00 +3215086/0

Total integration times of 3.7h in'H,off and 1.4h inC'H4on were obtained from multiple
individual exposures of 30s using a 7-position ditheringtgra to fill in the 4%-wide gaps in
between IR arrays. The same observing strategy with additimicro-dithering was used for the
J, H and K, images with individual integration times of 45, 10, and lsspectively, yielding
total integration times of 126097}, 560s () and 420s k) for each pointing.

The seeing (PSF FWHM) measured on the final WIRCam images atagebn 0.5% and
0.68'. The co-added/, H and K, images were photometrically calibrated using the 2MASS
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catalogue over the same area and renormalised to the phomero-point of 30 mag. The
methane images have no external photometric calibratidrtreeC' H4 magnitudes are given here
on an arbitrary albeit internally consistent scale, so ¢haton-C H,0ff~0 for unreddened field
dwarfs. The MegaCam images were photometrically calidratsing standard stars routinely
observed by the Queue Service Observing team at CFHT to titerpletric zero-point of 30 mag.
The seeing during the these observations ranged fron’ @69.80¢. The WIRCam images
were extended using blank pixels so that the dimensionsesktiscience-ready images were the
same dimensions as thé MegaCam image, where the ditherédi,off image is shown along
with the WIRCam and MegaCam detector arrays, shown in Figuee The TERAPIX pipeline
additionally produced a catalogue of objects with aperirgtometry for each filter.

0347 ’ﬂiﬂiﬁ ’33:45 'ﬂ}#

+31.30

Figure 2.6: The” H,off image with the extended blank pixels to the FOV of MegaGsishown.
The footprint of the WIRCAM detector is overlayed on the Istefield, whilst the footprint of
MegaCam is overlayed over the whole image. The ditheringceffan also be seen as the image
boundaries are larger than the FOV of the WIRCam detectdpifib.
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2.2 Infrared Surveys & Astronomical Databases

Various additional survey databases were queried in thi& woadd to our robust CFHT data,
primarily the 2Micron All Sky Survey (2MASS) and the UKIRT frared Deep Sky Survey
(UKIDSS). Further analysis was conducted using data froenSghitzer Space Telescop®ata
from 2MASS andSpitzercan be found at NASA/IPAC Infrared Science ArchittgRSA) whilst
UKIDSS data can be accessed from the Royal Observatory obHdjh at the Wide-Field Camera
(WFCAM) Science Archivé’. All of the catalogues are fully searchable using both actatde
form or a SQL querier.

2.2.1 2Micron All Sky Survey (2MASS)

2MASS (Skrutskie et al., 2006) at IRSAwas an IR survey finished in 2001 which scanned the
full sky using two telescopes in different hemispheresim morth the Mt. Hopkins in Arizona,
USA and in the south at Cerro Tololo Inter-American Obsemaf (CTIO) in Chile. Its primary
mission was to survey the whole sky at three, standard, IRl®agths,/ (1.25um), H (1.65um)
and K, (2.17 um). Because of the whole sky survey, 2ZMASS has been used assasbavey for

IR data calibration for other missions and observations.

The 2MASS All-Sky Point Source Catalog (PSC) was accessed) tlse Gator catalogue
querying engine at IRSA, accompanied by an input list of fpogs. It is useful to parse the input
catalogue using the input file testébefore trying to use Gator due to some perculiar formatting
requirements'.

2.2.2 UKIRT Infrared Deep Sky Survey (UKIDSS)

The United Kingdom Infrared Telescope (UKIRT) Infrared P&ky Survey (UKIDSS) (Lawrence
et al., 2007) comprises various deep sky surveys, for exara Galactic Plane Survey and
the Galactic Clusters Survey, where UKIRT has a detector ©00.21 ded. The UKIDSS
photometric system spans theY, J, H and K, range covering a wavelength range of 0.83-
2.37um and is discussed by Hewett et al. (2006). The authors adeniss the colour differences
between UKIDSS, and the SDSS and 2MASS for various objentsjding brown dwarfs, and

give associated colour terms.

8http:/firsa.ipac.caltech.edu/
http://surveys.roe.ac.uk/wsa/

Bhttp : //www.ipac.caltech.edu/2mass/
Shttp://www.ctio.noao.edu/
Lhttp:/firsa.ipac.caltech.edu/applications/ThICheck/
2http:/firsa.ipac.caltech.edu/docs/tabigload help.html
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A login is required for the propriatory UKIDSS data and canrbguested via an email the
authorised community contact at one’s home institutionist&lis available to find out who this
is. This work uses the current DR6 data as the currentory (8gata is currently at the DR7
release whilst the public data is at the DR4 release.

The WIRCam Y extinction value shown in Table 2.1, in Sectioh.?, was taken from the
UKIRT Infrared Deep Sky Survey (UKIDSS) section from the S¥@d then adjusted by 0.01
in line with the small 0.01 differences in the H, and K, bands between the UKIDSS and
CFHT extinction values. The basis for allowing this is besadhe IC 4665 long and short
exposure data have been directly zero-point calibratethddKIDSS system and both CFHT
and UKIDSS photometric systems are based on 2MASS as destusslepth by Hodgkin et al.
(2009), excepting the two control fields. Théband can be seen to have a calibration offset
of approximately 0.1 mag from their Figure 16, shown in Feg@r7, where this offset has been
recalibrated in later data releases than DR2. Calibrasiatiscussed further in Section 3.3.

2.2.3 Spitzer Space Telescope

The Spitzer Space Telescdpavas launched in 2003 with two IR and mid-IR detectors which
were the InfraRed Array Camera (IRAC) at 3.6, 4.5, 5.8 andu#m) and the Multiband Imaging
Photometer (MIPS) at 24, 70 and 166h. There was also the Infrared Spectrograph (IRS) which
offered low- to mid-resolution spectroscopy between 5.2&on though this was not used or had
data accessed in this worlSpitzercontinues to give solid 3.6 and 5:4n data, even after the
detector’s cryostat’s coolant was exhausted, leaving t@e/m band and redder too hot, and so

too noisy, for any useful science.

Data pertaining to IC 348 was found by searching $ipétzerpublic archive for IRAC data.
There was no public MIPS data available for this region atithe of writing the article. 1C 348
was the IRAC prime target of programmes 6 (c2d, P.l. Fazid)361(P.I. Fazio) to obtain deeper
exposures, where relevant to this work was provided by HyBbuThe c2d data are made up of
shorter exposures, resulting in the use of deepxs) longer-exposure images of programme
36. The data was retrieved and was processed using stardastipre® with the recommended
MOPEX software.

Zhttp://www.ukidss.org/archive/comm-list-v2.txt
Bhttp://www.spitzer.caltech.edu/mission/32-Missione®riew
Zhttp://www.iac.es/galeria/bouy
Bhttp://ssc.spitzer.caltech.edu/archanaly/quick.phot
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Figure 2.7: Data taken from the DR2 UKIDSS release showiagffset of theY"-band compared
to the field stars. This is corrected for in laster data r&lea@nd so is not treated in our data.

2.2.4 Online Respositories

A number of online repositories, or stores of data, were dsedhis work. Great use was
made of the ADS Abstract Serviéé in order to search for publish and refereed journals, whilst
astropR’ was also used in order to be kept up to date for very receniafmvents in this field.
Additional relevant repositories are the Star Cluster pand Old Newlettéf (SCYON) which is
updated by H. Baumgardt, E. Paunzen and P. Kroupa, and thE@taation newsletté?, updated
by B. Reipurth, and which both encourage authors to spregid rilewest article or conference
proceedings via specific genre electronic newsletters.

The SIMBAD Astronomical Databad® (SIMBAD) and associated Vizier databdSeare

http://adsabs.harvard.edu/abstraetvice.html
Z'http://arxiv.org/archive/astro-ph
Bhttp://astro.u-strasbg.fr/scyon
http://www.ifa.hawaii.edu/users/reipurth/newsletiem
http://simbad.u-strasbg.fr/simbad/
3http://vizier.u-strasbg.friviz-bin/VizieR

47



grand repositories of extrasolar data and biblography awutr 14 million identifiers, and is cross-
correlates with the article service available at the ADSe $ites allow catalogue and online data
retrieval based at the Centre de Données astronomiquesasd&urg? (CDS).

Further databases which have been accessed in the coutss afork include the Spanish
Virtual Observatory® (SVO) which have a fairly comprehensive list of telescophsir filters,
effective bandpasses and wavelengths, widths and extmct-efficients. The data originates
from being convolved with the filters with each instrumend @heir empirial band passes. The
Dwarf Archives? is an uptodate collection of all known L and T-dwarfs, and tadfs which
have both photometry and spectroscopy.

The Star, Brown Dwarf and Planet Simulafyrmentioned in Chapter 1 for the AMES and
BT theoretical models, also holds theoretical models bageh the Lyon groups work on the
emission and absorption as a result of the presence of ealpand theoretical elemental and
molecular lines in stellar and brown dwarf atmospheres.

2.3 Pipeline Development

After the observations were taken by WIRCam and MegaCam amgnocessed at the CFHT,
and after being run through the TERAPIX pipeline they weentheady for the object extraction
procedure and further analysis. The data taken of IC 348 @r565 can be treated similanp
to a point This section discusses a pipeline for image analysis, showigure 2.8 where the data
for IC 348 and for IC 4665 are shown to be treated similarly ornaage-by-filter basis. Human
intervention for this pipeline is the limited to the creatiof input variable tables, dependent
on the particular fits headers and images, and for checkidgcanstraining CMDs for survey
comparison and calibration purposes. As the work has beee ilés possible to run the script,
using the predefined variables in order to output new cati@egin essence it is possible to run the
script, after updating the filenames, and with the excepticthe calibration steps, which require
SuperMongo, can be run from analysis-ready images to finddrated catalogues and selected
objects. It should be possible, with perhaps a little timegrialysis multiple data sets for multiple
observing runs and regions. Of course this depends on trenattions themselves, and what
is requried to be plotted. The main criteria is populating fmrameter input files correctly and
changing the path names of the files.

A combination of custom-made prograthsalled Source Extractor (SExtractor) (Bertin and
Arnouts, 1996) and Point Source Function Extractor (PSKBg)tin et al., in prep.) were used

32http://cdsweb.u-strasbg.fr/
3http://svo.laeff.inta.es/theory/filters/index.php
34http://spider.ipac.caltech.edu/staff/davy/ARCHI\fEex.shtml
3http://phoenix.ens-lyon.fr/simulator/

3http://astromatic.net/
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on each field for each band to extract sources and build plestancatalogues. On a first step,
SExtractor extracts well defined stellar-like objects, althaire used by PSFEX to compute a PSF
model that is allowed to vary with position on the image. THle detection was done using one
filter which was used to measure the photometry from all oftkaglable filter images. SExtractor
uses this PSF model to measure the photometry more acguddtell the sources detected on
the image, producing a catalogue with a list of identicalbsifioned objects for each filter. It
is important to make sure that the available data is reljalsl@ich requires optimisation and
calibration checks. Parameter optimisation is conduaedmately from this pipeline, discussed in
2.3.2. Finally, these catalogues are combined to constriist of unique objects with associated
filters and PSF information. The IC 348 data is ready for aialgt this point, whilst IC 4665
requires calibration. This calibration is necessary ad@h4665 data has separate and multiple
fields (images) for each filter so the fields need to be extigroalibrated onto UKIDSS, before
being internally calibrated to be consistant from field tédfi® account for the different seeing
conditions. This pipeline relies heavily upon bash scriptd awk, and also uses SuperMo?igo
scripts for numerical analysis and plotting.

2.3.1 SExtractor First-Pass

Source Extractor (SExtractor) is used as the main methodlaifating various parameters and
magnitudes to objects obtained from the observations. Bxér&ctor manudf v.2.5 describes in
detail of how the program works, whilst the SExtractor Fonboies manudP is a useful how-to
guide. The versions used were 2.3.5 for IC 348 and versiof ®t the extraction for IC 4665.
SExtractor requires two configuration files to control theuiand output data; the first is the data
extraction parameter file with a ‘.sex’ suffix; the secondhisdata presentation parameter file with
a ‘.param’ suffix. The parameters used are listed in the Agigen Table 1, which are identical
for both the first- and second-passes for IC 4665 and IC 34&rdites are also needed as inputs,
for example a neural network file to differentiate betweenssand galaxies, ‘.nnw’, and a filter
file ‘.conv’, an example of which can be found in Figure 2.apger lef}. The other required file is
the data from the *.fits’ file, though other file types are algpmorted. Additionally, it is possible
to add the weight and the flag maps as further input files, wbichespond to each observation
image as discussed previously in Section 2.1.2.2.

Other useful functionalities of SExtractor are the checigmoutputs, ‘CHECKIMAGETYPE',
which can be one of various types of analysed data; ‘BACKGROU ‘OBJECTS’ and
‘PROTOS’, among others. The check image ‘BACKGROUND’ is arage with the estimated
background fluxes that have been subracted from the apgrtwhélist the ‘OBJECTS’ are the

"http://www.astro.princeton.eduthl/sm/ & http://www.supermongo.net/
Bhttps://www.astromatic.net/pubsvn/software/sextrdtiunk/doc/sextractor.pdf
3http://mensa.ast.uct.ac.zdiolwerda/SE/Manual.html
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extracted objects which now have a catalogue reference ataj end the ‘PROTOS’ is the
residuals from the extraction from the original image. Eatthese can have a nhame specificed
using the ‘CHECKIMAGENAME' parameter.

Data is also required which is unique to each fits image andeaaken from the fits header,
which is a file information table associated with each .fits.filThe ‘SATURLEVEL' is the
saturation level is used by SExtractor to apply its own saitom flags, active for objects exceeding
this threshold. Other fits-header given values are the ‘MZEEROPOINT’, here 30 mag, ‘GAIN’,
and ‘PIXEL.SCALE’ which are all related to the detector and pre-proogspipeline, extracted
automatically using the ‘dfits’ and ‘fitsort’ commands. Qtliata can be taken from the image
which is also needed for the photometric analysis; the ‘SEEFWHM' is the stellar FWHM
in arcseconds is used to help differentiate an object betwaegalactic and a stellar PSF and is
calculated using the pixel scale and the FWHM in pixels. TW&HM in pixels is found using the
iraf imexamfunction taken on a randomly selected sample of faint anghbstars in the image

and can be checked using the command line output when PSREX ru

Usage The basic command line syntax used for SExtractor is asasllo

sex <inputimagefilename(image.fits} -c <configuration file(firstpass.sex)-FLAG_IMAGE <(flag.fits}> -
WEIGHTIMAGE <(weight fits)> and whilst it is possible to create multiple configuratien.diles
to correspond to each input file, it is also possible to ineladmmand line arguments to change
the parameters that are in the configuration.sex file by ukmgbove ‘-KEYWORD<variable>’
syntax. Itis also possible to automate this process by ngrmbash script with all of the variations
that need to be tested. This is useful for optimisation ofrtpet options that the configuration.sex
file includes, see Section 2.3.2.

2.3.2 SExtractor Optimisation

All of these configuration options need to be assessed aidisptl for the data sets that are being
used. The methodology for obtaining these optimal parammésediscussed and the particular
values for IC 4665 and IC 348 are summerised here, but claptmific optimisation is discussed

further in Chapters 3 and 4 respectively. A list of configiamatoptions discussed here that
have been tweaked in relation to our extraction can be fonrthble 2.5 for both the first pass

and second pass of SExtractor. Optimisation is mainly rsecgdor the analysis and detection

thresholds, object detection filters, and for the backgiastimation; all needed to obtain accurate
photometry from the data.

Detection The detection optimisation requires a few parameters toebted under the ‘Ex-
traction’ heading in the parameters file. Many parameters lwa changed permanently in
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Table 2.5: The configuration options in the SExtractor camfitjon that were changed from the
default. An example file for each SExtractor pass for eachtetucan be found in the Appendix
5.5. Here the example given is for extraction data from fhdand image where the gain and
saturation values are used for the photometry and not foddéection. It can be noted that the
detection images are different to the analysis images #rstétond-passes of SExtractor, and
the detection and analysis for the long IC 4665 exposuresrurashot/cold’, at two different
thresholds.

config IC 4665 IC 4665 IC 348 IC 348
option first-pass second-pass first-pass second-pass
detection image IC4665A.fits IC4665A.J.fits IC348H.fits IC348 CH4Off fits
analysis image IC4665A . fits IC4665AH.fits IC348H.fits IC348H.fits
PARAMETERSNAME sexl.param sex2.param sex1l.param sex2.param
CATALOG_NAME LDAC _IC4665A H.fits IC4665AH.cat LDAC.IC348 H.fits  IC348H.fits
MIN _AREA 3 3&3 5 3
DETECT.THRESH 15.0 (short) 1.5 8.0 3.5

(long) 1.0 & 5.0
ANALYSIS_THRESH 15.0 (short) 1.5 8.0 1.0

(long) 1.0 & 5.0
PHOT.APERTURES 31 31 51 50
GAIN 1.777276524E+01 1.777276524E+01  18.0508 18.0508
SATURLEVEL 5.795242200E+05 5.795242200E+05 500000 500000
FILTER_NAME gauss2.5 5x5.conv gaus®.55x5.conv  gaus8.05x5.conv  gaus8.0.5x5.conv
SEEINGFWHM 1.22 1.22 1.10 1.10
BACK_SIZE 64 64 128 128
BACK_FILTERSIZE 3 3 3 3

the configruation file without needing to be specified in thengc@nd line, for example the
‘DETECT_TYPE' is from a ‘CCD’ and not from a photograph, ‘PHOTO’, and does not need
to be mentioned in the command line as long as it has beenctigrobanged in the configuraton
file. The '‘DETECTTHRESH’ and ‘ANALYSISTHRESH’ control the confidence level that an
object on the image must have to be eligible for extractidme Witimate value is whichever one is
the highest; if the detection threshold is higher than ttedyeis threshold then all objects detected
will be analaysed; if the analysis threshold is highest dhtse objects above this level will be
analysed. An additional problem with the detection is thesimig of objects around bright and
saturated stars, shown in Figure 2.9. This is a dual-foltlpro; a 1.0r detection level detects all
the objects in the field but not around bright stapeén squards whilst a 5.00 detection threshold
would detect the objects around bright stasguare$ but then, obviously, miss all of the lower
threshold objects in the field. This is a direct consequeri¢betisophotal algorithm SExtractor
employs, where a higher threshold reduces the isophot#briab and so alters the distance at
which an object from the central pixel of this bright star kcbbe treated as a different object.
This is usually used in conjunction with the ‘DEBLENNTHRESH’ algorithm. This details how
the program distinguishes between objects that are in gheinsd PSF footprint, where the value
is the number of branches that are allowed within any one B®Egh in our case seems to fail
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around bright stars. The solution, then, is to detect objatboth of these thresholds and then
amalgamate the catalogues later, simplified when usingguisindetection image for analysis.
An additional problem is that the centres of the saturaters$ $tave been removed, so whilst these
objects have been flagged, SExtractor still detects obggotend the locus.

A filter can be chosen, replacing the default filter, which kias to what shape the PSF of
an object should have to be classed as a detectable objemte @re various filters and each has
a different shape, pixel footprint and seeing values; thigauss2.5 5x5.conv’, for example, is
a gaussian PSF with a 5x5 convolved mask (grid) and a seeingNFWalue of 2.5 pixels’ .
This convolved mask is the number of data points to a sidedifate the filter. Other filters were
tested which were either of a different shape or had diffeF@HMs and footprint sizes, where
Figure 2.10 shows two types of filter, the gaussian and thehateon theupperandlower panels
respectively. The gaussian shape was the best overaltidetéitter in both datasets, Figure 2.10
(left lower panel) based not only on the number of detections, but also on thktygof detections,
indeed, there is no point detecting every pixel in the imagaraobject, which the mexhat almost
seems to do as shown in Figure 2(1€ft lower panel) That the gaussian is the best filter form is
no coincidence as the response of the CCD is gaussian fonagmirce.

Analysis The analysis optimisation needs to be carefuly adjusteddardo extract the correct
photometry from the objects. The ‘PHOIPERTURES' is the size of the aperture in pixels and
needs to be adjusted in order to take into account all of tixeaflth the circle. Here it was tested
with values as low as 5 and as high as 45 against the defaulGMRATO’ value. A plot showing
the convergence of the colour magnitude diagram of the aqgenbagnitude - maguto vs mag
auto (used as a constant here) is shown in Figure 2.11. lexhisple for IC 4665 it can be seen
that the colour converges to a difference of -0.03 with a ‘HHEPERTURES' value of 31 and
whilst higher aperture values also give the same differdgineelispersion increases dramatically.
Physically, this means that as the aperture is enlargedds fimore stars within its enclosure and
S0 cannot as accurately assign a magnitude value corredly ¢f the objects, either because of
the deblending but mainly because of the background estimat

Further analysis optimisation parameters are the ‘BASIKE’ and ‘BACK_FILTERSIZE’,
which define the background estimated value that is suletigobm within the aperture around a
detected object. ‘BACKSIZE' is of dimension 64, 128, 256 or 512, indicative of theesof the
side of a square in pixels in which to to coallate flux in oraecalculate the average background.
‘BACK _FILTERSIZE' is the size of a side of square, in units of ‘BACKZE' over which the
background level is smoothed, taking odd-numbered valtidss 7 etc. Underestimation means
that too little background flux is removed locally, Figurd2.upper centrefor a 64x64 grid).
If SExtractor overestimates the background level theretmgl be more flux overall subtracted
eventually underestimating the flux for objects in that oegiFigure 2.12dower right, where a
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larger ‘BACK_SIZE’ could do this (for a 256x256 grid). The image on fowver right is the
128x128 grid which is between the two. If there are high lewdlbackground flux, for example
in nebulous or very crowded regions then it is hard to acelyastimate the background flux
over the whole image. This concludes that the best aperalte o use for the IC 4665 data is
31, whilst a similar analysis gives a value of 51 for the mased image for IC 348. Further, the
background parameter values for IC 4665 were 64 and 3 thdwagk tvas not a great difference
with the 256 and 5 values were used as the fields are compayatimcrowded. The values for
IC 348 were 128 and 3 and although they helped smooth thebla@ad nebulous background,
the smoothing should not be too aggressive as the nebabsiiry on scales of less than a few
tens of pixels. The ‘PSIPROTOS' residuals check image is very useful for both thetapeand
background optimisation as it can be seen how SExtractoexteascted the flux from the aperture.

