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Abstract

In this thesis I present the spectroscopic analysis of a large sample of L and T dwarfs,
in order to constrain the sub-stellar initial mass function and formation history. The
main points I tried to address are the development of a better spectral type to distance
calibration and of a better spectral type to effective temperature calibration, and the
identification of a statistically complete sample of brown dwarf to be used to mea-
sure the luminosity function, and therefore to constrain the initial mass function and
formation history.

To achieve the first goal I conducted the spectroscopic follow-up of brown dwarfs
from the PARallaxes of Southern Extremely Cool objects (PARSEC) program. This is
a large astrometric campaign to measure the parallaxes and proper motions of ∼120 L
and T dwarfs in the southern hemisphere. I combined the astrometric results with the
near infra-red spectra I obtained using the Ohio State Infra-Red Imager/Spectrometer
(OSIRIS) on the SOuthern Astrophysical Research telescope (SOAR). That allowed
me to investigate the nature of some unresolved binaries and common proper motion
companion in the sample, as well as sub-dwarfs candidates, and potential members of
young moving groups. Combining the spectra with the astrometric information and the
available photometry I derived the bolometric luminosity and effective temperature for
the targets, and determined a new polynomial conversion between spectral type and
effective temperature of a brown dwarfs. This is a fundamental step to compare the
results of empirical observations to numerical simulations of the sub-stellar luminosity
function.

Once refined the type to temperature calibration, I measured the luminosity func-
tion. In order to do so my collaborators and I have selected a sample of ∼250 brown
dwarfs candidates from the United Kingdom Deep Infra-red Sky Survey (UKIDSS)
Large Area Survey (LAS) and followed them up with the echelle spectrograph X-shooter
on the Very Large Telescope. I present in this thesis the results of the observations of
196 of the brown dwarfs candidates. Using the X-shooter spectra I determined their
spectral types, and I identified a number of unresolved binary candidates and peculiar
objects.

One of the peculiar objects in the sample, ULAS J222711−004547, turned out to be
the reddest brown dwarf observed so far, and I therefore proceeded to analyse further
its spectrum. Applying a de-reddening technique to its spectrum suggests that the
most likely reason for its redness is an excess of dust in its photosphere, and that can
account for the differences seen between objects of similar spectral type.

By comparing the results of the spectroscopic campaign to numerical simulations,
I found that it is currently impossible to constrain robustly the initial mass function
and formation history of sub-stellar objects, because of our limited knowledge of the
binary fraction among brown dwarfs. The sample of binary candidates identified in
this thesis can be used to place a better constraint on the binary fraction, but in order
to do that the candidates need to be followed-up via high resolution imaging or radial
velocity monitoring to confirm their binary nature.
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Chapter 1: Introduction

Physicists have been looking at the solar spectrum since Isaac Newton first used a
simple prism to observe the refractive properties of coloured light (Newton, 1705). It
was in the early 1800s when Joseph Fraunhofer used his skills as a glass maker to
create very pure prisms, which allowed him to observe 574 dark lines in the seemingly
continuous solar spectrum (Fraunhofer, 1817). Soon after he combined telescope and
prism to observe the spectrum of Venus, the Moon, Mars, and various stars such as
Sirius and Betelgeuse (see Hearnshaw, 1986, pages 28-29). Since then spectroscopy has
always been one of the most powerful tools available to astronomers to characterize
celestial objects and thus understand their nature, becoming the foundation of the
modern classification of stars, the MK system (Morgan et al., 1943).

With the recent discovery of brown dwarfs (Nakajima et al., 1995) a new, MK-like
classification system for sub-stellar objects has been introduced (Kirkpatrick, 2005).
Spectroscopy is again at the heart of it, providing the key observational features that
allow for the distinction between different classes of objects.

In this thesis I will use spectroscopy to characterize a large sample of brown dwarfs,
to try to contribute in answering some of the open questions regarding these types of
celestial objects. In particular I will try to understand the influence of atmospheric
parameters (effective temperature, surface gravity, and metallicity) in the transition
between the types L and T.

In this first chapter I will briefly introduce the fundamental background information
on the physics of brown dwarfs, focusing in particular on the aspects more relevant to
this thesis. I will then present, in Chapter 2, the results obtained by a large astrometric
program, the Parallaxes of Southern Extremely Cool objects (PARSEC). In Chapter 3
I will present the results of the analysis on a large collection of brown dwarfs’ optical
and infrared spectra, to try to identify binaries and peculiar objects that serve as
powerful benchmark objects to test formation and evolution models. Chapter 4 shows
the attempt to constrain the formation rate of brown dwarfs. In Chapter 5 I will
present the discovery of a very peculiar brown dwarfs, and the constraint I obtained
on the dust properties in its atmosphere. Finally, in Chapter 6 I will summarize the
results obtained, and discuss the possible future developments of my work.