Further optimisation is the propogation of these apertaees through the next two steps in
the catalogue extraction process, PSFEx and the SExtragtand-pass. Image attributes are
unchangable leaving most parameters used for the SExtfastepass unchanged, apart from the
detection and analysis thresholds. For the IC 4665 first-patetection and analysis value ofd 5
was used in order to obtain good quality PSFs, for the inptiot REFEX, whilst for the second-
pass a value of 1.5 was used for the short exposures, wheldoriy exposures used the hot/cold
method at both 1.0 and 54 This double catalogue can then be amalgamated for unigeetsh
where the details are discussed in Section 3.3.1. For IC I8 8irst-pass value was8Band the
second-pass detection value was at3.®£nough to avoid detecting large amounts of nebulous
material, discussed further in Chapter 4.

Lastly, the output catalogue should be in the LDAC format methis option is specified in the
SExtractor first-pass configuration file and is required asmput for PSFEX. This configuration
option for the ‘CATALOGTYPE' is ‘FITS_LDAC’, ready for the modeling of the PSF across the
image, handled by PSFEX.

2.3.3 Point Source Function Extractor (PSFEX)

Point Source Function ExtractSris a program whose primary purpose is to model the small
variations of the PSF across an image using a set of gootyg®@&Fs taken from that image as
an input. This input is the LDAC.fits output from the first-pasf SExtractor where the detection
threshold has been set high in order to find good quality PBfes PSF can vary across the image
due to atmosphere or instrument distortion, but is can a¢ésarbartifact of image mosaicking
where overlapping images are stitched together to makegarlaseamless image. In this case

“Ohttp://www.astromatic.net/wsvn/public/
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it is usual to have a dithering pattern which tries to incecti®e reliability of the data near the
edges of the individual detector chips, for example the sddehe external border of the array
or the edges adjacent to gaps between the CCDs. The probksiated with this method is
that the PSF can vary across the image, depending on the nwhdghers used to make up
the final image and the accuracy of the flat fielding proces® dutput PSF model is then used
as one of the inputs for the second-pass SExtractor whiah dffers first-order corrections to
the final object magnitudes. The PSF input is optimised, ssudbed in Section 2.3.2 for stars
rather than galaxies. There is currently no manual for tbfsrmgre as it is still in development

Table 2.6: Configuraton options that were changed for thiSEXSanalysis. The unchanged
parameters for the PSEFex configuration files can be fourfteil\ppendix 5.5. Options marked
with an asterix appear in the newer version only.

Parameter IC 4665 IC 348

Name value value

PSESIZE 35,35 51,51
SAMPLEVAR_TYPE* - SEEING

SAMPLE FWHMRANGE 1.5/4.5 15,45
SAMPLE_MINSN 100 100

PSFVARKEYS X_IMAGE,Y_IMAGE X_IMAGE,Y _IMAGE
PSFVARDEGREES 2 6

although the location of where the manual should be is dssziisn the prografd, for future
reference. The configuration file is located in the Append&though the more salient points
are discussed here. Analysis for IC 348 was conducted witsiore 2.3.5 of PSFEX whilst the
work for IC 4665 was done using version 3.1.0. There maintaddi present in version 3.1.0
are the check plot capability of outputting PSF ellipticiyd FWHM maps, shown in Figure 2.13
for the J-band of IC 4665 field A; and changes of instead specifiyingwpu PSF filepath and
filename to specifying just the suffix; ‘PIRSUPER’ has been removed whilst ‘BASISYPE’
and ‘BASISNUMBER’ have been added, shown in Table 2.6. ‘BSEUPER’ is the number of
super-resolved pixels and has a value of '0’; whilst the ‘BB YPE’ defines the system the input
fits file uses (here ‘PIXELIAUTO’) and ‘BASIS.NUMBER’ is the PSF basis vector coefficients
for non-pixel bases, default of 16 in this version and is usedhe output PSF file. The 'snap’
check image is the PSFs that PSFEXx eventually uses to maelé1Sk across the frame of the
image.

‘PSFVAR.DEGREES’, or GROUPDEGREES’ depending on the version, is the order of freedom
parameter that applies to the PSF over stacked or mosaicigggks. This is a 6-degree polynomial

“http://terapix.iap.fr/soft/psfex
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over the final image for IC 348, whilst IC 4665 has no such nubsag. For IC 348, this was used
in conjunction with independeiiraf aperture photometry on the selected candidates, wherd a fina
magnitude was takes as an average of these two values.

There needs to be a range of FWHMSs for PSFEXx to work with, définih the ‘SAM-
PLE.FWHMRANGE' parameter, here between 1.5 and 4.5 pixels FWHINIs output file is a
‘.psf’ file which holds the model information and is selecteddan input in the SExtractor second-
pass configuration file with the option ‘PSYAME'.

The command line usage is of the same format as SExtractbrvas again created through
shell scripts and awk. For IC4665:

psfex<input PSFs(LDAC.fits) -c¢ <configuration file (psfex.psfex) -SAMPLE_MINSN 100 -CHECKIMAGETYPE

SNAPSHOTS -CHECKIMAGENAME <snap.chk.fits

2.3.4 PSFEx Optimisation

The total number of pixels in the mask of the PSF is an input$&EXx and as this result is
unchanged the value gained from the first-pass SExtractoniggtion can be used here, 31 for
IC 4665 and 51 for IC348. The PSFex configuration option ‘FSBEE’ needs a similar aperture
size as the ‘PHOJAPERTURES'’ in the SExtractor first-pass configuration filad dhe value
should always be an odd number as then number of pixels fovitpeet(xx,xx)’ parameter in the
.param file. These can be found previously in Table 2.5.

2.3.5 SExtractor Second-Pass

This section deals with the production of the output catiaésg per filter, from the second-pass of
SExtractor. The major difference between the first- andrsgqasses of SExtractor are the input
files, the detection/analysis thresholds, and the .paraitraidile. All other parameters are the
same as for the first-pass set as shown previously in Tablevhitt the second-pass set can be
seen and compared.

A further detection optimisation option involves using amage for the detection algorithm
and another image for the analysis using the objects det@ttie first instance. The particular
images used for detection are the IC 4665and image for the long and the short exposures due
to the better photometric quality against depth of the imn@mgapared to the other images, and for
IC 348 the CHoff image was used in order to certainly obtain a correspandiH,on magnitude
for each CHoff object. The reasons for using these particular imageddtection are discussed
in depth in the accompanying Sections 3.2.2 and 4.2, for &5461d IC 348 respectively. Here,
the IC 348 second-pass is run at 3,5whilst the IC 4665 short exposure images are run at2.5
with the long exposure hot/cold analysed at 1.0 ando5.0he ‘medium’ K; band images for
IC 4665 are used for both the long and short extraction, ieress being extracted twice. This
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was to ensure that each detected object h&d, @ounterpart, but is also a useful check for the
robustness of our tests as the magnitude differences betiveeshort and the lonf, exposures
should be~0.

The second-pass configuration file is similar to the firssgdés (Table 5.5 in the Appendix)
whilst the .param file is fuller and outputs more data sucthasobject location in (x,y) image
coordinates, sexigesimal coordinates, and the assoaptrture and PSF fluxes, magnitudes and
errors, shown in Table 5.5 in the Appendix. Furthermore iltpuat catalogue can now simply be
an ascii file, selected using the option ‘CATALOIYPE’ is ‘ASCII_HEAD' which includes the
headers taken from the parameters in the .param file. It Eldego have just an ascii file with no
header, ‘ASCII’, or afits file, ‘FITSL.0’ that can be read by any fits text file-compatible program.

2.3.6 Catalogue Amalgamation

Catalogue matching between different SExtractor outpes fihade heavy use of the TOPCAT
program and the associated STI*PScripting environment. The amalgamation of single-band
catalogues into one multi-band catalogue based on codedimas used for both sets of data. This
task was simplified due to the choice of a single image for #tealion of objects. Essentially,
each catalogue, for example théefor IC 348 and theY” catalogue for both the short and long
IC 4665 data were used as starting points. Then, each catalwgs matched with one of the
other bands in the respective data set, and so on and so fittthere is a single catalogue which
comprises all the filters observed for each object. For ICtBé8inal, analysis-ready catalogue
has a total of 22 columns per band so 132 columns foethé, H, K, CH,off and CH,on filters,
whilst for IC 4665 the filter-amalgamated catalogue had @2stolumns, when an extra column
per field was introduced, discussed in Section 3.2.3, tetasdh the identification of saturated
objects from the colour/magnitude diagrams, taking thefof a ‘0’ or ‘1’

At this stage, the IC 348 data can now be analysed and is disddigrther in Chapter 4, whilst
the IC 4665 data requires more treatment to increase itsamcand reliability.

2.3.7 Calibration

IC 348 did not require any calibration as it was internally corsist This data was, however,
compared with 2ZMASS in order to define the offsets betweelCHdT and 2MASS, although no

offsets were applied as the data stayed in the CFHT photanststem. Offsets were of order
0.05 magnitudes which is within errors for our purposes afifig methane colours greater than
0.4magnitudes. This 2MASS check is dicussed further ini@edt2.2.

“2http://www.star.bris.ac.uk/mbt/topcat/
“http://www.star.bris.ac.ukémbt/stilts/
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IC 4665 also needed to be checked against 2MASS for the same reasdnshést this is
discussed in great detail in Section 3.3 it eventually haalgets of offsets applied. The first was
to zero-point calibrate to UKIDSS, not 2MASS, as the 2MASS$bcation technique needed a
statistically significant number of stars which overlaphA®@MASS and the long exposures had
poor quality, mostly saturated, objects. An extra error ina®duced, therefore, to this process as
the long exposures would have to have been calibrated oatshitrt exposures which had been
calibrated onto 2MASS. Additionally there is also a lackvoband data with which to calibrate
theY exposures onto 2MASS. UKIDSS was checked to be a usefulraadibby examining the
number of AO stars from our FOV over all the H and K fields, and so then seeing whether
these stars still hatl — J, Y — H andY — K, colours~0. A second calibration was conducted
to compare and neutralise the differences between the fE2dtif fields, as each were taken under
different photometric conditions. This was done using therlaps between the fields, which
consitute a band at least30” wide and~20 long for each field, shown previously in Figure 2.5.
Eventually only field J had to be re-calibrated, likely dudttoposition outside the rectangular
region, and also the poor quality of the CCD in the bottomtriggnd corners meant that field D
was not an appropriate calibration zero point, leaving dlsmaarlap 10 long in order to check the

J field. Furthermore, the control fields lacked matching UK®@ta, so it was best to calibrate
these using 2MASS, but to also apply the calculated 2MAS3IBBS offset, indirectly calibrating
them onto UKIDSS. Thé& -band was calibrated using the median value from the 10asifisids
and applying this offset to thE-band data of control fields.
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Figure 2.8:A Flowchart of the pipeline used to process the images takémecobserved regions into data that can then be analysesl mBin procedure which was
applied to all the data, including IC 348 and IC 4665 includtBactor to extract well-defined objects (at 8 or&pin order to create a good sample for PSFEx to model the
variations of the PSF across each image. These variatierthen taken into account for the final SExtractor parse kedatputting a catalogue for each band. IC 4665 has an
extra process in the pipeline to calibrate the long and tbet sxposures directly onto UKIDSS, to calibrate for diéfet seeing conditions across the different fields, and finall

to calibrate the control fields as they have no associated3Sl data.
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Figure 2.9: Cut-outs of th&-band long image of IC 4665 of side 42 x"32vhere thdeft panels
are detection at 1.8 because they are within the PSF of the bright star, and whesgjiaresare
fainter objects that are not detected at thed.0

Figure 2.10: Gaussian and mexhat filters and their resgedétections at 1.6 overplotted onto
the observed IC 4665A -band image.upper left Gaussian gaus2.5.5x5.conv filter detection
at 1.00 upper right Gaussian gaus®.5.5x5.conv filter detection at 1.8, note the absence of
detections around the bright star on the left, but also thesimg fainter objects with the higher
threshold.lower left mexhat mexhaR.5.7x7.conv filter applied at 6.6 where~40,000 objects
are detected over the image aogver right mexhat mexha.5 7x7.conv filter applied with a
detection of 1.0r to an image and 400,000 detected objects. Note the missectides of many
bona fide objects in both of the lower panels irrespectivénefdetection threshold.
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Figure 2.12: 1C4665 field AJ-band: Comparison images of the SExtractor estimate of the
background using different background sizes when over dergstimating the background that
SExtractor uses as a zero point for the detection and phatpmieobjects.Upper centre 64x64

grid which can locally underestimate the background, nmegpiBExtractor takes too little flux
when removing the flux for the object but it will detect obgat the field well;right: 256x256

grid which can overestimate the background flux on a largalesoeaning the fainter objects risk
being undetected, or objects will appear fainter than thegravise are.Left 128x128 grid is
somewhere between the two and can be more useful for nelndgigss.

60



=
S
=}

(@b
2 =
[ [
ot =1

s
g

[
=

0.04—(4

00212
aris

PSE ellipticity s o e i s pSE M

Figure 2.13:J-band diagnostic maps outputted by PSFEXx for IC 4665 fieltt#, FWHM map
describes the how the size of the PSF varies across the irmadeght: Ellipicity map describes
the how the shape of the PSF varies across the image.

61



2.4 Summary

The observing capacities of both ground and space-basssttgles used in this work have been
discussed. The primary telescope is the CFHT located in Haw®ere the two wide field
detectors, WIRCam and MegaCam, were used to obtain deegumgsoin the:’, J, H and K
broadbands and Cjdn and off narrowbands of the 3 Myr star-forming region 1C ;3&& shallow
and deep exposures in the J, H and K broadband for the-40 Myr open cluster IC 4665. The
CH,on and off narrowbands were observed in order to filter anskiflathe lowest-mass objects
in IC 348, here methane T-dwarfs which havg;} < 1300 K and associated masse$0 M;

for such young objects. Various other telescopes surveyssad, namely 2MASS ar&pitzerfor

IC 348, and UKIDSS especially for IC 4665.

A major contribution is the development of an analysis pigelfor the MegaCam and
WIRCam dataset using many tools from TERAPIX, and bash arldsanipts. Fits header data
is extracted from the observed and TERAPIX-processed imdgpore running a combination of
SExtractor and PSFEX in order to output raw catalogue filedyréor processing. The major step
here is the optimisation of the parameters for these tworprog, from optimising the detection
images and parameters to get the most from the data, froneyng to the correct aperture size
from CMDs using data from different apertures, and estingabackground substraction using
different grids and blocks of the image as a whole. Theseltseave then fed back into the
extraction algorithm and an optimised set of catalogueprrduced, before being amalgamated
into one catalogue for each set of exposures. This data eanbin checked with 2MASS and/or
UKIDSS, where the associated regions will need to be dovdelddrom IRSA and calibration
offsets can be calculated and applied if necessary. Intisiamce the IC 348 data required no
calibration as the offsets with respect to 2MASS only whérhe order 0.02 mag for thé-band.
Calibration offsets for the IC 4665 data shared with valutihwthe 2MASS data, but required the
use of UKIDSS in order to calibrate thé-band, detecting large offsets in some cases as large as
0.23 mag (for field E of th& -band). Comparison is then available, in essence a 'réradilon’
in order to check that the calibration values are correctdii@hal amalgamation can be carried
out in order to have a uniquely populated catalogue for edopbcty ostensibly for each field.
Colour/magnitude and colour/colour diagrams can then biqal in order to begin the analysis,
before candidate selection. Narrowband data selectioimigler as the selection can be plotted
and then checked. Specific cluster treatment holds for piedfield observations where each field
must be cross-checked and calibrated against the othes.field

At the end of this pipeline there are catalogues for eachuenimpject where the physical
analysis can be done, which is discussed in the followingdfwapters for the open cluster IC 4665
and heavily extincted star-forming region IC 348 respetyiv
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2.5 Reésune

Les capacités d'observation des télescopes du sol eagpaint utilisés dans ce travail ont été
discutées. Le télescope principal est le CFHT qu’esésittHawa, ou les deux détecteurs de
champ large, WIRCam et MegaCam, ont &té utilisees potanirtbdes expositions de profondeur
dans le broadband’, J, H et K, et CH, sur et en dehors narrowbands de la région des 3
millions d’années de formation d’étoiles IC 348; expsis et superficielles et profondes dans le
broadband dé&”, J, H et K pour le~ 40 millions d’'années amas ouvert IC 4665. Le (itr et

en dehors narrowbands ont été observées afin de filtreradasser les objets les plus bas de masse
dans les IC 348, T méthane ici-nains qui oni;f < 1300 K et les masses associeed0 M;
pour ces objets jeunes. Plusieurs autres enquétesdpésssont utilisés, a savoir 2MASS et
Spitzerpour IC 348, et en particulier UKIDSS pour IC 4665.

Une contribution importante est le développement d’'urliig d’analyse pour I'ensemble de
données et de MegaCam WIRCam utilisant de nombreux o@ilBERAPIX, et les scripts bash
et awk. Données de I'entéte FITS est extraite a partiimages observées et TERAPIX-traitées,
avant d’exécuter une combinaison de SExtractor et PSFEHK Ips fichiers de sortie catalogue
premiéres prétes a étre traitées. L'étape majeurécieBoptimisation des parameétres pour ces
deux programmes, de l'optimisation des images de déteeticde parameétres pour obtenir le
maximum de données, de converger a la taille de I'ouvexarrecte du CMD utilisant les données
de differentes ouvertures, et I'estimation de la soustracle fond en utilisant différents les grilles
et les blocs de I'image dans son ensemble. Ces résultaterssuite réinjectées dans 'algorithme
d’extraction et un ensemble optimisé de catalogues sodts, avant d’étre fusionnés en un seul
catalogue pour chaque ensemble de I'exposition. Ces dsnméuvent ensuite étre vérifiee avec
2MASS et / ou UKIDSS, ou les régions associées devrast tétéchargés a partir IRSA et les
compensations d’étalonnage peuvent étre calculégspéijaées si nécessaire. Dans ce cas, les
données pour IC 348 requises aucun calibrage que lesagiesgbar rapport a 2MASS que lorsque
de I'ordre 0,02 mag pour le bande-Les compensations d’étalonnage pour IC 4665 ont paetagé
avec la valeur avec les données 2MASS, mais nécessittilisétion de UKIDSS afin de calibrer
I'Y", la détection de décalages importants dans certainaess,grande que 0,23 mag (pour champ
E de laY bande). La comparaison est alors disponible, essentietieen une re-calibrage afin de
vérifier que les valeurs d’'étalonnage sont corrects.ofusupplémentaires peuvent étre effectués
afin d’avoir un catalogue unique de population pour chaquet,odoi-disant pour chaque champ.
Couleur / magnitude et la couleur / diagrammes couleur pesutite étre tracée afin de commencer
I'analyse, avant la sélection des candidats. Bandetétdei sélection des données est plus simple
gue la sélection peut étre tracée et ensuite vérifiegiteent d’amas spécifique est valable pour
de multiples observations-terrain ou chaque champ dait @ntre-vérifié et calibré contre les
autres domaines.
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la fin de ce pipeline Il existe des catalogues pour chaqué ahjgue ou I'analyse physique
gui peut étre fait, qui est discuté dans les deux chapsmegmnts de I'amas ouvert IC 4665 et
fortement éteints région de formation d’étoiles IC 3d48pectivement.
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Chapter 3

Sub-Stellar Census of the Open Cluster
IC 4665
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A thorough grounding of IC 4665 is covered in this chapteraitiag cluster properties
such as the age, distance, radial velocities and extincaon difficulties in assigning these
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properties. Subsequently, the CFHT data taken of IC 466%sm@ugsed and the final stages of
the pipeline that was briefly discussed in Section 2.3 a dait. Fruitfully, the analysis of
this data leads to candidate members obtained via thearetiodels superimposed upon the
CMDs and colour/colour diagrams constructed with our datdpre being cleaned from flags,
spurious sources, by flux radius after being visually insgstand before being compared to known
members. The contamination is then calculated using thiealdields. It is then possible to assign
temperatures, masses and spectral types in order to pradub& for IC 4665. This can then be
compared to the IMF of other young clusters in the literature

3.1 Introduction

Figure 3.1: A composite image of IC 4665 usitg H, and K, band data. (See text for image
origin).

IC 4665 is a fairly young, open cluster whose centre takeretatd 7"46™ 18500 +05°43'00"0
from Kharchenko et al. (2005) and SIMBAD, located towards tlonstellation of Ophiuchus,
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shown in Figure 31 It is located about 100 pc outwards from the Galactic plaaselbw radial
velocity of -10.3 km s! or proper motion -7.4 mas yt. Its age is betweer-30 and 50 Myr,
where different methods give different ages, and is dismls®low. The cluster also seems to
have a near solar metallicity c%%] = 0.077, derived statistically by Pohnl and Paunzen (2010).
This cluster also has very low extinction where a value gE@59+0.16 mag, from Jeffries et al.
(2009) is used in this work. This extinction value was foursing the intrinsic colours for a
pre-main-sequence star as defined by Bessell et al. (199&)ewhe JHKLM colours are based
upon the Johnson-Cousins-Glass system (Bessell and B8&8) and UBVRI colours defined
by Bessell (1990). The extinction co-efficients towards ttluster can be found previously in
Table 2.1. Additionally, the low levels of extinction meamat it is possible to have a more
complete picture of the IMF, here possibly probing brown dwdo a spectral type ofL3,
where no objects should be hiding in extremely extinctedoregas is the case for younger,
more occluded star-forming regions. An additional prohlémwever, is the contamination due
to relatively unextincted foreground and background dsvauthich are harder to separate from the
sample. In essence this is a good place to study the IMF instefrhoth distance and extinction
and consequently IC 4665 is a comparatively well-obsenhester where there have been many
surveys, both optical and infrared.

3.1.1 The Open Cluster IC 4665

of Pioneering Surveys Prosser (1993) made the first CCD survey of this cluster ugiaglm
Nickel telescope at the Lick Observatory. The 500 x 500 gix&CD was used to take 80 and
I-band images with a total field of view of 4% 32, covering the centre of the cluster. They
obtain a list of 170 astrometric, 13 known bright and 213 né&atpmetric, and 39 H candidate
members of IC 4665. Through the use of V/B-V and V/V- CMDs andparison to the upper and
pre-main-sequence empirical isochrones from Mermillid88(), they conclude with 35 bright
candidates, 57 proper motion/photometric and 23éthission stars as good candidate members
warranting follow-up astrometric, photometric and spestopic surveys for confirmation. A
further Ho emission survey, which also included Li abundances of laassrstars was undertaken
by Martin and Montes (1997). Theirddactivity results agree with a young age for this cluster,
however the results show a depletion for their Li | abundaneéich usually indicates an older
age. This low kk-Li | depletion correlation seems to occur for young, 20-M@, low-mass
stars, as shown in the Pleiades (120Myr) arfdersei (90 Myr). This has recently been confirmed
using spectroscopic data observed by Jeffries et al. (2008) discuss the pre-main-sequence Li
depletion. Their isochronal ages are consistent with thddpletion boundary (LDB) at 285
Myr, but find that the late-type K/early M sequence gives ateluage>100 Myr. A possible

Credit: Stefan Binnewies and Josef Popsel
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explanation could be the difference in radiative opacitiggch had not been included with the
theoretical isochrones (Baraffe 2002) used for comparisod also difference in metallicities

between different clusters or even within different stefjeoups within a particular cluster.

of Age & Distance The most recent survey was by Cargile and James (2010), widucted

a photometric survey of IC 4665 using, V, and I, photometry to try to pin down the age of
the cluster, however, there are variations depending om#thod used. Comparing the standard
photometric turn off of the pre-main-sequence to theaséigochrones they established an age
of 369 Myr and a distance of 36012 pc, in general agreement with the upper-main-sequence
of 42412 Myr and 35412 pc. Conversely, the age taken from the lithium depletionndary
method is much less for this cluster,28 Myr which is opposite to the trend for an older cluster
age usually seen when comparing the difference betweendiresaquence isochronal ages and
the lithium ages (Manzi et al., 2008). This age disparityddrassed with respect to our selection
criteria within the candidate extraction section, Sec8af in order to achieve a conservative list
of candidate cluster members. The envisaged distancegvaoveoincide very well with previous
estimates taken by Kharchenko et al. (2005) of-8%58 pc.

of Membership

Manzi et al. (2008) focused on the lithium depletion bougdhut also assigned levels of
membership to candidates taken from the surveys by Prok388); Giampapa et al. (1998); de
Wit et al. (2006) and a SIMBAD literature search whose lanaiare shown in an |, I-Z CMD in
Figure 3.2 (from Manzi et al. (2008), their Figure 1), usiradadtaken from FLAMES on the VLT
(Pasquini et al., 2002). They based this membership onlregliacity measurements from the
average shift of the spectral lines in their spectroscopta;dand assigned ‘Y’, ‘Y?’ and ‘N’ flags
to each of their 137 objects in order to clarify the clustemrbership status. The average radial
velocity for this cluster was found to be 15:85.13 km~! using this data, taken from a peak
clearly seen in their data, shown in Figure 3.3. A previoulalavelocity survey by Prosser and
Giampapa (1994) found 20 of 42 candidates (of spectral typ&® which are likely members
with an average radial velocity of 13.1 km for this cluster.

of Rotation & Variability = Rotation and variability studies were conducted by Scholale
(2009), adding to the other surveys and helping to build upraprehensive picture of this open
cluster. After observing-100 cluster members they found periodic changes in obsdiwettom
sub-stellar objects which seem to indicate the presencelaf spots on the surface 620 %
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Figure 3.2: 137 Manzi et al. (2008) candidate objects takam the literature and observed using
FLAMES are plotted on an I/I-Z CMLxircles 89 stars from Prosser and Giampapa (196pEn
squares and crossd$ and 8 from de Wit et al. (2006) respectiveifiangles2 stars from Luyten
(1961). 30, 50 and 100 Myr NextGen isochrones adjusted tdiitence of IC 4665 (here 370 pc).

of their sample, lower than for similarly-aged, solar-mabgects. Possible explanations for this
could either be the occurrence of few solar spots or evidehsgmmetric geometries, multiply
around the photosphere or just a large and single polar $petrotation rates range from between
3 and 30 hours which are relatively fast especially when @mghto more massive objects. The
observed lack of slow rotators in this young cluster is thuug be genuine and affects all low-
mass objects, where older, more massive objects can lostaangomentum from wind braking.

of X-Rays ROSAT X-ray data was taken of IC 4665 by Giampapa et al. (198#)g the
High Resolution Imager which detected 28 stellar sourcesits the cluster. Further spectra
was obtained for the 22 of these that were thought to be cluséenbers. Interestingly, they
suggest that the high Galactic latitude of IC 4665 could bglaemed by a unique formation
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Figure 3.3: Manzi et al. (2008) radial velocity data with dvious peak at-16 km !,

history different to those clusters at lower Galactic laté#s. Comparison with other clusters,
the Pleiadesy Persei, IC 2391 and IC 2602, suggest large similaritieschaseheir absolute B-V
colours. These colours, and normalised luminosities farnoass stars, also suggest a similar
age to the Pleiades-30-100 Myr), Analysis of the higher-mass stars, in partic@ B stars and
their broad equivalent width ddemission, indicate that the formation history of open dtstvith
solar metallicities cannot be deduced from coronal obsens Their absolute B-\W 0.6 colour-
rotational distribution seem to be similar for younger tdus such as IC 4665 and the Pleiades.

of the IMF IC 4665 has been well studied where the most complete IMF wortate was
undertaken by de Wit et al. (2006) down to mass limit of 40With a mean mass of 0.32 M
From a photometrically-selected sample of low-mass andfawarf candidates they found that
a power law fit between 1 and 0.04-Mad a fit ofa=-0.6, in keeping with other clusters. Caballero
et al. (2007), for example, found a power law®£-0.6 for o Orionis and Lodieu et al. (2007)
-0.6 for Upper Scorpius, both for the lower mass end betwegmm@d 0.01 M,. This work aims
to constrain the lower end of the IMF down to the survey cotepless limit 0f~0.015 M, using
both short and long exposures of IC 4665.
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3.2 Object Catalogue Extraction

Following on from the basic details outlined in Section 2.3, there are, in total, 216 images
for the entire IC 4665 data sample, of which there are 12 fielsh havingY’, H, J and K-
band images with 2 sets of exposures each, and where thef thstimages are complimentary
weight and flag maps for each image. Clearly this cannot beitaiaed manually and to this
end, this work relies heavily doash shellndawkscripts in order to make sure the right variable
and datacube is in the right place, examples can be found perigix section 5.5. The pipeline,
mentioned in Section 2.3, covers the details up to the @ldor section, except for cluster-specific
testing.

3.2.1 Data Testing

The IC 4665 data from TERAPIX needed to be tested to ensurastaf good quality. Using
the QualityFITS data from TERAPIX it was possibly to see vas properties of the data, for
example the star/galaxy separation, astrometric accuescy photometric errors. Additionally,
visually inspecting each image was also a good test to maileetkat there was data in the file
and that the images were not of an obviously poor quality. Ml tests are in relation to the
SExtractor and PSFEX extraction routines and involve figderious parameters from the images
to facilitate and optimise this extraction. Two differenteiis were tested with the IC 4665 data;
the Gaussian-shaped filter and the mexican hat (!) shaped filhese were tested at different
convolved masks in order to find the best filter for object cida within SExtractor. The filters
tested for the detection objects on the image were the gaBs$sx5.conv, gausf.5.7x7.conv,
mexhat2.5 7x7.conv, and mexha8.09x9.conv. The mexican hat filter was tested because of
problems with many undetections in the PSFs of bright stétfs tve Gaussian-like filter. Whilst
this helped in detecting many of these objects, the filtersadsmany faint field objects and
sometimes very good quality objects. Another drawback whik filter was the detection of
>400,000 objects on each image making a rather large cagliiigufor each band and image.
See Figure 2.10 to see the differences between the Gausslamexican hat filters, and their
associated detections at b0

The background subtraction handled by SExtractor afféetsibal magnitude and is directly
related to the amount of flux within a configurable grid of sizech greater than the footprint of
the PSF. This map is smoothed depending on the number ofdbtdairids, for example a 3x3 or
5x5 block of 128 pixel grids.

The analysis to be done on the detected objects takes inboirgicthe background subtracted
level, and also the amount of flux with its catchment area.s Thichment area is the aperture
and is a grid of pixels, a footprint, around the central detg@ixel of the PSF. It is necessary
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to optimise this parameter depending on the depth and cveds of the image, for example if
the image is towards the Galactic centre it will, usuallyybey crowded and so using an aperture
that is too large would mean counting flux from stars of olsjedhich are not part of the detected
object, or using an aperture that is too small would mearctiag flux and so making the object
fainter than it actually is. Whilst SExtractor does takepimiccount some of the flux present
in overlaping apertures, this is not an ideal method and isgrathe worse-fitting the aperture.
Consequently the aperture footprint was tested at varyimgsswhere a figure of this method
has been shown in Section 2.11. A table summarising the ogenee of the footprint size of
the aperture, based upon the difference between the ‘maggoperty and the varying aperture
magnitude, is shown in Table 3.1. It can be seen that the mafgnivaries for apertures that are
too small, whilst for apertures that are too large the dsparincreases as it begins to include flux
from other objects within the perimeter, where these objact randomly situated giving rise to
the increased dispersion. An aperture size of 31 was foubd the best for the work on IC 4665.

Table 3.1: Aperture selection offsets for aperture optitiism using the maguto value.
Increasing scatter appeared with a higher incidence ofacoin@ation from additional objects
within the aperture footprint. Here, an aperture of 31 wamébto be the best to use for this
analysis.

Aperture offset  dispersion

size (pixel) mag level

5 +0.220 nominal

11 +0.250 nominal

15 -0.005 nominal

21 -0.015 nominal

25 -0.020 nominal

31 -0.030 preferential

35 -0.030 increasing scatter
41 -0.030 more scatter

45 -0.030 most scatter

3.2.2 Specifics of Object Detection

Initially, detection could have been attempted using a imgrgf two images, for example thé
and K, band images, for each field, but the nature of the gain antldrpsure time would be
unknown as the process for this within the pipeline from TERAs not fully known. TheJ-
band image could be more useful as it could detect many néaréd objects whilst th&'; image
would be useful for those object detected which favour tlesgmnce of dust. A better solution, for
both for detection and for the amalgamation of cataloguts aktraction, would be to use just

72



one image of the four for the detection. This is also supdrarause to have a cluster member,
as discussed in Section 1.5, an object would need to be ddtectheY, J and H band. The
K, band is useful to have as well, but it is not the primary metbbdetection and analysis that
were the main motivation of this work. Indeed, whilst therslexposures have to have a detection
in the K, band, in fact the long exposures may not necessarily haveéeatibm. In Figure 3.4 it

-8 -200 -1om o 1 Z0m aon

Figure 3.4: These cut-outs are from the IC 4665 field A longgentor the four different filters,
where it can be seen that each band has a different exposigith.le&Superimposed on all images
are the object detections for each band. Where the PSF wiadgbealargest (around the brightest
stars) there are the fewest detections, in‘heH, J and Kg images respectively. This resulted
in the J being used as it was the clearest, and also to be considesedw@ster member an object
must be well detected in at least thie J and H bands.upper left Y-band imageupper right
J-band imagelower left H-band imagelower right K-band image.

can be seen that thé-band image has many brighter and saturated stars due torthgacatively
longer exposure lengths, which are known to be problematid¢hfe detection of objects at low
detection threshold; th&; band image is not as deep as the other three images due totitsrsh
(500-732s) exposure times; and this leaves.fhend H-band images which are both similar in
quality but theJ-band image is slightly deeper. Additionally, thHeband is the peak bandpass for
M and L-dwarfs, resulting in thg-band image being used for the detection for both the long and
the short exposures.

SExtractor and PSEFEX extraction example scripts can bedfouthe Appendix 5.5. First-
pass SExtractor thresholds were avlfar both the long and short exposure set. Note the comma-
separated .fits files for the input observation images anthéoweight map and flag maps in the
second-pass; the first file is the detection image and thendeie is the analysis image. Note
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the detection and analysis threshold of & .for the short exposures. Long exposures were treated
similarly, except that the detection and analysis thraedhaolere different, at both 1.0 and 50
because the 1.6 seemed not to detect any objects around the brightest atagéscussed.

3.2.3 Flags

Here, the flag file that exists for each image is used to maitk elject with an appropriate ‘IMA
flag. Additionally, SExtractor labels each object with a flégpending on the saturation level
defined in the configuration option. These SExtractor flaggarely dependent on this value. In
some cases the data concerning this level was uncertainimd to be incorrect when compared to
the 2MASS or UKIDSS catalogues due to the non-linearity efdbtector, so another flag value
‘SAT’ was defined. This non-linearity occurs as the NIR dtiesact, partially, like a capacitor,
where typically 5% of the signal will be non-linear before tthetector saturates, compared to just
1% non-linearity at saturation. This custom flag was definedally from CMDs for each of
the four bands to mark exactly the saturation point. Theratitun levels vary between fields and
exposures but each detected object was assigned a flagr h$aturated and ‘1’ for saturated.
CMDs of the limits where these values were chosen are showigime 3.5 for the/-band, whilst
the additional plots are shown in the Appendix 2 for readlgbil
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Figure 3.5: Short exposutgsaturation plots showing the offsets arising due to satrdtetween
the CFHT IC 4665 data and UKIDSS data over the same FOV. Netoffest at the brightest
magnitudes, and the two-way saturation curves - one apphemause those objects are in the
non-linear region of the detector, whilst the other objers incomplete due to their saturated
cores being removed during pipelining. Fields labelled vdtigh to J.

3.3 Calibration

A major part of the treatment of the IC 4665 data concerns #fibration between the observed
fields. In this section the method of calibrating the shod &amg WIRCamY’, J, H and K
images is discussed, using both 2ZMASS and UKIDSS as photignzetro-points. 2MASS was
chosen initially because of its relations to the calibmatwithin the TERAPIX pipeline for the

J, H and K-bands, however, th&-band eventually proved problematic therefore a different
calibration zero-point needed to be found for this band, DBS$. To test this, a good set of stars
were taken for each field for these calibration methods, dritheing flux radius less than 4.0
which is a conservative estimate of PSF stellar quality aad bad pixel IMA flags of zero.
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Additionally, the sample of stars was selected for low phetriic errors<0.05 mag and our SAT
flags of zero as well. Using these stars, they were matchdddaia from the respective survey
catalogue, then the median of the colours were taken, aldtigtine dispersion of the median in
bins across each sample for each field/image. Differendasebe the two calibration systems are
discussed, as well as possible differences arising bettheecalibrated data and the models that
had been convolved with the CFHT system.

Whilst tests were performed using 2MASS data for the shigrtd and K, bands (150
overlapping) then the long onto the short (double calibrgtithe final option was to use all
UKIDSS data as th& band can be calibrated to the same data as the JHK wherelpo$3bthe
control fields there was no data available under UKIDSS, ed'thhand was calibrated using the
median offset over all 10 fields, whilst the H and K, bands were calibrated using the 2MASS
J, H and K short and long-short values.

Calibration onto 2MASS Initially, comparing the data to 2MASS was taken as the fogidal
step to check the data had been treated properly within hedipe, as the WIRCam images are
also calibrated to the 2MASS excepting thieband, but also as a double check for any offsets
seen between the fields. Each field was treated separatdig asaing on each field was slightly
different and so the saturation line occured at differengymitades. The use of the short and long
exposures complicates this as there needs to be a stéiyssicmificant sample of stars in order
to compare the zero-points of the long and short to the 2MA&S-point. The short exposures
had on average-1000 stars per field which had a position-matched 2MASS eopatt, whilst
the long exposures had3250 of stars matched where the long catalogues are at teadirhes

as populous.

The saturation level taken from the TERAPIX flags for the lemgosures is between 12.5 and
13.5mag forJ and H, with K saturating at 14.5 mag, whilst the depth of the 2MASS, and
K filters are 15.8, 15.1, 14.3 mag respectively. The short &xes were saturated afl2 mag.

In conclusion the best way to calibrate the short and longexges was to calibrate the short
exposures directly onto 2MASS, then calculate the diffeeehetween the short and the long
exposures and calibrate by using this differeacel the difference between the short exposure
catalogues and 2MASS. A good set of stars was selected orotititions of having no flags
present and having magnitudes of 2.5/ >15.8, 12.5x H >15.1and 12.5 K, >14.3,
used to avoid large errors present at fainter magnitudesdiffezences between the shoft H
and K values and 2MASS differed by up t00.04 mag. The differences between the short and
long exposures varied by up t00.04 mag on a field-by-field basis, and by up~6.5 mag for
theY exposures. The full 2MASS calibration and dispersion \aliee each field, along with
the number of stars used for the calculation, are shown iteTa. An example SuperMongo
program used for this dispersion calculation and for furitispersion calculations is shown in
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the Appendix 5.5. Thds; had negligible differences of less than 0.001 mag as thejerisb
were extracted from the same analysis image but differeletctien images for the long and short
exposure sets, as discussed in Section 2.3.5. In Table & ibe seen that we haveravalue
between the short and long but not between the short and 2MAB&re this large variation is
explained by the lack of & 2MASS band in the TERAPIX pipeline and consequently is dealt
with separately. An exceptional variation of 0.090 is a&ged with the longH-band in field F
where there were problems with the reduction, but this hashe®n calibrated properly using the
zero-point method.~400 stars were used for the calibration of the short imagés 2MASS,
whilst there were-1200 stars for the calibration of the long onto the short expes.

Table 3.2: Calibration values for the 2MASS calibratioratpt. Median values, dispersion values
and the average number of stars used are shown for the 2MAB&tan analysis~400 for the
short-onto-2MASS comparison ardl200 for the long-onto-short comparison. Note the lack of
Y'-band data in order to calibrate the short exposures onto@8A

Field Yined Y, Jmed Jo Hpea Hs Komea Kso no. stars
SHORT onto 2MASS:

A - - -0.058 0.016 -0.075 0.036 -0.046 0.042 324
B - - -0.057 0.016 -0.064 0.015 -0.053 0.007 363
Ci - - -0.057 0.014 -0.059 0.017 -0.044 0.013 331
C2 - - -0.059 0.008 -0.065 0.014 -0.040 0.014 340
C - - -0.051 0.004 -0.052 0.013 -0.047 0.007 292
D - - -0.053 0.018 -0.070 0.005 -0.047 0.005 370
E - - -0.056 0.022 -0.087 0.023 -0.049 0.019 267
F - - -0.055 0.029 -0.085 0.023 -0.047 0.014 342
G - - -0.051 0.006 -0.066 0.016 -0.026 0.007 276
H - - -0.053 0.027 -0.068 0.018 -0.057 0.027 324
| - - -0.061 0.015 -0.065 0.024 -0.042 0.008 367
J - - -0.050 0.010 -0.073 0.003 -0.054 0.008 281
LONG onto SHORT :

A 0.028 0.007 0.014 0.007 0.025 0.009<0.001 <0.001 1108
B 0.005 0.009 0.003 0.006 0.013 0.006<0.001 <0.001 1155
Ci1 0.220 0.009 0.005 0.016 0.007 0.0080.001 <0.001 1101
Cc2 0.158 0.009 0.001 0.013 0.007 0.00<0.001 <0.001 1212
C 0.129 0.006 <0.001 0.015 -0.001 0.016 <0.001 <0.001 982

D 0.056 0.015 0.025 0.005 0.039 0.008<0.001 <0.001 1041
E -0.234 0.007 -0.014 0.013 0.014 0.008<0.001 <0.001 606
F 0.267 0.016 0.024 0.009 0.090 0.022<0.001 <«0.001 1019
G -0.201 0.009 0.012 0.014 0.012 0.006<0.001 <0.001 851
H <0.001 0.017 0.015 0.013 0.025 0.004<0.001 <0.001 1134
| -0.059 0.011 0.032 0.014 0.012 0.015<0.001 <«0.001 914
J -0.181 0.014 -0.012 0.012 -0.017 0.0140.001 <0.001 622

A second test was required in order to find whether our set 6fICF exposures were properly
calibrated, which was done using the definition of the Vegaesy. AO stars are routinely used
as standard reference stars (Gerbaldi et al., 1999) franvéry definition. It was not possible to
do this test with 2MASS data as there is no comparabldata set. For the A0 calibration check
we used the DR6 UKIDSS data release, over our FOV. The coftds had no UKIDSS data,
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and data for the FOV of fields E and | were only 19% and 80% coragte the shorfy’-band,
and 14% and 72% for the long exposures respectively, whinhbeaseen in Figure 2. Poor or
missingY -band values were given a nominal 9999, meaning the defidit-b&nd data for these
fields could significantly skew the median value used fofbeation, therefore only the stars with
goodY, J, H and K, data were used for these dispersion calculations (see AppBrb for an
example script). Fields E and | were treated separatelytivitin fewer number of associated stars

in order to increase the confidence of the results in all obther fields.
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Figure 3.6:Y vs. Y — K, CMD showing objects detected from our fields, matched wita tizat
was taken from the DR5 UKIDSS catalogue, and which have H andJ — K, and H — K
colours within the range of£0.1 mag. Objects in group ‘2’ all have photometric errei@.1mag,
whilst objects in group ‘1’ have photometric erret®.05mag. The objects from group ‘1’ can be
said to be A0 stars, as they have a median offset of 0.1 magatithree CMD permutations. The
Y vs.Y — J median colour offset over all ten fields is 0.068 mag,thes. Y — H median colour
offset is 0.114 and here (this plot) shows tevs. Y — K, CMD with median colour offset of
0.120.