1.1 Theoretical prediction of brown dwarfs and first

developments

The existence of brown dwarfs was first predicted theoretically by Kumar (1963) and
Hayashi & Nakano (1963). In those two contemporary works, the authors demonstrated
that during the initial contraction, in objects less massive than ∼ 0.08−0.09 M� the
core reaches electron degeneracy before the thermonuclear power generated by the
fusion of hydrogen into helium achieves a value sufficient to balance surface losses.
It is therefore the degeneracy pressure that supports the structure of the object and
prevents its further collapse. Since they lack a stable internal source of energy, these
objects do not follow the standard stellar evolution (i.e. they do not form a main
sequence), instead they slowly cool down and keep on contracting over time.

More refined calculations have progressively improved the mass limit between hy-
drogen burning stars and brown dwarfs (e.g. Grossman, 1970; Grossman et al., 1970;
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Straka, 1971; Rappaport & Joss, 1984) and the current estimate sets it at ∼ 0.07 M�
(Chabrier & Baraffe, 2000). This limit however is sensitive to the metal content of the
object, and can vary from 0.072 M� for solar metallicity (Chabrier & Baraffe, 2000)
up to 0.094−0.098 M� for zero metallicity (Burrows et al., 1993, 2001).

1.2 Internal structure

The main source of heat in a brown dwarf is the slow release of the gravitational energy.
In the very first stages of their evolution, brown dwarfs more massive than ∼ 0.012 M�
have an additional source of energy in the deuterium fusion in their centre. This phase
however is very short, generally shorter than ∼ 20 Myr (Chabrier & Baraffe, 2000).

The energy is transported form the interior of the dwarf to its surface mainly via
convection, while the radiative transport is negligible (because the interior of a brown
dwarf is dense and optically thick). The internal structure and thermal profile is
therefore defined by the equation of state (hereafter EOS) of its chemical constituents,
which are mostly hydrogen and helium. The most used EOS to describe brown dwarfs’
interiors is the Saumon et al. (1995) EOS for H/He mixtures (e.g. Fortney et al., 2011).

1.3 Evolution

The lack of a stable internal source of energy results in brown dwarfs slowly cooling and
fading over time. Their evolution is described clearly in Figure 1.1 (which is a collage
of Figures 1, 3, and 8 from Burrows et al., 2001). The three panels show, from top
to bottom, the evolution of bolometric luminosity, radius, and effective temperature
(hereafter Teff). Different lines represent the tracks for objects of different masses,
with the mass decreasing, in each panel, from top to bottom. Blue tracks are low-
mass hydrogen burning stars (i.e. objects more massive than ∼ 73 MJup), green tracks
are high-mass brown dwarfs (i.e. objects above the deuterium burning limit, ∼ 13
MJup), and red tracks are low-mass brown dwarfs and planets (i.e. objects below the
deuterium burning limit). In the top and bottom panel the yellow and purple dots mark
the evolution point where 50% of the initial deuterium and lithium have been burned,
respectively. In the central panel the dashed line indicates the radius of Jupiter. In the
bottom panel the dashed lines represent the approximate temperature limits between
the spectral classes M, L, T, and Y.

In low-mass stars the luminosity decreases in the first stages of the evolution, as
the pre-stellar object keeps contracting fast. When the object reaches ∼ 200 Myr, the
energy output from the hydrogen fusion stabilizes the star, that settles onto the main
sequence. Luminosity, radius, and Teff remain essentially constant for the rest of the
evolution. The least massive stars can reach quite compact states (R∗ ∼ RJup) and
cool down into the L dwarfs regime (see Section 1.5).

High-mass brown dwarfs (as well as low-mass stars) experience a quick deuterium
burning phase in their early evolution. This can be seen in Figure 1.1 as a plateau in the
luminosity, radius and Teff evolution. The duration of this phase depends on the mass
of the dwarf, but it is believed not to last longer than ∼ 20 Myr (Chabrier & Baraffe,
2000). After that, the dwarf resumes its slow but steady cooling and contraction,
leading it to evolve in spectral type from M to L, T, and for the least massive eventually
into Y type, and very compact states (R∗ < RJup).
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Fig. 1.1: The evolution of low-mass stars and brown dwarfs over time (from Burrows et al., 2001). The
three panels show, from top to bottom, the evolution of bolometric luminosity, radius, and effective
temperature. Different lines represent the tracks for objects of different masses. Blue tracks are low-
mass stars, green tracks are high-mass brown dwarfs, and red tracks are low-mass brown dwarfs and
planets. In the top and bottom panel the yellow and purple dots mark the evolution point where 50%
of the initial deuterium and lithium have been burned, respectively. In the central panel the dashed
line indicates the radius of Jupiter. In the bottom panel the dashed lines represent the approximate
temperature limits between the spectral classes M, L, T, and Y.
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Low-mass brown dwarfs and planets never develop the conditions for deuterium
burning in their cores. As a result, there is no initial plateau in the evolution of their
physical parameters. Interestingly, they never reach the extremely compact states
typical of more massive brown dwarfs (i.e. their radii stabilize at R∗ ∼ RJup). While at
young ages the radius of an object is roughly a linear function of its mass, after ∼ 100
Myr the situation for sub-stellar object inverts, with the more massive objects having
the smaller radii (the peak radius is at a mass of ∼ 4MJup, see Zapolsky & Salpeter,
1969; Hubbard, 1977). This is a direct consequence of their internal structure being
governed by electron degeneracy pressure, and this depends solely on the electrons
density. To balance their higher self-gravity, more massive brown dwarfs need to reach
denser states.