Twenty-five AO stars had &, H and K colour range of no more tha#t0.1 mag and errors
less than 0.05mag which were found from the DR5 UKIDSS cgtado These stars were used
to see whether the UKIDSB-band is an acceptable calibrator for the CFHT WIRCgrband.
When theY — J, Y — H andY — K were analysed these objects still had colours with a mean
median of 0.101 mag but had a dispersion~00.011 mag, validating their identity as AO stars.
It can be seen from Figure 3.6 that these objects are notitenlif well groups, even those with
photometric errors<0.05mag, meaning that they cannot be used to acceptabbrataliourY -
band short exposures. Clearly an additional calibratiothotewas required in order to calibrate
the Y-band, and it was envisaged to calibrate our entire long ont Sample onto UKIDSS, in
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place of 2MASS.

Calibration onto UKIDSS This used the DR6 and not the DR7 data as this data was not
available at the time of the data analysis. A further check wade but no new data in our
FOV of IC 4665 was available. Thé-band was tested where the mean difference was -0.008 and
-0.011 mag for the short and long catalogues respectivdigrer'was, however, a spread of 0.15
to 0.3mag between individual field comparisons for the saod long data. Hodgkin et al. (2009)
found that the UKIDSS” data was significantly bluer offset by up to 0.08mag, but disousses
that this offset is an artefact of their extrapolation basedthe red-ward selection df— K stars.

An offset was applied to all further UKIDSS releases from Dd&®30.078:0.010 in order to fit
theY-band to the Vega photometric system. Additionally, theilsirities between the CFHT and
UKIDSS systems allow the use of tlﬁ%zo.42 extinction co-efficient. The difficulty, however, is
making sure that th& -band data could be compared to the 2ZMASS calibrated datewss then
prudent to calibrate not just the WIRCarndata onto UKIDSS, but also to calibrate thieH and

K, data as well. Applied, calibrated values are shown in TaldeRBence, the data in this work is
zero-point calibrated to UKIDSS DRG6 release.

Table 3.3: The average number of stars used for the sharttdkitDSS calibration was 676,
whilst 1621 stars, on average, were used for the long-oitd8S comparison over all four
bands. The number of stars for fields E and | in ¥dvand (not explicitly shown) are 19% and
80% complete for the shokt-band exposures, and 14% and 72% for the [bngand exposures
because of the lack of coverage of the UKIDBSand over the survey area.

Field Yined Y, Jmed Jo Hpea Heo Ksmea Kso no. stars
SHORT onto UKIDSS:

A -0.100 0.010 -0.012 0.009 -0.074 0.010 -0.067 0.022 646
B -0.150 0.011 -0.041 0.006 -0.090 0.011 -0.087 0.007 750
C -0.215 0.019 -0.049 0.025 -0.088 0.031 -0.083 0.012 645
D -0.135 0.012 -0.045 0.005 -0.103 0.022 -0.081 0.010 692
E 0.014 0.013 -0.053 0.022 -0.106 0.024 -0.085 0.023 377
F -0.231 0.010 -0.038 0.020 -0.100 0.028 -0.077 0.019 891
G 0.102 0.002 -0.049 0.011 -0.094 0.024 -0.056 0.021 676
H -0.109 0.022 -0.044 0.029 -0.080 0.014 -0.065 0.019 758

| -0.011 0.008 -0.054 0.018 -0.088 0.015 -0.052 0.009 658
J 0.007 0.006 -0.029 0.029 -0.087 0.020 -0.051 0.032 672
LONG onto UKIDSS :

A -0.076 0.013 -0.002 0.014 -0.052 0.015 -0.075 0.019 1499
B -0.151 0.012 -0.041 0.008 -0.080 0.014 -0.092 0.009 1734
C -0.087 0.017 -0.049 0.014 -0.091 0.021 -0.091 0.010 1725
D -0.080 0.011 -0.029 0.011 -0.071 0.014 -0.086 0.012 1673
E -0.229 0.010 -0.075 0.012 -0.095 0.018 -0.091 0.021 1428
F 0.027 0.006 -0.024 0.020 -0.017 0.023 -0.087 0.018 1947
G -0.105 0.015 -0.039 0.012 -0.083 0.017 -0.060 0.019 1722
H -0.116 0.021 -0.035 0.015 -0.062 0.021 -0.069 0.022 1650
| -0.077 0.013 -0.032 0.011 -0.077 0.004 -0.057 0.011 1530
J -0.179 0.010 -0.057 0.015 -0.109 0.021 -0.058 0.031 1304
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Comparison To this end, as the UKIDSS system has already shown to beplettic, and as its
J, H and K bands have essentially already been calibrated using 2MA8®&ett et al., 2006),
we then finally calibrated the long and short exposures tjrento UKIDSS. As a check, the
difference between the two calibration methods was caledleResidual differences between the
two calibration methods can be found in Table 3.4, exceptied”-band for 2MASS.

Table 3.4: Comparison between the two calibration metho¥slues are compared to the
calibrated UKIDSS data, explaining the low UKIDSS diffecen, and the slightly larger 2MASS
differences. Note the increasing difference with wavelkngth the 2MASS data.

Field Ymed Ya Jmed JJ Hmed Ho’ Ks’med Ksa

2MASS- UKIDSS
- - - -0.018 0.033 0.034 0.042 0.031 0.034
- - - 0.004 0.023 0.023 0.026 0.030 0.012
- - - 0.013 0.016 0.043 0.016 0.043 0.011
- - - -0.005 0.005 0.038 0.010 0.036 0.007
- - - -0.007 0.028 0.001 0.019 0.038 0.016
- - - 0.017 0.046 0.003 0.030 0.029 0.025
- - - 0.018 0.023 0.023 0.031 0.050 0.020
- - - 0.076 0.026 0.025 0.017 0.002 0.031
- - - 0.034 0.013 0.020 0.008 0.023 0.009
- - - -0.072 0.027 -0.049 0.005 0.015 0.006

esidual UKIDSS

-0.001  0.014 <0.001 0.016 0.006 0.016 <0.001 0.022
-0.009 0.012 <0.001 0.011 <0.001 0.013 -0.003  0.010
<0.001 0.021 <0.001 0.017 <0.001 0.022 -0.001  0.009
-0.009 0.014 -0.001 0.012 -0.001 0.015 -0.005  0.013
-0.005 0.024 -0.001 0.012 <0.001 0.017 -0.006  0.022
-0.005 0.013 0.004 0.021 <0.001 0.024 -0.007  0.021
-0.007  0.014 -0.002 0.014 -0.002 0.018 -0.001  0.018
-0.021  0.032 <0.001 0.016 <0.001 0.020 -0.011  0.022
-0.003  0.015 -0.002 0.012 <0.001 0.010 -0.001  0.011
-0.050 0.015 -0.061 0.017 -0.060 0.021 <0.001 0.030
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An additional comparison was made between the BT modelshaitad been convolved with
the CFHT WIRCam system and those models convolved with thiD3I§ system, and is shown
in Figure 3.7. It can be seen that the offsets are below 0.08% for theJ — K colour range
-1 to 1. This was necessary in order to see if any offsets netdbe applied to the models to
bring them into line with the photometric catalogues, reegifor the candidate selection. The
offsets werel” < +0.005 mag,/ <-0.0005 and forr/ and K, <0.0005, resulting in no necessary
calibration offsets to be added to the models.

Interfield Calibration The final step in the calibration pipeline is to check eaclstelufield
against its adjoining fields and see which ones have largeegiancies. The control field had
no such overlapping regions. There were naturally somel shisgkepancies between each field
caused by the different observing conditions. The caldutatata was plotted in the standard set
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of CMDs and it could be seen that for the CMDs that includehband there is an offset with
field J, shown in Figure 3.8. Thus, an interfield calibrationstrbe performed taking each field
and iteratively calculate the median difference. The edritelds ABCD were found to have the
smallest interfield offset, as expected. All of the short bond) exposures of field J, for thg,

J and H-bands were observed within the same observing program. Kl;heas observed at a
different time. Field J overlaps just two corners, one ordfigland one on field D, as shown in
Figure 2.5. The lower left corner of field D is of poor qualitythvlarge flagged regions from the
poor response of the detector and missing pixels, and cautidcause of this offset compared
to the other fields. Offsets that were needed to be appliedet®’t J and H-bands were 0.038,
0.053 and 0.064 mag respectively.

Control Fields The control fields which lacked matching UKIDSS data whictarmsethey could
not be calibrated directly onto UKIDSS as was the method thiéhother fields. Once the data
has been found to be correctly calibrated, theld and K ,-band fields could be calibrated onto
2MASS and then have the 2MASS-UKIDSS offset applied, listed@able 3.4, to indirectly
calibrate them onto UKIDSS. ThE-band was then calibrated by calculating the median offset
value from the other 10"-band cluster fields, and then applying the average of theskams to
theY-band data of control fields. Final control field calibratiadues are listed in Table 3.5.

Table 3.5: MediarY -band calibration values of C1 and C2 compared to mediarhefrdtO fields;
JHK from C1C2 onto 2ZMASS median difference, PLUS residuaA®3%-UKIDSS offsets.

Field Ymed Jmed Hmed Ksmed

Short

Ci -0.088 -0.054 -0.057 -0.035

C2 -0.088 -0.061 -0.059 -0.034

Long

Ci -0.075 -0.037 -0.051 -0.035

C2 -0.075 -0.041 -0.044 -0.034

3.3.1 Short & Long Amalgamation

Two methods were used to amalgamateithe/, H and K, data into a single, uniquely-populated
catalogue. In the first instance the short and long catabgere matched together to obtain a
catalogue with the total number of duplicate objects, thalsiects appearing in both the short
and long catalogues, and the total number of unique objeats both exposure sets. A flag
was introduced here to describe the origin of each line imtwe catalogue, from short or long,
and unique or duplicate. The unique object amalgamationivigli whilst the duplicate can
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be problematic. Initially, a string of either/or statensediescribed each band to build a list of
duplicate objects. These statements included the IMA feEagsthe errors; if an object is saturated
in the long then the corresponding object from the shortlegtee was chosen; if the flags were
identical then the entry with the lowest errors was selectdd unforeseen problem with this
method is that if the data for an object was taken from bothdhg and short catalogues there
then occured a discontinuity in colour-space. Bright olsj@xisted that had not been flagged as
saturated in the IMA flag file because they fell within the dimearity response region, mostly
occuring for objects in the long exposures. Consequentlgva set of flags were created as
discussed, taken from the calibration CMDs to take thesectdjnto account. These SAT flags
and IMA flags were then used in conjunction to obtain the ugligpopulated catalogues.

Duplicates still exist, however, in the overlaps between fiklds but these will be either
accepted or rejected as candidate members depending ondlig @f the photometry. Further,
those duplicates which both pass through to the final selecttage can then be accepted or
rejected on a duplicate-by-duplicate basis, discusseédtich 3.4.3.

3.3.2 Completeness

Figure 3.9 shows the completeness and other diagnostie gdad function of magnitude for field
A for all four bands. The top panel is the completeness hiatongwhere the limit can be seen
when the number of objects begins to drop off, shown by thie §ioke. The middle panel shows
the flux radius, and the bottom panel the photometric erfdosted lines show the saturation and
completeness limits. Errors at this limit at®.1 mag. Final completeness limits are calculated in
order to ascertain the depth of the survey and to see whatobpexds the survey was sensitive to.
Using the BT-Cond models the lowest detected mass could losvass 0.015 M, listed in Table
3.6.

Table 3.6: Average completeness magnitudes are shownlbglkister fields, as well as associated
masses for both 30 and 40 Myr BT-Cond models. The depth okthband is less than the other
three bands, where thé is the deepest. The mass values hold forthe/ and H magnitudes.

Depth Y J H K, Mass Model Y J H K,

Imag /mag /mag /mag Limit Age/Myr /M /Mg /Mg /Mg
Short 19.00 18.25 17.50 18.50 30 0.0020 0.0200 0.0300 0.0150
Short 19.00 18.25 17.50 18.50 40 0.0030 0.0300 0.0400 0.0150
Long 21.00 20.50 19.75 18.50 30 0.0120 0.0120 0.0120 0.0150
Long 21.00 20.50 19.75 18.50 40 0.0120 0.0120 0.0120 0.0150
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3.3.2.1 Previously Known Members

Four surveys were initially compared to the catalogues whiave been discussed fully in the
introduction to this chapter. Prosser (1993) had a catalegth photometrically selected objects,
which spawned a follow up paper, Prosser and Giampapa (18@¢)focused on obtaining radial
velocity data for 42 candidates of spectral types F5 to KQ¢ckwhad both BVI and proper motion
data from the previous paper. Of these 42 candidates, 20foeme to have velocites consistent
with membership o~~13 km s, A more recent survey by de Wit et al. (2006) explored the
lower mass function with again a photometrically selectadge of objects, 691 low mass stellar
and 94 brown dwarf member candidates. Of these candidd@Bsy@re uniquely recovered from
these 785 objects where the discrepancy is shown because fidlds of view of the comparative
surveys was different. Of these recovered candidates, 224d IMA or SAT flags. Jeffries et al.
(2009) selected sample objects from Cargile and James Y20iDpresent 40 candidate objects
of which 30 should be within the central square degree of theter and have magnitudes less
thanV =18 mag. Of these objects, all objects are recovered in anpkea however 25 of the 48
matched objects are saturated, 8 are undetected in at leasf our photometric bands and none
are otherwise fainter than = 13.9 mag.

Manzi et al. (2008) collated a sample of 147 objects wher&4adl objects are recovered over
our FOV. Of these 147, 124 are without flags. Additionallyythalso confirm the membership
of 39 objects from both radial velocity and orHlata, down to a magnitude of~}17.2 mag,
and of these objects, 32 have no IMA or SAT flags. Hence, the osesul set of sample objects
for this work originate from Manzi et al. (2008), and so aretidd in the CMDs and COLDs for
comparison to our CFHT selected objects. Objects were deresi cluster members if they had a
radial velocity of~ -15 km s7!, or within 3¢ of the cluster averag&8.7 km s™!.
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Figure 3.7: The models used in this work, which have beenawed with the WIRCam detectors
and the UKIDSS detectors at the Phoenix site, are compaltexloffsets are negligible, and whilst
the colour term takes over dt— K colours greater than 1 which does not affect the calibration
values.
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3.4 Candidate Selection

CMDs and COLDs are used to select the candidates over theofigldw. To this end a selection
algorithm was adapted (C. Alves de Oliveira, priv. comm)ha form of an IDL routine, where
the main selection criteria are located in the Appendix 5.5.

To be conservative because of the uncertainty in the age,
all objects over the unfiltered catalogues were selected, if

2 3
they were redder than either the 30 and 50Myr BT-model<® — &= — T

This selection was cumulative over the CMDs, such that onl)}

objects selected in all six permutations were then clasgfefj 0. 15
as preliminary candidates. Residual offsets for Yhé H K |
calibration are on the order of a few 100dths of a magnitude}

on average so errors for the calibration are taken to b%Q— — ’— — ‘8

conservative 0.05 mag. An additional error stems from the
uncertainty in the distance, het€l5 pc which corresponds to

~0.09 mag. Both of these errors, on top of the photometﬁ@ure 3.10: IDL selection cri-

error associated with the uncalibrated data point, arentaﬁ%”a including the x and y axis

into account when interpolating the model values for caaid " bars for each object in the

selection. This is shown in Figure 3.10, where the centrhdtpo'npm catalogue. An object is

0, takes the extracted value of from the calibrated datant@oFlassed as a candidate if any part
1-8 in the rectangle take into account the residual offget f’lf this schematic is greater than
colour and magnitude space) or distance error (in magnitﬁla% model in the CMD selection,

space). If any part of this object’'s square ‘footprint’ &’ greater or less then for the
within the ascribed range of the models then it is selectedca(gLD selection.

a candidate.

3.4.1 Colour/Magnitude Diagram Selection

The first part of the candidate selection method requireatdj® be chosen using the theoretical
models in the six permutations of the CMDs available. Ifiitieach permutation had a candidate
selection list, where the values for thievsY —J, Y — H andY — Ks; JvsJ— H, J— KsandH
vs H — Ks CMDs were 4,483, 10,842, 17,222, 140,538, 72,089 and 6 hER@ts respectively.
The fewest number of objects, 4483, are selected ivifve— J; permutation, clearly showing that
this colour is the most powerful constraint in this candédselection method. Th&J — H CMD
was the least useful with more than 140,000 candidatestsdleger the ten fields. This was done
on a field-by-field basis before being collated into a singlalogue with 2278 objects chosen
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from all ten fields comprising 380,944 objects. These tatalkide duplicates from the overlaps
between the fields. Figure 3.11 shows the objects taken femi step of the CMD selection for
just two permutationsy /Y — J andJ/J — H, where they can be clearly seen to follow the path of
the bluest-appearing model, which can be either the 30 oryatsdchrone. 39 confirmed cluster
members from Manzi et al. (2008) are plotted as well, whelr8%&lare present before the start
of the candidate selection, but only 32 are included in theDCdélected catalogue. 40 M- and 5
L-dwarfs from the Pleiades (Bihain et al., 2010) are plotisihg UKIDSS data and adjusted for
extinction and distance, along with the 120 Myr BT-Setttlsmne for comparison. It can be seen
that the Pleiades sequence is generally fainter/brightar the associated 120 Myr model for the
Y-band, suggesting a possible problem with the models, &dlyewith the Y-band. This could
be attributed to the difference in the treatment of the iatarompared to the exterior with respect

to the new abundances in the new models.

3.4.2 Colour/Colour Diagram Selection

CMD candidate objects were re-accepted as COLD candidatebers if they followed both the
30 and 50 Myr BT-Settl theoretical isochrones, in a similamnmer to the CMD selection phase.
In this analysis, however, the selection script requirejgab to be present, depending on errors,
in a band around both of the 30 or 50 Myr isochrones. There@apeimutations of colour/colour
diagram for these four bands and to be a good candidate dssmgethod they must adhere to
the models over all permutations. 1173 unfiltered candsdatere selected from this method.
Figure 3.12 shows two examples of these COLDs with the firtekéitl selection of 608 objects
overplotted. This filtering is discussed in Section 3.4.[&cB constraining boxes are the expected
regions for M and L-dwarfs (marked) taken from tie- J/J — H andJ — H/H — K s plots from
Hewett et al. (2006). The full CMD-selected sample is alsitptl for completeness.

3.4.3 Candidate Cleaning

Further candidate member catalogue treatment involvedalls inspecting these candidate
members, and removing those objects that were obvioushigyiar have flags, poor PSFs, appear
in defect detector regions, or which are simply spuriougctisj This candidate member catalogue
may still contain duplicates and these are accepted onegjeepending on similar criteria, flags,
flux radius and if necessary comparing nearby regions onntagé to ascertain the field that
has a better local quality of data. For example, duplicajeatd between field J and D would
be chosen from field J, because the bottom left hand corndredtiRCam detector had many
holes and blank pixels in this region, as discussed befoaedi@ate objects must also have good
photometry in all four bands. Finally, there ar&08 preliminary candidate members, down from
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2278 selected using the CMD selection criteria over all §igdohd down from 1173 after the COLD
exclusion phase. These 608 objects have no IMA or SAT flagshamd flux radii<5.0 pixels.

It can also be seen from Figures 3.11 & 3.12 that there are mbjegts withY — J colours>
1.3, which also have associated magnitudes greater theétlYnag. This magnitude is below the
completeness limit for even thg-band, and the distribution of these objects in the- H vs.

Y — J plot also indicate their uncertainty in being good candidatThe same can be said for
objects that have all — K, value> 0.85 as these objects too fall outside of our completeness
limit. 590 of these are not duplicated in other fields. Visselutiny of the images for candidate
objects is not part of the pipeline but is handled byirah routine that allows each group of four
images for IC 4665 to be viewed at the same time for full consparusingimexamin 178 of
these 590 unique candidates are well detected with a goodsB8&ce contours and FWHM and
in each of the four bands and were given the label ‘OK’ or ‘OKmd*’. To be more conservative
510 objects, listed in Table 3.7, passed the visual inspeetinere imperfections in one or more
bands were kept, whilst objects which had imperfectiondlibands were discarded, for example
flat topped PSFs, non-Gaussian PSFs or extended emissiog or onore bands.

Table 3.7: Sample final candidate list of the 510 objects tizae passed the CMD, COLD,
filtering and visual inspection analysis. The last four @igif the identifier in column two indicate
the origin of the data for that object, either from the shad/ar long exposure set. The full list
can be found in the Appendix.

Field Identifier RA DEC Y Yerr J Jerr H Herr K Kerr Observation

/ mag / mag / mag / mag / mag / mag / mag / mag Note
D 168841111  266.46933 5.47968 20.131 0.141 18.974 0.141 3278. 0.141 17.818 0.142 OK:diam:faint
B 6280000 266.82553 5.31048 17.305 0.141 16.309 0.140  15.810.140 15.207 0.140 OK:diam:faintY

A 8280000 266.75516 5.65025 19.200 0.148 18.138 0.144 37.490.144 17.059 0.140 OK
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Figure 3.11:CMD candidate selection using the 30 and 50 Myr BT-Settllisones, plotted as dashed cyan and
dotted blue lines respectively. Th&Y — J topandJ/J — H bottomCMDs are showntop level Objects selected
from that particular CMD (red points) are plotted, alonghwtite 39 confirmed cluster members from the Manzi et al.
(2008) can be seen as green diamorétom level Similar totop levelbut where the full catalogue for one field (here,
field G) in plotted (black dots) and tHmal candidate selection (red squares) which fulfil the selaatmnditions over

all six variations of the CMDs for the four bands and all tefde The 100 Myr Pleiades sequence from Bihain et al.
(2010) is also plotted (purple circles) and the associ@&dl\llyr BT-Settl isochrone for comparision. 2278 objects
were selected from 380,944 amalgamated objects over al$fidlote that duplicates in the overlaps between the fields
are included in these totals at this stage.
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3.5 Discussion

In this section there is an outline of the confidence in thdityuaf these isochrone-selected
candidate objects, what can be done with these 510 preliynioandidates, and associated

possibilities for further and complimentary analysis.

3.5.1 Recovered Known Members

All 39 confirmed candidates from Manzi et al. (2008) were weced in the unfiltered objects over
all ten fields. Of these 32 objects had not IMA or SAT flags antewecovered in our pre-selected
sample, whilst only 15 remain recovered at the end of thecBeteusing theoretical models over
all CMD and COLDs which selected 590 objects. Of these, j@stenain in the sample of 510
visually inspected acceptable objects and are then plottéw IR CMDs with the 30 and 50 Myr

BT-Settl models for comparison as shown Figure 3.13. In i Heavily cleaned candidate list
just 6 of the 32 were recovered. Further analysis could beluded on other members from

Jeffries et al. (2009) as an additional check and comparison

If the candidate selection was done perfectly then is ncoreagy all 32 of 39 candidates could
not be recovered in the sample of 590 objects, but as it is rizne half of these are rejected
from this methodology. There could also be another probighich is that the selection itself is
non-optimal, not least because the models are simply (pedtigh) approximations to reality.

3.5.2 Selection Considerations

The selection method appears to have some shortcomingeddétahow much the models can
be trusted for this candidate selection. Specifically, ¥rband appears to be problematic for
at leastthe 120 Myr BT-Settl model which fails to follow the Pleiadesquence, as seen in the
Y/Y — J plotin Figure 3.11. The empirical sequence can be cleady ss 1-2 mag fainter than
the corresponding model in th&Y — J. The Pleiades data is in the UKIDSS photometric system,
whilst our data is in the CFHT system, but zero-point catidao UKIDSS. The offsets for these
two systems have been discussed as negligible and plotteddition 3.3 and Figure 3.7, though
colour differences greater than0.02 mag do begin to appear fdr— K, colours>0.8 mag on
average, and certainly for thé-band. This small difference in the colour term, therefeeems
not to be the cause of this discrepancy. Further disparityrsan theY” — J/J — H COLD where
the models are approximately static betwéen J=0.7 and 1.2 mag. To this end, it seems to be
also acceptable to select candidate members from empsmetirones and not from the models.
Indeed, it could be suggested that objects should be seleatgirically and then tested against
the models, instead of using the models and then comparerg tygainst empirical sequences,
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30 and 50 Myr BT-Settl isochrones (as labelled). Other fegtas in Figure 3.12.

which is what this stage of work has acheived. A good tesh,theuld be to define a box around
the empirical sequence from the Pleiades and to use thigracerbjects from the CMDs. For the
COLDs the same approach can be taken where an empiricahrefjibe diagram can be marked,

including errors, in order to select objects.

An additional possibility is to use empirical locations bétbrown dwarfs, from the literature,
in order to attempt to broadly classify members of this g@lac It is possible to use the colours
computed from the spectra of of 15 M and 30 L-dwarfs selecietidwett et al. (2006), their
Figure 2. These boxes are superimposed onto the two COLDgiuré3.12. This resulted in 63
L-dwarfs and 485 M-dwarf candidates for the 510 reasonadhelidate objects. When compared
to just the 178 ‘very good’ candidate list there appear justf3varfs and 164 M-dwarf candidates
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with 12 candidates being either a M- or a L-dwarf. This dugtiien is due to borderline objects
that were selected by the criteria defined by both of the twpigoal boxes. The observations
were sensitive down te-15 M; which concurs with around the L3 spectral type for a 40 Myr

brown dwarf.

3.5.2.1 Y-band Considerations

It can be seen that most important selector in this work isYtHeand which greatly reduced the
number of objects, however, this also was the band that rethtbest spread of median values
across the ten fields af0.33 mag, though the dispersion was similar to the othef and K-
bands.

Whilst the final candidate list presented here made greabiutes band there are also other
problems involved with the selection criteria. It can bersdem Figure 3.11 that the Pleiades
empirical sequence does not follow the 120 Myr BT-Settl Isooe in theY” — J colour space
whilst it does in theld — K colour space. This suggests that the models are incomplaigst
in the Y-band part of the theoretical spectra used to compute tlolrisnes. This could be tested
further by conducting the CMD and COLD selection analysiagithe 120 Myr isochrones, and
using just theJ, H and K ;-bands, before seeing how many of these objects fall in liitle the
empirical sequence. It would be hard to compare the curedetison because a lot of objects
have been removed when using theband.

In fact, theY-band is greatly affected by telluric lines, as discussedhwy recent paper
regarding the BT-models by Allard et al. (2010) (their Fig@), meaning that the BT-model which
was used for the selectidmd not yethad an additional calibration adjustment included to take
this extra absorption into account, to close the gap betweemodel and the observations. The
presence of strong atmospheric absorption could explaresd the large calibration differences
found over the 12 fields if they were certainly dependent erptioportion and turbulence of water
vapour in the atmosphere at the time of the observation$olild also explain why th& -band

is the strongest filter used in the selection process.

3.5.3 Contamination

The low extinction of this cluster means that it is relativkbrd to ascertain membership based on
having a high extinction levels, as is possible for youngenore compact and dusty star-forming
regions. It is possible to estimate the population of fielgects lying in the foreground of the
cluster, but the clearest is a purely statistical stancerevbentrol fields are used to estimate the
distribution and population of stars on regions of the skaaftom IC 4665. The number of
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Figure 3.14: Distribution of 510 unique and good selectedikates over the FOV of the IC 4665
observation (filled red circles), and the 39 Manzi et al. @06andidates as large filled blue
circles. 15/39 candidates were reselected from the 596ts®iedown from 32/39 after the CMD
selection, and 13/39 members recovered after visual itispec

objects that were detected in control fields C1 and C2, dieiMD selection were 122 and 97
respectively, whilst there were 61 and 60 objects detedtedlzoth the CMD and COLD selection
methods, and 28 and 33 respectively after filtering and aigar23 and 29 objects were present
in these fields after visual inspection. The location of taedidates over all ten fields is shown
in 3.14 in sexigesimal J2000 coordinates, and with the falM&anzi et al. (2008) members. 13
of these 39 members were recovered after visual inspectidrfillering out of bad candidates.
An additional complication is that IC 4665 is very much cedtion fields A, B, C and D so it
is expected that these fields have proportionally more @lusiembers than fields E, F, G, H, |
and J, when compared to the confirmed Manzi et al. (2008)erimsembers. It is worth treating
these two sets of fields separately with respect to the ddigtd contamination estimates as the
contamination here will be lower compared to the surrougdields. A good method to estimate
the contamination of non-cluster objects within our fieldsud be to add together and multiply
by 5 the number of objects detected in the control fields t@ fzelbroad idea of the contamination
within this cluster. From the aforementioned values thisievas 110, so broadly speakingl10

of our 510 objects will have a high probability of being eitliereground or background objects
and not cluster members. The trick is to work out which olgjecithin the candidate list these
objects could be. A method of doing this is by assuming thaitntlajority of contaminants when
observing towards an open cluster lie behind the clusterptieans that they should be fainter on
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average than the cluster members. It is then possible tal@atumber of these control objects
against magnitude and compare them to the selected caeslidddtiench et al., 2002).

3.6 Summary

The young open cluster IC 4665 was the target of an observiogram that took short and long
exposures over 10 fields around the cluster centre and of tPotdields held off-centre. These
two sets of exposures consisted¥of.J, H and K, broadband photometry which was taken by the
WIRCam on the CFHT. Detection and analysis parameters ofr&€rr and PSFEx were then
tested and optimised to extract this data, where variowsdjltbackground estimation, aperture
sizes, and PSF models were created in order to accurate@gtdetd refine the data. Thieband
image was used as a detection image to be sure that each béfkatchance of having data in
each of these four bands which was a requirement for clustenlarship.

A pipeline was developed which took the input images and at&les of input parameters
to analyse and extract the images. This output was therdtagianst 2MASS and UKIDSS data
in order to check the quality of the data. Calibration wasitherformed by zero-point calibrating
to the UKIDSS photometric system before amalgamating thg End short exposures together.
Interfield calibration was then performed so that each fiaeldlwe treated identically.

A candidate was kept if it fulfilled the selection criteriativrespect to the BT-Settl 30 and
50 Myr isochrones in both the CMD and COLD selection phasd, iiits magnitude is at or
above the completeness limit in all four photometric bafid®se objects were visually inspected
to determine the status of the object on each image, wherentre definite candidates were
further selected using empirical colour selection créénitheY — J, J — H andH — K colour
space. Vigorous cleaning using completeness limits, fldi aad assigned flags reduced the total
number of objects from 1173 to 608 after the COLD selectioasph Of these 608, 18 objects
were duplicated (with in 1) in the overlaps between the images, and 80 of the remairijegts
were rejected from visual inspection, which accounted ®b% of the total number of objects.
This data was then tabulated in Table 3.7, where the finalidatellist held a possible 485 M-
dwarfs and 63 L-dwarfs from empirical colour constraintggorous rejection of all but the perfect
objects in the field of view reduces this figure to just 178 otgjé'OK’ and 'OK:diam’) but with
only 6 confirmed members from Manzi et al. (2008) being presen
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3.7 Reésune

Le amas ouvert jeune IC 4665 a été la cible d’'un programmbsé#rvation qui a eu une exposition
court et longue de plus de 10 champs dans le centre de I'andss 2tchamps de contrle lieu
décentré. Ces deux séries d’expositions se composait de H et K, photométrie a large bande
qui a été prise par le WIRCam sur le CFHT. parametres thetién et d'analyse des SExtractor et
PSFEX ont ensuite été testées et ont optimisées pawairextes données, ou les différents filtres,
estimation du fond, des tailles d’ouverture, et les masldle PSF ont été créés afin de détecter
avec précision et d’'affiner les données. La barid#e I'image a été utilisée comme une image de
détection pour &tre sr gue chaque objet avait une chandispleser de données dans chacun de
ces quatre bandes qui était une condition pour étre medubctuster.

Un pipeline a été élaboré qui a pris des images d’engtéguelques tables de parametres
d’entrée pour analyser et extraire les images. Cetteesaminsuite été testé contre 2MASS et les
données UKIDSS afin de vérifier la qualité des donnéeétalonnage a été ensuite réalisée par
étalonnage du point zéro de la UKIDSS systéme photaquietravant la fusion des expositions a
long et a court ensemble. Calibration inter-champs a enéte effectuée de telle sorte que chaque
champ peut étre traités de fagon identique.

Un candidat a été conservée si elle satisfait aux estéle sélection a I'egard des isochrones
BT-Settl 30 et 50 Myr dans les CMD et la phase de sélection Bt si sa magnitude est égale
ou supérieure a la limite de I'exhaustivité dans les qubandes photométriques. Ces objets ont
été inspectés visuellement pour déterminer le stautothjet sur chaque image, ou les candidats
ont été encore plus précis sélectionnés a l'aide deses de sélection empirique de couleur dans
leY — J,J — H et H— K, espace de couleur. Nettoyage vigoureux utilisant desdsriie
I'exhaustivité, les rayons de flux et les indicateurs ltis réduit le nombre total d’objets de
1173 a 608 apres la phase de sélection FROID. Parmi cesl808bjets ont &té dupliqués (en
1 arcsec) dans les chevauchements entre les images, et 80jdissrestants ont été rejetés de
I'inspection visuelle, qui représentaient 13,5 % du noentatale d’'objets. Ces données ont &té
ensuite présentés dans le tableau 3.7, ou la liste firrmlec@ndidats a tenu une possible 485 M-
nains et 63 L-nains de couleur contraintes empiriques.t vi@ureux de tous les objets, mais
parfait dans le champ de vision réduit ce chiffre a un pedidifjets (OK et OK:diam*) mais avec
seulement 6 membres ont confirmé a partir de Manzi et a08p8tre présent.
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Chapter 4

Young T-dwarf Candidates in IC 348
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4.1 Introduction & Context

The vast majority of detected brown dwarfs are old (3-6 Gwldfdwarfs (Faherty et al., 2009),
having cooled over time. The importance of discovering atdloguing the lowest mass objects
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is necessary in determining the full IMF, and is critical imthering our understanding of the low-
mass end of stellar evolution. Star-forming regions ard swéted to search for the lowest mass
brown dwarfs. Young objects are hottest and brightest iniatelg after formation as they are
simply not massive enough to begin or sustain fusion viadwyein or deuterium synthesis so their
temperature decreases from their peak as they radiatetiggival thermal energy away over time.
This proves difficult when searching for the lowest massaibji the field, as detected T-dwarfs
in the field have masses much greater than in star formingmegind they have had billions of
years to cool below-1300 K. This extra mass also complicates their cooling raiel, the age
estimate as they are heavier than the deuterium fusiongimiitis uncertain how much extra heat
energy has been made available through this mechanismwdtstodecrease in temperature from
formation.

T-dwarfs are also referred to as methane dwarfs, stemmimngthe change in the atmospheric
properties, specifically the increased formation of methemd the cloud clearing of dust occuring
at an effective temperature of around 1300 K which allowsrttethane to be observed more
readily in the H and Kbands. This is usually termed as the L — T transition - thestti@m between
L-dwarfs and T-dwarfs as a spectral type. Consequently anetitan both form more readily in
the atmosphere, and can be detected from its absorptioct @ff¢he spectrum. Spectroscopic
or narrowband photometry have both been used to not onlgififabut also detect T-dwarfs in
star-forming regions and in the field, based on atmosphésgoration of methane.

This chapter chronicles the search for the lowest masstshjethe star-forming region IC 348
using the WIRCam narrowband filters CHff’ and ‘on’ at 1.58 and 1.69:m respectively. These
methane-selected detections are supported by MegaCamd WIRCam/, H and K, broadband
data. The data extraction method has been discussed ii®s@c8 though specific results, for
example aperture sizes and filter are discussed Bgitzerdata, membership, contamination and
the log-normal and power-law IMFs are then discussed. Tieleaon this chapter was accepted
on the 21st August 2009 before being published in the Astrognand Astrophysics Highlights,
Volume 508, Issue 2, pp.823-831 in December 2009.

4.1.1 Searching for T-dwarfs

To date, there have been a good set of surveys with respeeatohsng for field T-dwarfs using
methane data, either from large scale surveys with follpnspectroscopy or observations of
specific regions, namely star-forming regions. Burgasser.g1999), for example, searched
the 2MASS data for field brown dwarfs using two data releasesfitering for known ranges
of brown dwarf colours, and a good signal-to-noise ratioe dbtained NIR, 1.4-2.4m spectra
using the Keck telescope and compared their objects wittspleetrum of Gliese 299B. They
confirm five objects as T-dwarfs from their 1.6 and 2r8 CH, absorption bands, which become
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apparent at-1300 K. They also confirm that their temperatures are grehgr 950 K and that
they are consistent with the space density for T-dwarfs fkGrkpatrick et al. (1999), with an
upper limit of 0.01 T-dwarfs pc. Other lowest-mass-focussed surveys, aimed at usuallygyou
star forming regions, have turned up just one young T-dwiH eonfirmed spectroscopy, S Ori 70
by Zapatero Osorio et al. (2002) inOrionis (1-8 Myr). Since its discovery there has been some
contention as to the authenticity of the objects, wheredhifacould have been an old foreground
field dwarf in the line of sight (Burgasser et al., 2004) ratiian a young cluster object (Martin,
2004). Further proper motion and follow-up membership wuaak confirmed its authenticity as
one of the lowest mass objects found in a star forming regidi@M;. The most recent data
using IR andSpitzerdata to confirm its existence and membership @rionis (Zapatero Osorio
et al., 2008).

4.1.2 The Young Star-Forming Region IC 348

IC 348 is a region of continuing star formation (Tafalla et 2006), resulting in the opportunity to
see the youngest members, however these may not necebsdtily lowest-mass members. There
is evidence of clumps (Bachiller et al., 1987) and disks ¢hah et al., 2005a), where around 50%
+ 6% of detected objects fromSpitzersurvey by Lada et al. (2006), of spectral types later than
K6, peaking at 47%t 12% for K6-M2 stars. A composite image of IC 348 is shown inuFgg
4.1 where its spectacular reflection nebula, illuminatedhisybrightest objects in the cluster can

be seen.

of Pioneering Surveys Recent broadband surveys of IC 348 have been conducted loysar
groups ranging fronChandraX-ray observations (Stelzer et al., 2009), through thecaptising
the Hubble Space Telescoffdlajita et al., 2000; Luhman et al., 2005c), other opticaveys
(Cernis, 1993; Herbig, 1998; Luhman et al., 2003), therhfrrinto the near-IR (Lada and Lada,
1995; Luhman, 1999; Preibisch et al., 2008pjtzermid-IR (Lada et al., 2006; Cieza and Baliber,
2006; Muench et al., 2007; Muzerolle et al., 2010) and therauob continuum (Tafalla et al.,
2006). Spectroscopic follow-up surveys have been condumyd. iu et al. (2003); Muench et al.
(2003); Luhman et al. (2005b) of candidate young brown dsvarid other low-mass cluster
members.

A narrowband survey of IC 348 was conducted by Mainzer andéaoL(2003) who used the
Lick observatory and the 1-bm First Light Camera for SOFIA (FLITECAM) to observe two
custom narrowband $#D and CH filters at 1.495:m and 1.66.m respectively. They used further
J, H and K, achieving a depth off ~19.5 mag, to filter out the lower mass T-dwarfs from the
L-dwarfs, by theird — C H, and H;O — C H4 colour differences. They found 12-15 candidates

101



Figure 4.1: A composite image of IC 348 usidg H, and K, band data. Image produced by
Adam Block and Tim Puckett.

which could be late M, L or T-dwarfs, with masses$ M ., although none have been confirmed
spectroscopically because of their faint nature.

of Age & Distance IC 348 is a young star-forming region towards the directidriPerseus,
centred at (J2000) $34™34°, +32209'8”, and embedded in the foreground part of the Per OB2
association. The age of IC 348 has been determined talb& Myr (Muench et al., 2003). Star-
forming regions generally have high levels compared to apesters because of the presence of
the necessary dust and gas. IC 348 is relatively nearby, lag euster proper motion, and is
held to be an ideal system in which to observe young brown fdveaud constrain the lowest mass
end of the IMF. Controversy surrounds its distance, tho)B48 is generally held to be located
between 261% pc (Scholz et al., 1999) and 316 pc (Herbig, 1998) from theuS8ystem, whilst
the OB Per association, of which IC 348 is a member, is takdmetbetween 315 pc (Luhman
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et al., 2003) and 340 pc (Cernis, 1993). An average value @f:8Q5 pc) has been used for this
work in line with the review by Herbst (2008).

of Membership 1C 348 is a dense star-forming region and is young enoughentherdynamical
interactions means that not a great many objects should hese ejected. This region is very
dense and it is thought that there are more that20 cluster objects (Muench et al., 2007)
constrained within a halo radius of about’,1but no more than Y5Herbig, 1998). The core
radius is taken to be 4'. Extinction maps for IC 348, ranging from2<A <20 mag depending
on the cluster region, were derived by Cernis (1993), Mueztcil. (2003), and Cambrésy et al.
(2006). Its low proper motion also indicates a cohesivectiine.

of IMF Muench et al. (2003) derived the IMF of IC 348 complete dowrB%My,, (for
A, <4mag) and found it to be similar to the IMF of the Trapeziunstdy, having a mode between
0.1-0.2 M. Approximately 15-25% of the population of the cluster agp® be brown dwarfs
and their spatial density is independent of the distanam fitee cluster centre. The lowest mass
objects were not detected in their work because of the detelitnits.

4.2 Specific Data Treatment

The data was treated as laid out in the pipeline in Chapteh2revthe data images were visually
checked for obvious defects, then the aperture size wenmmigptl to a grid of 51 pixels, before
being handled by SExtractor and PSFEx. As with IC 4665, oregyenwas used for detection
whilst the analysis was done on each image in turn. As lgie-fydwarfs may remain undetected
in the C'H,on image, and due to strorgH, absorption, object detection was performed.at

on theC H,off image, where PSF photometry was then performed at traitot of these objects
on both theC H,off and C'H,on images. This ensured that all objects that could pos&ibly
T-dwarfs are searched for in both filters, rather than obtgimndetections in th€'H on that
could be due taC H, absorption. IC 348 is a nebulous region which is a conseguendts
youth, and as such there were many false detections. In messcahis would have been most
problematic if galaxies were important, as by their naturesirof the nebulosities would not
have nice PSFs but rather flatter or more elongated PSFs whidl then be rejected through
their flux radius ory? values. The background level estimation was tested in thre saanner
to IC 4665 and were found to use 128 and 5 for the ‘BAGKE’ and ‘BACK FILTERSIZE’
respectively, whilst the detection threshold seemed tkesthe best balance between too many
nebulous detections and too few stellar detections ab3.8sing the gaus8.0.5x5 filter. An
example commandline entry isex 1C348H_long.fits -c prepsfexd.sex -CATALOGNAME prepsfexH.fits
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psfex prepsfext.fits -c psfex1Hlong.psfex -PSENAME H_psf 6.psf -GROUPDEGREES 6 sex IC34&8H40ff fits
IC348 H_long.fits -¢ postpsfexd.sex -CATALOGNAME postpfexH_6_1.0.cat -PSENAME H_psf 6.psf

4.2.1 Photometric Catalogue

Each waveband had a catalogue created which was then dddiatecleaned of saturated objects,
obvious artefacts, and a fraction of extended sourcesifasehfrom their large PSF FWHM. An
approximation of the completeness of the photometric ogtas was estimated frofag(N,y;)

vs. magnitude histograms, whergyNis the number of stellar-like objects detected on the images
We thus derived completeness limits from Figure @dp) of ~23.5 '), 21.5 (/), 20.0 #H),
18.9 (K;), 20.3 (CH40n), and 20.7 ¢ H4o0ff). SExtractor photometric errors for each of the six
bands are plotted in Figure 4(Bottom) highlighting the increasing photometric error for the
faintening of the objects’ brightness. Uniquely, théf,off error terminates at 0.06 magnitudes as
the C H,off image was used for the detection of objects over all baddsussed in Section 4.2.

4.2.2 Photometric Comparison

Further analysis was conducted using publicly-availab#A3S data for those detected objects
that were bright enough to have a 2MASS counterpart. Thisusaful for two reasons: firstly
that the photometric accuracy and pipeline reduction oMHBRCam images could be compared
with those from 2MASS; and secondly that the difference m photometric systems could be
estimated from the photometric differences between the TCaihtl 2MASS. The extracted, H
and K ; catalogues were matched with the H and K, 2MASS catalogues resulting in 206 stars
that had overlapping magnitudes. Based on these, the sigpdyetween the extracte] H and
K catalogues and the 2MASH H and K catalogues was calculated. Good agreement was
shown by mean magnitude differences of 0:0&.02, 0.03+ 0.05, and 0.04+ 0.02 forJ, H
and K, respectively. These values hold for the brightest staraumimages, since fainter ones
are undetected in the 2MASS survey. In turn, this means thatic effects arising from CFHT
filters are not taken into account in this calibration. Irdlaeghile the photometric zero-point used
here is obtained from 2MASS, colour effects are not corcefve and our WIRCanv, H, K,

C H,on andC H,off photometry is given in the CFHT Vega system and MegaCain the AB
system. These colour effects should be negligakl®.05mag) for colours up to/ — K, ~1 mag,
but increase above this level, thought colours should besyaically different for old (field) and
young (star-forming) objects.
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4.2.3 Methane Photometry

The presence of methane absorption bands in the near-IR@meof T-dwarfs can be used to
identify T-dwarf candidates photometrically (e.g. Tinreyal. 2005). Narrowband'H ,off and

C H,on data was taken in order to classify these objectd, off measures the pseudo-continuum
at 1.58um while C'H,on samples the methane absorption band at At69The passband of the
two filters is overlain onto the spectra of a T0.5 and a T8 dsvarfrigure 4.3. Note the greater
methane absorption in the T8 dwarf spectrum compared to@tsSpectrum in the region around
1.69m. The methane images have no external photometric catibrahd theC' H, magnitudes
are given here on an arbitrary albeit internally consistmatle, so that' H,on-C' H40ff~0 for
unreddened field dwarfs, shown in Figure 4.3.

Spectra of field dwarfs from L1 to T8 were convolved with the WIRCafH,on and
C H,off filters and the resulting methane colours plotted adaipsctral type in Figure 4.3. The
methane colours are seen to smoothly increase towardstaetral types. Whilst L-dwarfs have
CH,on—C H,off colours equal to zero, T-dwarfs have colours above 0.3 mvhich rapidly
increase towards later T-types. To date, no other types ctshin current knowledge has
this sequence of methane colours. Thus, @hé,on—C H,off colour provides a useful means
to separate L and T-dwarfs. Additionally, as late-type Tad@ may remain undetected in the
CH,on image, and due to strongH, absorption, we first performed object detectiorB &
on theC H,off image, then performed PSF photometry at the locatiorhe$é objects on both
the C' H,0ff and C H,0n images. This ensures that all objects that could posbibly-dwarfs are
searched for in both filters.

Figure 4.3 provides an empirical calibration of the methano®urs against spectral type
for field dwarfs. For comparison, Figure 4.4 shows & ,on—C H,off colour as a function
of effective temperaturelt,,) as predicted by COND and DUSTY 3 Myr and 5 Gyr models
(Chabrier et al., 2000; Allard et al., 2001; Baraffe et aQ02). While the DUSTY models are
roughly similar at both ages, with'H,on—CH,0ff ~ 0 atT.;y > 1500 K, the COND models
predict bluer colours for younger objects’At; s < 1500 K. According to the models, IC 348
T-dwarfs would then have a small&r;, and thus a later spectral type than field T-dwarfs for the

sameC H,on—C H4off colour.

www.jach.hawaii.edutskl/LTdata.html
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Figure 4.3: CHyon—C H,o0ff colour vs. spectral type. The triangles are computedharet
colours for a spectral sequence of field L and T dwarfs (sed.texThe dotted line at

C H,on—C H,off= 0.1 mag highlights the limit where methane absorption becoroasgicuous

in the photometric index, which occurs at a spectral typeNd@te how rapidly the methane index
increases towards later spectral typaset Dwarf T0.5 and T8 spectra are shown in the region of
the 1.6um methane absorption band. The passband of the WIRCHAQoff and C H,on filters is
superimposed (dashed).
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4.3 Results

Catalogues were obtained as described above for each of éga@Gam/WIRCam images. The
COND and DUSTY 3 Myr and 5 Gyr modélsare also in the CFHT Vega system where the
band has been converted into AB magnitudes for our purp&asslarly, the empirical field L-T
dwarf sequence photometry has been adjusted to be consistbrihe models and our data. In
the colour/magnitude diagram presented the field dwarfesgzpihas been shifted to the distance
of IC 348, taken to be at 300 pc.

4.3.1 T-dwarf Candidate Selection

Figure 4.5 show&’' H,on—C H40ff againstC H,off for stellar-like objects detected on WIRCam
methane images. An object was considered as a T-dwarf cedidC H,on—C H,off > 0.4
mag, which corresponds te 3.5 ¢ above the L/T transition({ H,on—C H,off = 0) for the
faintest detected objects. Assuming that young T-dwalfevicthe field dwarf methane relation,
the spectral type of those objects withi{,on—C H,0ff = 0.4 mag is close to T3 from Figure 4.3.

Objects withC Hyon—C H,off > 0.4 mag were initially all classified as T-dwarf candidates.
The objects just below this limit could still be T-dwarfs fnotheir C'H,0n—C H40ff colours as
shown in Figure 4.3, but would be more difficult to extractdugse of photometric errors. With
this criterion 136 sources were selected. This sample was ttsually scrutinised on both the
C H 4off and C H,0n images before being reduced to a short-list of 12 posséneidates. Upon
visual inspection, we found that the rejected 124 ‘objests'e saturated stars, nebulous detections
or ghosts. Of these 12 possible candidates, the shape ofSfReaid the contours were further
examined usingraf, where 9 were identified as ghosts or detector cross-talkedacing this
figure to 3 likely candidates. ThumbsizédHoff images of the three candidates are shown in
Figure 4.6.

The PSF photometry of the 3 candidates’inz H, K, andC H,on/C H,off filters is listed
in Table 4.1. Candidate IC348H4.2 was not detected in th&-band. Thez’-band detection
limit was estimated by simulating a set of 1948 stars with mitages between 20 and 26 using
Skymaker (Bertin, 2008). These synthetic stars were theckst onto the” H,off footprint of
the originalz’ image using Swarp (Bertin et al., 2002). At thel@vel, 1688 objects were detected
where the faintest had an input magnitude of 25.7, which e #s being the detection limit in
the 2/ filter.

Most of the objects detected on the WIRCam images lie aloadjrte C H,on—C H40ff = 0
in Figure 4.5 as expected for field dwarfs (Tinney et al., 30@% photometric error increasing

2http://phoenix.ens-lyon.fr/simulator/

109



I 0 ]
_ Tag 2+ _
o T 1 ’
2 1 e
N .
5 :
o
Oﬁ’
T O
I
-0.5 - T

16 18 20
CH,off / magq

Figure 4.5:C Hyon—C H,off colour vsC H,40ff. The large (blue) squares show the three T-dwarf
candidates withC' Hyon—C H40ff > 0.4. The extinction vector is shown foty, = 10 mag. The
sources with strongly negative colours are deeply embeddpdts (see text).

with magnitude. The 3 candidates are located in the faingggbn of the plot, whilst also having
increasing methane colours. Th&,on—C H,0ff rms photometric error at the magnitude of the
candidates is ~ 0.12 mag. The 3 candidates havé{,on—C H,off colours of 0.54, 0.78, and
0.49 mag, respectively, corresponding to a detection level 40 (see Table 4.2).

Note that a number of objects in Figure 4.5 have stromglyativeC' H,on—C'H 40ff colours,
well beyond the rms photometric error. Upon inspection efithages, all these objects turn out to
be young IC 348 members deeply embedded in bright compaatosities. The large extinction
they suffer results in strong reddening, thus yielding lflwe negativel” H,on—C H,off colours
in spite of the small wavelength difference between the Bomaband methane filters. Reddening
also accounts for the asymmetric colour distribution offthet background objects in this plot.

Finally, a cross-comparison was made with the study of Maisnd McLean (2003). They
classified 5 candidates as being possibly M, L or T-dwarfgfalhich are detected in our images
but with C Hyon—C H,off colours between -0.14 and 0.04 mag, placing them out offedwarf
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Figure 4.6: Thumbsized” H,off images of the three T-dwarf candidates, left to right,
IC348 CHA4.1, 1IC348CH4.2 and IC348CHA4._3, respectively. Black circles highlight the location
of the T-dwarf candidates. The images aré #8a side, where North is up and East is to the left.

Table 4.1: PSF photometry and photometric errors of theetlirdwarf candidates, in magnitudes.

Object Py (% J oy H oH Ks oK, C H4off OCHyoff CHgon OCH4on
IC348CH4.1 23.32 0.07 21.62 0.04 20.95 0.07 20.22 0.06 20.52 0.04 21.06 0.08
IC348CH4.2 > 257 - 22.51 0.07 21.65 0.08 20.10 0.04 20.59 0.04 21.37 0.10
IC348CH4.3 23.85 0.10 22.02 0.07 21.02  0.07 19.94 0.05 20.17 0.03 20.66 0.06

candidate criteria.

4.3.2 Reddening & Spectral Type Estimates

Estimation of the candidates’ extinction is required inesrtb be able to calculate their absolute
magnitude and estimate their spectral type. Extinctionlbeen estimated using colour/colour
diagrams ofC'H,on—C H4off versusJ — H, J — K, and H — K, as plotted in Figure 4.7.
The extinction was computed for each candidate using thaatxin vector and regressing the
objects back towards the 3 Myr COND model. The final extincti@alue is the average of the
3 results obtained from each colour/colour diagram and nsnsarised in Table 4.2, along with
C H 4 on—C H 4off colour, detection level and spectral type for the thraedidates. The estimated
extinction is an upper limit if the candidates belong to thester as their true dereddened colours
are probably intermediate between the 3 Myr COND and DUSTdeiw If they are field dwarfs
however, the given value is a lower limit as the objects sthdnal dereddened towards the 5 Gyr
field dwarf sequence that is bluer than the 3 Myr COND model.

We then used these results to compute the dereddéltégon—C H4off colour for each
candidate. We found these values to be 0469.16, 1.15+ 0.24 and 0.76+ 0.15 mag
for 1C348.CH4.1, IC348CH4.2 and IC348CHA4.3, respectively. From Figure 4.3, these
dereddened colours correspond to a spectral type 6f T5T6'; -, and TS 2 for IC348 CH4.1,
IC348 CH4.2 and IC348CHA4._3, respectively. As noted above, this may be a lower estiamtike
models suggest that young T-dwarfs have a lower effectivpézature than field T-dwarfs for the
sameC' H,on—C H40ff colour (see Fig.4.4). Moreover, if the candidates wef&ys field objects,
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Figure 4.7.CHson—CH,o0ff vs. J — H, J — Kg andH — Kg. T-dwarf candidates are plotted
as (blue) squares. Photometric error bars are from SEatra€teld T-dwarfs (red triangles) are
shown for comparison. Lines show the 5 Gyr COND and DUSTY,&aMyr COND and DUSTY

models as in Fig. 4.4. Candidates were dereddened towazd3 ktyr COND model using the

extinction vector.

Table 4.2: Summary of values for the three candidates, whereluster centre is taken to be at
034434 +32°09'48/0 (J2000).

IAU name C H 4 (on-off) Det. Ay Imag Est. sp. Distance from Object coordinates

(mag) level type cluster centre
CFHT_J0344+32021C348CH4.1)  0.54 430 50412 Tsf‘j*” 735" 03P44m49° 24 +3°02 48 4
CFHT.J0344+320§1C348CH42)  0.78 620 124+39 T6' 420" 03h44™ 49° 52 +3206'35) 4
CFHT_J0344+31561C348CH43)  0.49 430 90413 T54+-05 1356 03"44m57° 95 +31°56/43/3

they would have a larger extinction and therefore an evegetantrinsicC H,on—C H ,off colour,

which would also yield a later spectral type.

4.4 Discussion

We discuss here the likelihood that the methane candidapested above areona fideyoung,

very low-mass members of the IC 348 star-forming regioneimdtof being more evolved field
T-dwarfs located on the line of sight to the young cluster.alg® compare the number of T-dwarf
candidates we identify in our survey to the number of expkptanetary mass objects in IC 348,

by extrapolating recent estimates of the substellar IMéoplanetary mass domain.

4.4.1 Membership

Further colour/colour and colour/magnitude diagrams (QMire plotted to constrain the
candidates’ status. Figure 4.8 showshid — K CMD. Also plotted are the synthetic magnitudes
and colours of the field T-dwarfs when shifted to the clusistatice. The 5 Gyr DUSTY and
COND models are drawn to highlight the agreement betweemtbdels and the field dwarf
sequence. The field T-dwarf sequence begins in between the BIGSTY and COND models,
before sweeping towards the 5 Gyr COND modeld500 K that sharply increases in faintness
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Figure 4.8:J vs J — K, CMD. The (blue) squares are the three T-dwarf candidate®sereed,
whilst the (magenta) pentagons represent their dereddenation in the CMD. Field T-dwarfs
(red triangles) as well as S Ori 70 (black square, labelleifjes to the distance of IC 348 are
shown for comparison. Dereddened M6-M9 IC 348 dwarfs frorhrhan et al. (2003) are plotted
for comparison (small green squares). DUSTY and COND mafelshown as in Fig. 4.4.

with the late-T set.

In this diagram the three candidates appear to be confushdheilate-L, early-T field dwarfs.
However, once they are dereddened using the extinctioresaiven in Table 4.2, they become
bluer and brighter. All three candidates appear to folloez 3hMyr COND model quite closely.
The fact that the dereddened candidates appear brightefighaé T-dwarfs shifted to the cluster
distance suggest that they are younger indeed. A young Trdaa a larger radius than a field
T-dwarf for a given spectral type as it is still contractingccording to the COND models, the
difference amounts to about a factor of 2 in radius betweenyB and 5 Gyr (for T;=1000-
1500 K), which results in a 1.5 magnitude increase, comdistéth the observed location of the

candidates in Figure 4.8.

There is a possibility that the candidates are in fact fietbwB+fs located at a closer distance
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(between~100 and 200 pc) along the line of sight to IC 348. The probigbitif one of
the candidates being a field T-dwarf instead of an IC 348 etustember can be estimated
independently from extinction. According to Figure 4.3g thpectral type range T3-T5.5
corresponds to the measurétH,on—C H,off colours of our candidates at an age of 5 Gyr.
Thusly, using the number density of T3-T5.5 field dwarfs ia #olar neighbourhood, l.e~1
per 714 pé according to Metchev et al. (2008) and the footprint of¢h&, image of 0.11 sqg.deg.
gives an estimate of 0.1% 0.06 T3-T5.5 foreground field dwarfs in the direction of 1C834
As we are concerned here with the probability of one of oudiates being a foreground field
dwarf, this is a fairly robust method for determining the piggion density for field dwarfs in
the direction of IC 348. However, this estimate is put intatext when taking into account the
large extinction values of the three candidates estimaied Figure 4.7. Even the least extincted
candidate, IC34&H4 1, has four magnitudes more extinction than expected fargfound field
dwarf (<1 mag), so all three objects must be near to or behind IC 348veMer, the candidates
cannot be background field T-dwarfs, seen through the IC 8A&icas their luminosity would
then be much too high for their estimated spectral type.Iires indicated in Table 4.2, all three
candidates are located within the cluster’'s boundaftyc¢fe radius, 10-15halo; Herbig 1998,
Herbst 2008) and are thus spatially consistent with being4& members.

4.4.2 Contaminants

A further, useful diagram in defining these candidate objecthez’ — .J/J — H colour/colour
diagram shown in Figure 4.9, (note that ttiés in the AB system). Here it can be seen that the two
detected dereddened candidates are much bluérid than both the field dwarf sequence and the
COND 3Myr and 5Gyr models. There is mounting empirical emmefor young T-dwarfs to have
bluerz’ — J colours than field T-dwarfs because of the effects reducadtgrhas on the opacities
(P. Delorme, priv. comm.). This effect stems from the stroagassium Kl (7687&7701.m)
doublets, whose wings fall within the band. The lower the gravity the lesser the line broadening
of these elements so less flux is lost by absorption inzth®mnd, resulting in the observed bluer
2" — J colours (F. Allard, priv. comm). However, these effects amikely to explain the extreme
blueness of two of the three objects and suggests that aeditC348CH4_1 and IC348CH4 3
are unlikely to be T-dwarfs. The final remaining candida®348 CH4_2, remains a good T-dwarf
candidate because of its non-detection'in

If candidates IC348H4.1 and IC348CHA4_3 are not young T-dwarfs then what are they? We
checked whether extragalactic objects could contamimédeadgion of the diagrams. To this end,
galaxie$ from SWIRE, 2MASS and SDSS were found to have very differetburs ¢’ — J ~
6-8mag) to our candidates. Similarly, quasars (Labita.e808) also have J-band magnitudes

Siras.ipac.caltech.edu
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Figure 4.9:2' — J vsJ — H CMD. DUSTY and COND models are shown as in Fig. 4.4. Symbols
shown as per Figure 4.8.

of ~ 24-25 mag, making them much fainter than our objects. Lygie-{emission line) galaxies
appear tightly in the regiod — K ~ 0.95 mag and/ — H ~ 0.88 mag and so again cannot be
confused with our candidates (Chang et al., 2006). Coolwalid have been put forward as an
explanation for the identity of these two objects, but fartanalysis is requried. At this point, the
status of the two rejected candidates continues to be unclea

4.4.3 Comparison of IC348CH4_2 with S Ori 70

Zapatero Osorio et al. (2002) found S Ori 70 to be a faint migipe object towards the direction
of the youngo Orionis cluster, with an estimated mass in the interval 2-7,M However, there
has been some contention with regard to the membership ofl 30ap theos Orionis cluster.
Further work by Scholz and Jayawardhana (2008) indicat&itiis was a true cluster member by
looking at the IRAC data, and suggested that there is a pligsdd a disk structure which gives
rise to the MIR excess.
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Figure 4.10:J — H vs H — K. Symbols as per Figure 4.8.

TheJ/J — K, CMD in Figure 4.8 has the IC 348 dereddened candidates @lattagside S
Ori 70 for comparison. The, H and K, data for S Ori 70 was taken from Zapatero Osorio et al.
(2008) and adjusted to the CFHT photometric system using tfigr COND CFHT and 2MASS
models. The differences fotr 455 — Aormr due to colour effects are 0.6 mag, -0.1 mag, and
-0.05 mag, forJ, H and K, respectively. In this diagram, candidate IC32814 2, for which we
estimated a spectral type of 1’@5, falls at approximately the same location as S Ori 70, shifte
to IC 348's distance.

Figure 4.10 shows thé — H/H — K colour/colour diagram. The dereddenéd- H colours
of remaining IC348CH4.2 T-dwarf candidate is -0.44 which corresponds to a spettpsd of
around T6-T8 (Luhman et al., 2007b) and so is consistent @thprevious estimate. Again in
this plot, the location of IC34&H4.2 is similar to that of S Ori 70. A remarkable property of
these two objects is that they hake— K, colours too red for their estimated spectral types, yet
also have blug — H colours consistent with them being T6 dwarfs. Accordingapatero Osorio
et al. (2008), this may be a signature of youth.
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Table 4.3: Spitzer PSF photometry and photometric errorthefthree T-dwarf candidates.
IC348 CHA4_1 appeared outside the FOV in thie5]um image.

Object H3.6)/mJy  H3.6]_error H4.5)/mJy H4.5]-error [3.6]/mag [3.6lerror [4.5)/mag [4.5lerror
IC348.CH4.1  0.0035 0.0001 - - 19.75 0.03 - -
IC348.CH4.2  0.0093 0.0003 0.0136 0.0004 18.70 0.03 17.80 0.03
IC348CH4.3  0.0245 0.0003 0.0365 0.0007 17.65 0.02 16.73 0.02

4.4.3.1 Spitzer Data

We searched th8pitzerpublic archive for IRAC data. IC 348 was the prime target aigrammes

6 (c2d, P.I. Fazio) and 36 (P.l. Fazio). The c2d data are mpdsy shorter exposures, resulting in
our use of the deeper (¥8.00s) images of programme 36. We retrieved the data and gzede
them using standard procedures with the recommended MOB&EXase. All three candidates
are detected in thgs.6] and[4.5] bands, except IC348H4.1 which falls out of the4.5] band
field of view. PSF photometry was performed using Starfindaoléiti et al., 2000) and the
fluxes were translated into magnitudes using the zeropairedl provided by the Spitzer Science
Centef. Measurement uncertainties were tentatively estimataa the Poisson noise weighted
by the coverage maps of the mosaics. The final photometrywéngn Table 4.3, and the final
errors include both measurement and zeropoint flux unotigai

In Figure 4.11, the; — [3.6] vs [3.6] — [4.5] colour/colour diagram is plotted with the two
candidates, S Ori 70 and the IC 348 M6-M9 dwarf sequence frohmian et al. (2005a). The M, L
and T IRAC field dwarf sequence from Patten et al. (2006) hiselzeen plotted for comparison.
The3.6] — [4.5] colour could be a good indicator of effective temperaturespectral type, giving
IC348.CH4 2 a spectral type of-T5, in line with our other estimates of T6. THE; — [3.6]
colour, however, relates to a spectral type of L1, which idda early for such a low-mass and
cool object.

The K, — [3.6] colour of IC348CH4.2 appears significantly bluer compared to the field
sequence, which may be because of reduced gravity (Leggett, 007). For mid-type and
later T-dwarfs the reduced pressure broadening ©fds$ a gravity effect, makes thi€, band
brighter, whilst thg3.6] band faintens because of additional Cabsorption at- 3 um, resulting
in a bluerK; — [3.6] colour. Another consequence of lower gravity is the faimgreffect the CO
abundances have on the5] band for early T-types, thus balancing {Bes] — [4.5] colour. These
colour effects of low gravity are in agreement with this abjeeing a young IC 348 T-dwarf.

Other effects such as strong sedimentation and little oramtioal mixing in the atmosphere
could also contribute to the observed bluér — [3.6] colours (Leggett et al., 2007). The possible
existence of a hot inner dusty disc around S Ori 70, in keepiitlg other young members of S
Orionis, can give rise to its reddg}.6] — [4.5] colour.

“http://ssc.spitzer.caltech.edu/
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Figure 4.11: K, — [3.6] vs [3.6] — [4.5] COLD. The field dwarf sequence from Patten et al.
(2006) has been plotted (red crosses) for comparison. 1CVBHA9 dwarfs with disks (filled
green squares) and those without (hollow green squaresplaited (Luhman et al., 2005a).
IC348 CH4 2 and S Ori 70 appear significantly bluer in thg — [3.6] colour than for field dwarfs.
The extinction vector has also been plotted using values fre Spanish Virtual Observatdty
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4.4.4 The Lower End of the IMF

Luhman et al. (2003) derived a nearly complete IMF for IC 3d&d to 0.03 M, for Ay, < 4 mag.
They find a ratio of brown dwarfs (BDs, 0.02-0.08,Jto stars of about 12%. Muench et al. (2003)
similarly derived an IMF for IC 348 down to 0.04  with a mode between 0.08 and 0.2:M
finding a ratio of BDs to stars of about 14%. From a deep J-bangkyg of the cluster, Preibisch
et al. (2003) derived a BD to star ratio of 10%.

According to the COND and DUSTY models, the mass range of 3dWyT-dwarfs is between
0.001 M- and 0.005 M, corresponding to masses frowil M, to ~5 Mj,,. However, the
models are somewhat uncertain at very low masses and yoesg@grrently the models can have
up to a 50% discrepancy in the masses for objects youngerstihvdyr (Chabrier, priv. comm).
Still, the T-dwarf candidate IC348H4.2 is likely to be less massive than 105} if belonging
to IC 348. In order to obtain an estimate of the number of dbj@gthin this mass range that
are expected to be in IC 348, we extrapolated current essraftthe IMF to the planetary mass
regime. A log-normal estimate of the field IMF for unresohs@tems was provided by Chabrier
(2003), where the mode of the distributiony, is 0.22 M) and its width,o, is 0.57. This log-
normal IMF would predict-1% objects in the mass range below 19, Similarly, Moraux et al.
(2007) suggested a universal log-normal IMF for systemsoumg open clusters, withy=0.30
+ 0.05 M, and=0.554 0.03, which would predict-0.4% of objects in the 1-10 ), mass
range. Muench et al. (2007) conducted a Spitzer census of8@3d stated that the population of
IC 348 is in excess of 400 members when taking into accourdamdisk-less members. Based
on the above IMF and population estimates, we would thusagimut 1.6-4 objects in the mass
range 1-10 M, in the cluster. The discovery of one T-dwarf candidate ctogbe completeness
limit is thus consistent with the extrapolation of curreogdnormal IMF estimates down to the

planetary mass domain.

Another estimate can be found using the power law derived dyallero et al. (2007) and
Lodieu et al. (2009b) fos Orionis and Lodieu et al. (2007) for Upper S% x M~ wherea
= 0.6 for the mass rangé3 — 0.01 M. Using the IMF from the A < 4 mag selected census
of IC 348 by Luhman et al. (2003) and extrapolating the power for the last two data points
above their completeness limit towards the lowest mass oiogiges a different estimate. This
corresponds to a much larger number of predicted objectsftrahe log-normal estimate, 25
16 objects in the 1-10 Iy}, mass range and 15 9 objects in the 1-5 M,,, mass range. Even
though our survey is complete down tg /A~ 12 mag for T3 - T5.5 dwarfs, we did not detect
any such object with an A < 4 mag. This suggests that the current power law approximatio

over-estimates the number of low-mass objects in IC 348.
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45 Conclusions

From a deep methane imaging survey of the star-forming nel§io348 we identified 3 T-dwarf
candidates over the area of the cluster. After colour/acdmal colour/magnitude diagram analysis
two candidates have been rejected for being too bright atalpwvavelengths. The remaining
candidate, has an estimated spectral type of T6 and thealretiodels suggest a mass of a few
M s, for this object at 3 Myr. From its luminosity, colour, extiran and spatial location,
IC348 CHA4 2 is a probable IC 348 T-dwarf member, and so is among the lomass objects
observed so far in a star-forming region. The frequencyalated planetary mass objects reported
here for IC 348 is consistent with the extrapolation of cordeg-normal IMF estimates to the
planetary mass domain.
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4.6 Reésune

D’apres une enquéte d’'imagerie méthane profonde dedam” de formation d'étoiles IC 348
nous avons identifié 3 candidats du nains-T sur la zone defgpg. Apres la couleur / couleur et
/ analyse des diagrammes de magnitude deux candidataejé&tés pour &tre trop lumineux aux
longueurs d’onde optiques. Les candidats restants, a&stinype spectral de T6 et des modeles
théoriques suggerent une masse de quelques-ung, Wour cet objet & 3 Myr. De sa luminosité,
la couleur, I'extinction et la localisation spatiale, IG3€H4.2 est probable IC 348 membres de
nain-T, et il est donc parmi les objets les plus bas de massendgies jusqu’a présent dans une
region de formation d’étoiles. La frequence des objetsndisse planétaire isolés signalés ici pour
IC 348 est compatible avec I'extrapolation des estimatiungMI log-normale dans le domaine
de masse planétaire.
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Chapter 5

Discussion and Conclusions
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This chapter is devoted to sewing the working chapters egetio make a final coherent
garment with no extraneous holes. Initially, the evolutminthe work that has been done is
discussed with respect to how this can be built on for bothhef abserved clusters, before
detailing the observations and further work required ireottd build on these foundations for the
betterment of this subject. Subsequently the questionistbiee posed in Chapter 1 are expanded
and discussed with respect to the preliminary results otéresus of IC 4665 and the candidate
mid-type T-dwarf in IC 348. Additional questions are thers@o in light of the aspects of star
formation, brown dwarfs and the initial mass function thaydnbeen described in this work.

5.1 IC 4665 & IC 348 Reuvisited

The data of IC 4665 has been calibrated and analysed as shstirs Chapter 3 and a set of
candidate objects has been selected from all permutatfocaur/magnitude and colour/colour
diagrams. The stage reached with the work on IC 4665 indibattemore work needs to be done
in order to comprehensively confirm the existence of L-dejablut there is potential, with the
current list of candidates to have at least 3. The selectiibaria are too conservative because
theY-band is too faint compared to the isochrone in the lower ragsain meaning many good
candidate objects could have been rejected.
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Moving to the lower mass regimes, IC 348 was targeted usinipane narrowband obser-
vations in order to distinguish likely T-dwarf candidates discussed in Chapter 4. IC 348 is
young enough to enjoy the company of lowest mass objectséefmamical interactions could
have removed them all from the cluster centre. The additiomerest with this cluster is that its
footprint on the sky is very small directly because of its lpmper motion and young age; there
has not been enough time for all of the objects to have eveambfeom the cloud. The problem
is still the high extinction in this region which is almostrznly occluding from view additional
low mass objects, and possibly the lowest possible masstshifgan could be formed within this
cluster. One such detection has a very good chance of bekutyaif, given a preliminary spectral
type of T5.5, whilst two other detections have not been ifledt The possibility of contamination
by a foreground T-dwarf or by a methane-rich cloud in the bfisight has been entertained but
rejected from number-density arguments and the likelimafdthving a cloud of sufficient density
to impact on the 1.6&m methane band to cause a 0.3 mag reduction in emission. Addkd
fact that there arewvo objects which are unidentified and the relatively large ssjn within the
cluster indicates that these are either new objects, octsehich have yet to fully pass the cloud-
clearing stage of their evolution and so are beset by atmnevgpbonvection. When these objects
are dereddened they appear fainter than ICG#B! 2 so could be even younger, less massive and
diskless objects within the same cluster. Bptzercolours of one of the objects suggests that it
is diskless, compared to other objects with known disks.

5.2 Future Work

Further work is required in order to compare these data ®jilizerobservations, and then a
spectroscopic follow-up survey to confirm or reject not ahlg membership status of the cluster
members, but also spectral type. It is with only this data theonfident assessment of the IMF
can be established for IC 4665. It is possible to plot the remalb objects as a function of mass
and to overplot the previously found IMF for this clusterdao calculate the new IMF of this
cluster taking into account these new objects. The two can i@ compared to see whether the
log-normal or the power law IMF fits the data more closely. bijyetically there can be three
outcomes to this work; that the census finds a plethora ofrf@ags members at odds with the
prediction of the previously found IMF; that a dearth is fduf low-mass objects which would
also be at odds with previously found members; or that theiloligion of objects are various

masses are in reasonable agreement with previous worksaltisiter.

IC348.CHA4.2 requires spectroscopy to confirm its authenticity as a d®arf and IC 348
cluster member, currently hard to achieve with current gdoand space based telescopes
which would have to probe to~P1 mag. Burgasser (priv. comm.) suggested that the 10 m
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Keck telescopk using NIRC-2 might be able to obtain a low resolutidf,-band spectrum.
Collaboration would be required to achieve this as the Keakot in part of the ESO operating
program. It is strongly recommended to apply for time on tfer6James Webb Space Telescope
(JWST) when it is operational some time in 2014, in order ttawbhigh a resolution spectrum
of this object, and also to measure its proper motion and asgiple association with another
cluster member. Additionally, it would also be extremelfommative to obtain spectra for the
two unidentified objects which appeared to have quite blue J colours. Comparison of the
candidate T-dwarf, and the two rejected candidate objectset new BT-Settl model might also
be useful and worth doing as a comparison to how much the neweels agree with the analysis
conducted previously. Cool subdwarfs have been put foraarah explanation for the identity of
these two objects, but further analysis is requried, coingahem to existing subdwarfs, at the
derived extinction.

IC 348 also requires a full census to be taken using the dat ias the methane analysis,
though using a different detection image to avoid filteringtbe methane narrowbands alone.
The most recent census saw objects of masses as low as; 3fetdcted to a completeness of
A, =4 mag, indicating the gap between the lowest-mass camdiddtvarf so far detected in this
cluster and the next least massive confirmed member. Ahigsr@ et al. (in Prep.) are currently
working a census of this cluster using the broadband datavdmused for the IC 348 work here.

Additionally, the datasets from both of these sets of wokatle to be used in conjunction
with future observations of each respective cluster toeaehproper motion estimates of the

candidates discussed in this work.

5.3 Context

The main aim of Constellation Work Package 3 is to try to amswkevant questions aimed at
explaining the origin of the lower mass objects that exish&universe. To this end it is necessary
to ask what their properties are, how they form, how the lomssnsequence in one particular
cluster can be extrapolated to and tested on other more wmkolusters, and how this data can
be used to the fullest extent.

e How do the lowest mass objects form?

Additional implications from this work is with respect toettmodels and how the discovery
of this young and low-mass object in IC 348, and candidateodizries of M and L-dwarfs in
IC 4665, impact upon known star-formation and atmosphendets. Are they ejected embryoes
or can they form individually as mini-versions of a stell&lk® The work on IC 348 should help to

thttp:/ivww2.keck.hawaii.edu/inst/index.php
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further constrain the parameters and conditions requoethbdeling the formation of the lowest-
mass isolated objects and how they can form within a timéesafaa few million years. The slight

evidence for the existence of a disk around IC®I84.2 from Spitzerdata could constrain the

possibly of individual formation, however, it is entirelpgsible for objects to form in the disk
around a more massive object which can then be perturbedrigarby objects in the, usually,
densely populated cluster, increasing its eccentricityalowing the object to take material from
this disk to make a disk on its own. These objects could besethsiot as an ejected embryo,
but as a perturbed embryo as they are still bound to theimpaiek. This would be less likely

to happen in older clusters as they are usually more dyndlyneelved and objects are spaced
further apart.

e How do the lowest-mass objects affect the IMF?

The mass of the initial cloud which goes on to collapse anthfarplethora of objects of
differing masses is the main parameter for the distributibmasses of objects in the cluster, at a
particular age. If the cloud is turbulent then the dynamitak-scale for ejection and expansion
of the cloud is lower than for a more stable cloud, which cartdficially skew the calculations of
the IMF into having fewer lower mass members compared todniglass members. The effect of
turbulence could be offset by the possibility that a moréulent cloudalso produces more lower

mass members than higher mass members for a more stable cloud
e How do the lowest-mass objects overlap with the largestgitn

This question requires high resolution spectroscopy oftlvest-mass objects detected in this
work to be taken. IC 4665 should have detected some earlydrfdvut even these would be of
the order of at least 15 M Jupiter is a 4.5 Gyr object that could have started as a lal@arf
after its formation within the solar system’s primordiasklithough it's surface has now cooled to
amere~550 K and core E to just 125 K. The largest observed objects defined as plasath
upwards of 30 M and are known as hot Jupiters, which also orbit within a fevs & AUs of the
host star. Eccentricity could also be a defining factor aot &n object formed, and how long an
object that is perturbed could re-synchronise its orbihviti host star.

IC348 CH4.2 has an estimated mass from the 3 Myr theoretical AMES-CQOsdidhirone of
between~1 M; to ~5 My, but with uncertainties registering possibly more than 388 object
could have a mass in the region of 10;MObjects of this mass and just a few lighter have been
found circling other stars, or indeed, other brown dwarferéanalysis and observations need to
be undertaken in order to probe for any possible planetamypemions around many known free
floating brown dwarfs in these clusters.

e How does this work add to the current scientific understagitlin
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Figure 5.1. Detected objects between 1 and 1pfbt o Orionis (8 objects in total) and IC 348

(1 object). The curves are the normalised mass functiomvass for predicted MF for different

numerical simulations (and so different initial condit®yrfrom Hennebelle and Chabrier (2009),
and the diagonal lines are the power laws for the Salpetaewaid unity.

The deeper census of IC 4665 should add to the IMF for this @04 open cluster, which
can be compared to existing data for other clusters, narhelyteiades, the Trapezium cluster,
Orion, to name but a few. In this way, differences betweeratfeand masses of different clusters
can be statistically examined in order to refine the init@iditions and to compare the frequency
of low-mass and lowest mass objects. An additional use detluservations of IC 348 is to
use it to extend the depth of the IMF into the brown dwarf regjimhere the completeness limits
given earlier for this cluster’s observations should altavyects of at least mid-L spectral type to
be detected (Alves Oliveria et al. in Prep.).

5.4 Conclusion

The salient point of the work on IC 348 is the agreement, bactspscopic disagreement as to
the nature of the candidate T-dwarf, with current estimatetsthe extrapolation of the lognormal
IMF to the planetary-mass domain. This helps to confirm that dtar-formation theories are
broadly correct and that there is not a plethora of low magectb hidden away at the low
mass end of the IMF. In Figure 5.1 these results from IC 348carepared with the number
objects found inr Orionis for a similar mass range (Zapatero Osorio et al.22Q@&ballero et al.,
2007), overplotted onto the predictions of the IMF by Herelieband Chabrier (2009), based upon
cloud collapsing models using different initial conditsofrom Hennebelle and Chabrier (2008).
Whilst there are approximately ten times fewer objects 348 than ino Orionis it can be seen,
interestingly, that in each case, the log-normal IMF carcdies both paths, depending only on
the initial conditions of the collapse of the cloud. The isior IC 348 support the notion that
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the lower-mass end of the IMF is wholly dependent on theahitonditions and therefore will
certainly vary from cluster to cluster unless the propsrt the initial cloud, e.g. turbulence,
mass and internal velocity, are similar. Further suppartt@ notion will certainly require the
detailed examination of additional clusters, and compgatitis data with the predictions of the
IMF.

Whilst it is slightly more difficult to conclude with the wordtage reached with the IC 4665
data, it can be possible to conclude that the 510 possibldidates should span at least the
M-dwarf range and probe into the L-dwarf spectral type rantjghe comparison with the L-
and M-dwarf domains are broadly correct then it also seemsthis cluster should follow the
IMF predictions to the lower mass domain, because there n@ra multitude of possible low-
mass objects detected in the L-dwarf region of colour/aokpace. This, however, is entirely
dependent on the selection criteria and it is still posditdg many more L-dwarfs are detected in
the observations but were not selected as discussed. Tsdvear still exist in this cluster but they
will be very faint.

To conclude, further questions relating to this work candised and the original questions
still proposed until a full and complete understanding eftifieory of star formation is achieved:

How do the lowest mass objects form?

How do the lowest-mass objects affect the IMF?
How do the lowest-mass objects overlap with the largestgitn

What direct effects do gravity and age have on objects the?lMF

How do the atmospheres of the lowest mass brown dwarfs e¥olve

How does a young cluster form the lowest mass objects?
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5.5 Résune

Le point saillant de I'uvre sur IC 348 est I'accord, bar diesad spectroscopiques quant a la
nature du candidat nain-T, avec des estimations actudllesxtrapolation des log-normale du
FMI dans le domaine de masse planétaire. Cela permet deraenfijue les théories de formation
d’'étoiles sont globalement correcte et qu'il N’y a pas undtitaide d’'objets de faible masse cachée
a la fin de faible masse du FMI. Dans la figure 5.1 ces résultat348 sont comparés avec
les objets trouvés dans le numéro @érionis pour une gamme de masse similaire (Zapatero
Osorio et al., 2002; Caballero et al., 2007), sous-plaitdes prévisions du FMI par Hennebelle
and Chabrier (2009), fondée sur les modeles nuage stiffoen utilisant difféerentes conditions
initiales de Hennebelle and Chabrier (2008). Alors, il yairm dix fois moins objects en IC 348
gue o Orionis il peut étre vu, il est intéressant que, dans chazps, le log-normale FMI peut
décrire deux chemins, ne dépendant que de la conditidtiedes de I'effondrement du nuage. Les
résultats pour IC 348 appuient la notion que I'extrérmiférieure de masse du FMI est entierement
dépendant des conditions initiales et donc certainemaiiervd’un cluster a cluster, sauf si les
propriétés du nuage initial, par exemple turbulence, dasr et la vitesse interne, sont similaires.
Un appui supplémentaire pour cette notion qui nécessitertainement I'examen détaille des
grappes supplémentaires, et en comparant ces donn&elesiypeévisions du FMI.

Bien qu'il soit un peu plus difficile de conclure avec I'étage travail conclu avec les données
de IC 46605, il peut étre possible de conclure que les 510idatsdpossibles devrait s’étendre sur
au moins les nain-M plage et de la sonde dans le nain-L de pgeral largeur. Sila comparaison
avec les domaines L nains-M et sont globalement correcies iilsemble également que ce groupe
devrait suivre les prévisions du FMI dans le domaine de enpkss basse, parce qu'il n’y avait pas
une multitude d’'objets de faible masse détectés posdiis la région nain-L de couleur / espace
de couleur. C’est dépend entierement sur des critereglgetion et il est toujours possible que
de nombreux autres nains-L sont détectées dans les alises/mais n'ont pas été sélectionnés
comme nous le verrons. nains-T peuvent encore exister @agr®ape, mais ils seront trés faibles.

Pour conclure, d'autres questions relatives a ces trgeauxent étre soulevées et les questions
d’'origine sont toujours proposées jusqu’a une compigioa pleine et entiere de la théorie de la

formation des étoiles est atteint:

e Comment masse la plus faible sous forme d'objets?

Comment les objets les plus bas de masse affectent le FMI?
Comment les objets les plus bas de masse chevauchemenaghes rande des planetes?

Quels sont les effets directs ne gravité et I'age ont siolgets du FMI?

Comment les atmosphéres de la plus faible masse des naimesl&voluer?

Comment un jeune amas forment les objets les plus bas de hasse
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Appendix

TERAPIX Configuration

TERAPIX command
Command line used at TERAPIX during the processing.

sex *_newxt.fits * _newxt.fits -c qualityFITS.sex -CATALOG_NAME * _newxt.ldac
-CHECKIMAGE_TYPE -OBJECTS -CHECKIMAGE_NAMEnewxt_mob.fits
-PARAMETERS_NAME qualityFITS.param -STARNNW_NAME quali tyFITS.nnw
-WEIGHT_IMAGE * _newxt.weight.fits, * _newxt.weight.fits

-FLAG_IMAGE *_newsxt_flag.fits -DETECT_MINAREA 3 -DETECT_THRESH 1.5
-ANALYSIS_THRESH 1.5 -FILTER_NAME gauss_2.5_5x5.conv -M AG_ZEROPOINT 30.
-SATUR_LEVEL 100000 -WRITE_XML Y -XML_NAME sex.xml -PHOT_APERTURES 10

-MAG_ZEROPOINT 30.0

TERAPIX input files
Input files used for the TERAPIX processing.

qualityFITS.sex
qualityFITS.param
qualityFITS.nnw

gauss_2.5_5x5.conv

TERAPIX filter: gauss _2.55x5.conv
Example of the gausg.5 5x5.conv detection filter.

CONV NORM
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# 5x5 convolution mask of a gaussian PSF with FWHM =
0.034673 0.119131 0.179633 0.119131 0.034673
0.119131 0.409323 0.617200 0.409323 0.119131
0.179633 0.617200 0.930649 0.617200 0.179633
0.119131 0.409323 0.617200 0.409323 0.119131

0.034673 0.119131 0.179633 0.119131 0.034673

TERAPIX neural network file: qualityFITS.nnw
Galaxy neural network file.

NNW

# Neural Network Weights for the SExtractor star/galaxy cla
# inputs: 9 for profile parameters + 1 for seeing.
# outputs: “Stellarity index” (0.0 to 1.0)

# Seeing FWHM range: from 0.025 to 5.5” (images must have 1.5

# Optimized for Moffat profiles with 2<= beta <= 4.

31010 1

-1.56604 -2.48265 -1.44564 -1.24675 -0.94491 -0.52245 0.0
3.03477 2.69561 3.16188 3.34497 3.51885 3.65570 3.74856 3.

-0.32248 -2.12804 0.65075 -1.11242 -1.40683 -1.55944 -1.8
0.46259 -3.29127 1.10950 -0.60186 0.12949 1.42290 2.90741
-2.57424 0.89647 0.83478 2.18845 2.46526 0.08609 -0.68808
4.81041 1.53747 -1.12216 -3.16008 -1.67404 -1.75767 -1.29
10.19330 -20.94840 -1.07426 0.98791 0.60521 -0.06045 -0.5
-5.31793 7.94240 -4.64165 -4.37436 -1.55417 0.75437 1.096
0.22034 1.70056 -0.52011 -0.42833 0.00157 -0.33650 -0.081
3.75075 7.25399 -1.75325 -2.68814 -3.71128 -4.62933 -2.13
-0.84192 4.64997 0.56581 -0.30828 -1.01687 0.17313 -0.892

-3.65598 7.56997 -3.76373 -1.74542 -0.13754 -0.55540 -0.1

-1.70059 -3.65695 1.22367 -0.57437 -3.29571 2.46316 5.223

0.00000

1.00000
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2.5 pixels

ssifier (V1.3)

< FWHM < 5 pixels)

4613 0.83196 2.15505 0.26477
84541 4.22811 3.27734

4558 -0.11895 0.55240 -0.43656 -5.30052
2.44058 -0.91912 0.84285 -4.69824
-0.01336 0.09304 1.64942 -1.01231

310 0.55955 0.80847 -0.01016 -7.54052

8783 -0.79412 -0.48919 -0.08127 -20.70670

08 1.45967 1.62946 -1.01301 0.11351

86 -7.16163 8.23195 -0.01716 -11.37490

747 -0.18919 1.29122 -0.74938 0.67171

13 1.89044 -0.27554 -0.77283 0.53675

5920 0.12791 1.91906 1.42119 -4.35502

53 2.42038 1.22919 -0.92225 -2.32028



TERAPIX configuration qualityFITS.sex

SExtractor Configuration file.

# Default configuration file for SExtractor 2.4.2

# EB 2005-09-22

#
# #cfhtls shows parameters different from the default value (sex -d)
# Catalog ----------- e
CATALOG_NAME test.Idac #cfhtls # name of the output catalog
CATALOG_TYPE FITS_LDAC #cfhtls # "NONE","ASCII_HEAD","A SCI","FITS_1.0"

# "FITS_LDAC" or "FITS_TPX"
PARAMETERS_NAME default.param # name of the file containin g catalog contents
o Extraction --—---—-- e
DETECT_TYPE CCD # "CCD" or "PHOTO"
FLAG_IMAGE flag.fits # filename for an input FLAG-image
WEIGHT_TYPE MAP_WEIGHT #cfhtls # e.g. map_weight
DETECT_MINAREA 3 #cfhtls # minimum number of pixels above th reshold
DETECT_THRESH 15 # <sigmas> or <threshold><ZP> in mag.ar csec-2
ANALYSIS_THRESH 1.5 # <sigmas> or <threshold><ZP> in mag. arcsec-2
FILTER Y # apply filter for detection ("Y" or "N")?
FILTER_NAME default.conv  # name of the file containing the f ilter
DEBLEND_NTHRESH 32 # Number of deblending sub-thresholds
DEBLEND_MINCONT 0.002 #cfhtls # Minimum contrast paramete r for deblending
CLEAN Y # Clean spurious detections? (Y or N)?
CLEAN_PARAM 1.0 # Cleaning efficiency
MASK_TYPE CORRECT # type of detection MASKing: can be one of

# "NONE", "BLANK" or "CORRECT"
e Photometry ---------- e
PHOT_APERTURES 27 #cfhtls # MAG_APER aperture diameter(s) in pixels
PHOT_AUTOPARAMS 2.5, 3.5 # MAG_AUTO parameters: <Kron_fac t>,<min_radius>
PHOT_PETROPARAMS 2.0, 3.5 # MAG_PETRO parameters: <Petros ian_fact>,

# <min_radius>
SATUR_LEVEL 30000.0 #cfhtls # level (in ADUs) at which arise s saturation
MAG_ZEROPOINT 0.0 # magnitude zero-point
MAG_GAMMA 4.0 # gamma of emulsion (for photographic scans)
GAIN 0.0 # detector gain in e-/ADU
PIXEL_SCALE 0 #cthtls # size of pixel in arcsec (O=use FITS WC S info)
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Hommmmmm oo Star/Galaxy Separation ---- e

SEEING_FWHM 0.9 #cthtls # stellar FWHM in arcsec
STARNNW_NAME default.nnw # Neural-Network_Weight table f ilename
Homemmmeee e Background ---------- e
BACK_SIZE 64 # Background mesh: <size> or <width><height>
BACK_FILTERSIZE 3 # Background filter: <size> or <width>,< height>
BACKPHOTO_TYPE GLOBAL # can be "GLOBAL" or "LOCAL"
Hommmom oo Check Image ---------- e
CHECKIMAGE_TYPE NONE # can be one of "NONE", "BACKGROUND",
# "MINIBACKGROUND", "-BACKGROUND", "OBJECTS",
# "-OBJECTS", "SEGMENTATION", "APERTURES",
# or "FILTERED"
CHECKIMAGE_NAME check fits # Filename for the check-image
Homommmmemneeee e Memory (change with caution!) --- e

MEMORY_OBJSTACK 5000  #cfhtls # number of objects in stack
MEMORY_PIXSTACK 400000 #cfhtls # number of pixels in stack

MEMORY_BUFSIZE 1024 # number of lines in buffer
oo Miscellaneous -------- s
VERBOSE_TYPE NORMAL # can be "QUIET", "NORMAL" or "FULL"

Extraction Configuration files

The SExtractor first and second-pass configuration filesianiéas to the TERAPIX files.

oo PSF model ---------- e
BASIS_TYPE PIXEL_AUTO # NONE, PIXEL, GAUSS-LAGUERRE or FILE
BASIS_NUMBER 16 # Basis number or parameter

#PSF_NAME 1C348_CHA40ff.psf # Output PSF filename

PSF_ACCURACY 0.01 # Accuracy to expect from PSF "pixel" valu es
#PSF_NSUPER 0 # Max number of super-resolved pixels
PSF_SAMPLING 0.0 # Sampling step in pixel units (0.0 = auto)
PSF_SIZE 51,51 # Image size of the PSF model

#, note: only takes these stars into account

PSF_RECENTER Y # Allow recentering of PSF-candidates Y/N ?
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SAMPLE_AUTOSELECT Y # Automatically select the FWHM (Y/N) ?

SAMPLEVAR_TYPE SEEING # File-to-file PSF variability: NON E or SEEING
SAMPLE_FWHMRANGE 1.54.5 # Allowed FWHM range

SAMPLE_VARIABILITY 0.3 # Allowed PSF variability (1.0 = 100 %)
SAMPLE_MINSN 100 # Minimum S/N for a source to be used
SAMPLE_MAXELLIP 0.3 # Maximum A/B for a source to be used
BADPIXEL_FILTER Y # Filter bad-pixels in samples (Y/N) ?

BADPIXEL_NMAX 0 # Maximum number of bad pixels allowed

--- PSF dependencies ------

PSFVAR_KEYS X_IMAGE,Y_IMAGE # SExtractor or FITS (precede d by :) params

PSFVAR_GROUPS 1,1 # Group tag for each context key
PSFVAR_DEGREES 2 # Polynom degree for each group
#CONTEXT_NSNAP 7 # Number of PSF snapshots per axis
o Check-plots -------- e
CHECKPLOT_DEV PNG # NULL, XWIN, TK, PS, PSC, XFIG,PNG,

# or JPEG
CHECKPLOT_TYPE FWHM,ELLIPTICITY # NONE, FWHM or ELLIPTICTY
CHECKPLOT_NAME fwhm, ellipticity
o Check-lmages -------- e

CHECKIMAGE_TYPE SNAPSHOTS # Check-image types PROTOTYPES
#,SAMPLES,RESIDUALS,RAWDATA,SNAPSHOTS,MOFFAT,-MOFRASYMMETRICAL

CHECKIMAGE_NAME snap.fits # Check-image filenames

#CHECKIMAGE_TYPE CHI,PROTOTYPES,SAMPLES,RESIDUALS,8RSHOTS,MOFFAT
#,-MOFFAT,-SYMMETRICAL
#CHECKIMAGE_NAME chi fits,proto.fits,samp.fits,resi. fits,snap.fits

#,moffat.fits,submoffat.fits,subsym.fits

B Galaxy Principal Components ---  cemeeeeeee
#PC_INCLUDE N # Process galaxy Principal Components (Y/N) ?
#PC_NAME default.pc # File to store galaxy Principal Compon ents
#PC_NPC 0 # Number of principal components

Hommmm e Miscellaneous -------- e
PSF_SUFFIX .psf # Filename extension for output PSF filenam e
VERBOSE_TYPE NORMAL # can be QUIET,NORMAL,LOG or FULL
WRITE_XML N # Write XML file (Y/N)?

XML_NAME psfex40.xml # Filename for XML output

XSL_URL file://lusr/local/share/psfex/psfex.xsl # File name for XSL style-sheet
NTHREADS 1 # 1 single thread
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Extraction Parameter files

Tthe parameters used in this work are listed below. .

Table 1: The parameters that are included for IC 4665 and 8 R4t the Vignet for the first-pass
needs to be of similar dimensions as ‘PHAPERTURE’ in the configuration.sex file, and also
for the ‘PSESIZE’ in the PSFEX file

Parameter

first-pass second-pass Notes
- NUMBER
VIGNET(35,35) -

FLUX_APER(1) FLUXAPER(1)

- FLUXERR APER(1)
- MAG APER(1)

- MAGERR APER(1)
- FLUX_PSF

- FLUXERR PSF

- MAG PSF

- MAGERR PSF

- MAG _AUTO

- MAGERR AUTO

- KRON_RADIUS
FLUX_MAX FLUX MAX
FLUX_RADIUS FLUX_RADIUS
X_IMAGE X_IMAGE

Y _IMAGE Y _IMAGE

ALPHA_J2000
DELTA_J2000

FLAGS FLAGS

- IMAFLAGS _ISO(1)

- #CHI2.PSF(2) #falils to function new version at LAOG
ELONGATION ELONGATION

- ELLIPTICITY

Example Scripts

The work for IC 4665 made heavy use of awk to manipulate thedaiables, Smongo to interpret
and analysis the data, and bash shell scripts to automate pinecesses. Of course these multiple
shell scripts were then run using a single command from thaital. The work conducted
for IC 348 used no such automation, unfortunately, and tinas spent manually making the

extraction scripts for the SExtractor passes and PSFexitégt file to run in the command line.
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Of course, time was further lost due to human (my) error withphaced variables. The work for

IC 4665 was conducted after IC 348.

Below is an example of the preliminary bright star extractsrript for the short-band
for field A in IC 4665, where the parameter file and the confiianafiles can be found in
the Appendix 5.5 & 5.5 respectivelysex 1C4665AH newxt fits -c prepsfex.sex -PARAMETER$AME
sex1.param -CATALOGNAME LDAC _IC4665A H_P16.fits -DETECTTHRESH 15.0 -ANALYSISTHRESH 15.0
-PHOTAPERTURES 31 -FLAGIMAGE IC4665A H_newxtflag.fits -GAIN 1.777276524E+01 -SATUREVEL
5.795242200E+05 -FILTERIAME gauss2.5 5x5.conv -SEEINGFWHM 1.22 -BACK SIZE 64 -BACK FILTERSIZE

3 -WEIGHT_IMAGE IC4665A_ H_newxt.weight.fits

for PSFEX:psfex LDACIC4665A H_P16.fits -c psfex.psfex -PSEIZE 35 -SAMPLEMINSN 100 -PSFVARGROUPS

1,1 -PSFVARDEGREES 2 -CHECKIMAGETYPE SNAPSHOTS -CHECKIMAGENAME psfex1snaplC4665A H_P16.chk.fits

and finally for the second-pass of SExtractor for the shaaijes sex IC4665A)_newxt.fits,IC4665AH_newxt. fits
-c postpsfex.sex -PARAMETERBAME sex2.param -CATALOGNAME H/sex2IC4665A H_P16psfexed.cat -
DETECT.THRESH 1.5 -ANALYSISTHRESH 1.5 -GAIN 1.777276524E+01 -SATUEREVEL 5.795242200E+05
-PHOTAPERTURES 15 -FLAGMAGE IC4665A_J newxtflag.fits,IC4665AH _newxt flag.fits -WEIGHTIMAGE
IC4665A J_newxt.weight.fits,|IC466541_newxt.weight.fits -PSINAME H/LDAC _IC4665A H_P16.psf -BACKSIZE
64 -BACK_FILTERSIZE 3 -FILTERNAME gauss2.5.5x5.conv -CHECKIMAGETYPE -PSEPROTOS -CHECKIMAGENAME

H/res|IC4665A H.chk.fits

Scripts were used for most purposes when dealing with thigelalataset; 216 input
files including weight maps and flag maps for the object ektvaq SExtractor/PSFExX) meant

automation was immediately necessary and obvious.

This section of example code is a double nested awk scriptlierdo output the business-end
of the plotting smongo scripts for the candidate selectifinis was required to be double-nested
as in initial input file ‘CLUSTERfields.input.txt’ there were the 12 fields and in the second file
‘CLUSTER.smplots.txt’ the various colour/magnitude and coloudcolplots. Note the use of
"\\047” for a nested "’ ”, and the use of\\” to escape characters so they are active in the next

awk script.
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Candidate Selection IDL script

This script is tailored version originally compiled by C.uk de Oliviera, where a candidate is
selected if any part of it with errors falls close enough te itterpolated (‘interpol’ command)
model isochrone, as described in Section 3.4. The busirstefthe IDL CMD selection script
follows, whilst the COLD selection script is similar but Indes both less than and greater than
the model isochrone in order to collect objects in a bandraddbie models that fulfil the selection
criteria:

;CMD J vs J-H

int4y=interpol(jhctht50,jctht50,j(mark)-sqgrt(jerr(m ark)"2.+0.14°2.))
int4x=interpol(jhctht50,jcftht50,j(mark))
int4m=interpol(jh2cfht50,j2ctht50,j(mark)+sqrt(jerr (mark)"2.+0.14°2.))
int4n=interpol(jh2cfht50,j2cfht50,j(mark))
int4a=interpol(jhcfht30,jctht30,j(mark)-sqrt(jerr(m ark)"2.+0.14°2.))
int4b=interpol(jhcfht30,jctht30,j(mark))
int4c=interpol(jh2cfht30,j2cftht30,j(mark)+sqrt(jerr (mark)"2.+0.14°2.))
int4d=interpol(jh2cfht30,j2cfht30,j(mark))

mark_yjhk=WHERE (( j(mark)-h(mark)-jherr ge int4a or j(ma rk)-h(mark)-jherr ge int4db $
or j(mark)-h(mark)-jherr ge intdc or j(mark)-h(mark)+jhe rr ge intda $
or j(mark)-h(mark)+jherr ge int4b or j(mark)-h(mark)+jhe rr ge intdc) $
OR ( j(mark)-h(mark) ge int4a or j(mark)-h(mark) ge intdb or j(mark)-h(mark) ge int4c) $
OR ( j(mark)-h(mark) ge int4a and j(mark)-h(mark)+jherr ge intdb) $
OR ( j(mark)-h(mark) ge int4a and j(mark)-h(mark)-jherr ge intdb) $
OR ( j(mark)-h(mark) ge int4dc and j(mark)-h(mark)+jherr ge intdd) $
OR ( j(mark)-h(mark) ge int4c and j(mark)-h(mark)-jherr ge intdd) $
OR ( j(mark)-h(mark)-jherr ge intdy or j(mark)-h(mark)-jh err ge intdx $
or j(mark)-h(mark)-jherr ge intdm or j(mark)-h(mark)+jhe rrge intdy $
or j(mark)-h(mark)+jherr ge intdx or j(mark)-h(mark)+jhe rr ge intdm) $
OR ( j(mark)-h(mark) ge intdy or j(mark)-h(mark) ge int4x or j(mark)-h(mark) ge intdm) $
OR ( j(mark)-h(mark) ge intdy and j(mark)-h(mark)+jherr ge intdx) $
OR ( j(mark)-h(mark) ge intdy and j(mark)-h(mark)-jherr ge intdx) $
OR ( j(mark)-h(mark) ge int4m and j(mark)-h(mark)+jherr ge int4n) $
OR ( j(mark)-h(mark) ge int4m and j(mark)-h(mark)-jherr ge int4n) ) )
SuperMongo

Data was read into smongo using this terminology:

#input directory and filename

data "/AMALG/thin/"CALIB_IC4665A_YJHKs_SP.cat
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#assigned columns and labels for object magnitudes
read {A_CAL_ Y 2 A CAL_J 4 A CAL_H 6A CAL_Ks 8}
#sets colour, can be used for other calculations

set A_YminusJ = A_CAL_Y - A CAL_J

Script Input

Bash shell script utilising awk to automatically output & gkfiles which can be run within the
SuperMongo environment. Note that it is possible to run 8dpeago within the shell script for
full automation.

awk 'I/'# && $167/[A-E)/ {print " awk
\047!/'# && $17/SP/ && $27/M/print \"echo

\\047 \t window "(-$23),(-$24),$25,$26" \\n \\t expand 1. 0 \\n \\t ctype O ptype 1 1

Wn Wit limits \"($8),($9),($10),($11)\" Wn Wt box 1 2 3 3\ \n \it ylabel \"$4\"

\\n \t expand 0.8 \\n \\t points "$16"_\"$6\"minus\"$7\" " $16"_CAL_\"$4\"

\\n \\t ctype 4 ptype 4 3 angle 45 \\n \\t points man_\"$6\"min us\"$7\" man_CAL_\"$4\"

\\n \\t expand 0.5 ctype 3 ptype 1 1 \\n \\t points \"$6$7\" \" $6\"'minus\"$7\" \"$6$7\"_CAL_\"$4\"
\\n \\t ctype 3 ptype 20 3 \\n \\t points cand_ \"$6\"minus\"$ 7\" cand_CAL_\"$4\"

\\n Wt expand 1\\n \\t
\047 >> \"$3\"_"$16".sm \" }
\047 $DIR6/CLUSTER_smplots.txt >> cluster_plot.sh "

} $DIR6/CLUSTER_fields_input.txt >> cluster.sh

Script Output

The candidates are taken from the IDL extraction script rilesd in Section 3.4 and found here
in the Appendix 5.5. File Y..vs..JA.sm:

window -1 -2 1 2 #position in output plot

expand 1.0 #size adjustment

ctype O ptype 1 1 #colour and shape of IC 4665 catalogue object s

limits -1.5 3 24 9 #axes limits

box 1 2 3 3 #plot area

expand 0.8 #colour and shape of points

points A_JminusH A_CAL_Y #objects plotted from field A

ctype 4 ptype 4 3 angle 45 #colour and shape of manzi et al. 2008 points

points man_JminusH man_CAL_Y  #confirmed IC 4665 members fr om the Manzi et al. 2008 work

149



ctype 3 ptype 20 3 #colour and shape of IC 4665 candidates obje cts

points cand_JminusH cand_CAL_Y #IC 4665 candidates object s from IDL extraction script

Dispersion Script

This is the active part of the dispersion Smongo script, ethfsom the script from Bouvier (priv.
comm), which has been used in both Chapters 3 and 4 to cacstiatistics on the dispersed
datasets. The output gives either a mean or a median, deygeodihe dispersion and also an rms
of the dispersion away from this mean/median value. Agaswtlas scripted to work on all bands
and fields. <magnitude- and <difference in magnitude are taken directly from the extracted
catalogues.<parameters include details about the field, filter used, and particuiapersion
run.

#dispersion script
set starmin = 50
set nbin = 4
set dim = dimen(<magnitude>) - 1
define _dim (dim+1)
if (dim >= starmin) {
define _nbin (nbin)
define _nstarperbin (int((dim+1.)/nbin))
do j=1,nbin {
set DIMEN(bin1$j) = $_nstarperbin
}
do j=1,nbin {
set DIMEN(bin1min$j) = $_nbin

set DIMEN(binlmax$j) = $_nbin

}
do j=1,nbin {
define binlmin$j (int(1.e3 * <magnitude>[($j-1) *$_nstarperbin])/1.e3)
define binlmax$j (int(1.e3 *<magnitude>[$j *$_nstarperbin-1])/1.e3)
}
do j=1,nbin {
define _nmin (($j-1) *$_nstarperbin)
define _nmax ( $j *$_nstarperbin)
define _compt (0)
do i=0,dim {
if ($i >= % nmin && $i < $_nmax) {
set bin1$j[$_compt] = <difference in magnitude>[$i]
define _compt ($_compt+1)
}
}
}
do j=1,nbin {

stats_med binl$j med1$j siqri$j

define med1$j (int(1.e3 *$med1$)/1000.)
}

set DIMEN(meandiffl) = $_nbin

do j=1,nbin {

set meandiff1[$j-1] = $med1$j
}

stats meandiffl meanl sigl kurtl
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stats_med meandiffl medl sigrl
echo <field> <filter> <mode> $meanl +/- $sigl
define medl (int(1.e3 *$med1)/1.e3)
define meanl (int(1.e3 *$meanl)/1.e3)
define sigl (int(1.e3 *$sigl)/1.e3)
write +<filename_<parameters>.disp> <parameters> $mean 1 pm $sigl $ dim $medl

}

Saturation Limit

Figure 2 shows the IC 4665 magnitudes against the differbatgeen the data and the UKIDSS
data which had matching objects over the field of view. Thdstspvere used to ascertain
our own SAT flags in lieu of the TERAPIX or SExtractor flags. Jhvas because there were
many objects that were bright enough to appear in the naadlity part of the detector, yet
were not fully saturated as detailed by the TERAPIX pipeliAelditional objects that had their
saturated centres removed can only be expunged from thiogaés on an object-by-object
basis, for example in the Candidate extraction. This is ieedhe magnitudes are given by our
SExtractor/PSFEX/SExtractor extraction routines anchey aippear far fainter than they should

as they have no centre to their PSF, yet are a detected object.
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Figure 2: Saturation plots showing the offsets between HIdTCIC 4665 data and UKIDSS data
over the same FOV. Fields labelled A through to J as per thentkgy Note lack of data in fields
E and | in theY -band plots due to lack of M&@éhirig-band UKIDSS data. Note also the much
lower level of saturated objects compared to the UKIDSS bamthe short exposures than in the

long exposures.