It must be noted at this point that the models of Burrows et al. (2011) suggest that
the radius of a sub-stellar object also depends on its metallicity and its helium mass
fraction. A higher metallicity in fact alters the temperature-pressure profile, leading
to lower a pressure for a given temperature compared to solar metallicity objects. A
higher helium mass fraction enhances the nuclear luminosity, leading to significant core
burning even at masses as low as 0.05 M� (see Figure 6 from Burrows et al., 2011).

The constant cooling over time, and the mass-radius relation inversion, pose a series
of challenges in the understanding of brown dwarfs, and create a number of observable
effects in their spectra, that we will discuss in more details in the following Sections.

1.4 Formation mechanisms

Understanding what is the dominant formation process for brown dwarfs is one of
the open challenges in modern sub-stellar astrophysics. As the formation mechanisms
could be different for sub-stellar objects compared to stars, it is important to deter-
mine the mass function and formation history in the very low mass regime if we wish
to fully understand their contribution to the Galactic population. This can have im-
plications also in distinguishing between brown dwarfs and giant planets. The current
IAU distinction between the two category of objects is based on the minimum mass for
deuterium burning, but there is growing consensus on the need for a definition based
on the formation mechanism instead (e.g Chabrier et al., 2014).

The main formation scenarios proposed are circumstellar disk fragmentation, ejec-
tion of pre-stellar embryos from multiple systems, photo-erosion of pre-stellar cores,
and gravoturbulent fragmentation of molecular clouds. I will briefly discuss them in
the following subsections.

1.4.1 Disk fragmentation

Disk fragmentation has been proposed as a formation mechanism for both brown dwarfs
and giant planets (Boffin et al., 1998; Bate et al., 2003; Whitworth & Stamatellos,
2006). Massive circumstellar discs form around massive stars during the cloud col-
lapse phase. Pure hydrodynamical simulations have shown that the disk can become
gravitationally unstable if it is massive and extended enough (typically Md & 0.3M∗
and Rd & 100(M∗/M�)1/3 AU, see e.g. Stamatellos & Whitworth, 2009). More recent
simulations including non-ideal magnetohydrodynamics effects (Masson et al., 2012)
have argued against this scenario, showing that the discs cannot become massive and
extended enough to lead to fragmentation. Moreover, observations of early class 0 ob-
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jects have shown compact discs, while massive discs seem to be rare (Rodŕıguez et al.,
2005).

On the other hand, Stamatellos (2013) points out that this scenario is the only
one to successfully explain the so called “brown dwarf desert”, i.e. the lack of brown
dwarfs as close companions to main sequence stars, in contrast to planetary mass and
hydrogen burning star companions (Marcy & Butler, 2000; Grether & Lineweaver,
2006; Sahlmann et al., 2011; Ma & Ge, 2014).

The “brown dwarf desert” was first noticed by Marcy & Butler (2000) analysing
the statistical properties of sub-stellar companions to FGKM stars detected in radial
velocity surveys. They found that only 0.5% of stars harbour a brown dwarf companion
at separations <3 AU, compared to a 5% occurrence rate of planetary-mass compan-
ions. More thorough analysis of potential biases (Grether & Lineweaver, 2006), and
an increased sample size from the CORALIE (Queloz et al., 2000) and HARPS (High-
Accuracy Radial velocity Planet Searcher, Mayor et al., 2003) radial velocity surveys
have confirmed the presence of the “desert”, placing a stronger upper limit to the rate
of brown dwarf companions in close orbits to 0.6% (Sahlmann et al., 2011). The recent
statistical analysis of Ma & Ge (2014) have stressed further the lack of brown dwarf
companions with masses between 30 and 55 MJup with orbital periods shorter than
100 days (see their Figure 2 and 3), claiming that is the evidence for the presence of
two separate populations of sub-stellar companions to main sequence stars. Objects
below ∼ 42.5MJup form predominantly like planets, while objects above that mass form
predominantly like stars. It is worth noticing at this point that the brown dwarf desert
is not and observational effect. Radial velocity surveys are in fact sensitive to masses
well below the lower limit of the “brown dwarf desert” (see for instance Figure 2 in Ma
& Ge, 2014).

In the disk fragmentation scenario the “brown dwarf desert” is explained because all
the fragments start with roughly the same mass (∼ 1 MJup, Stamatellos & Whitworth,
2009), and then grow in mass accreting material from the disk. Objects that form first
migrate inwards and accrete more mass, becoming stars, while those that remain in
the outer regions of the disk can only become brown dwarfs. If brown dwarfs from
the outer region migrate inward they are dynamically “bounced back”, and could even
be ejected by the system. Planetary mass objects form in the inner region via core
accretion at a later stage. According to this scenario, brown dwarfs therefore can only
be found either in isolation (i.e. after they have been ejected by the system) or as wide
companions. Such wide companions have been indeed observed (e.g. Gomes et al.,
2013; Pinfield et al., 2012; Day-Jones et al., 2011; Faherty et al., 2010; Zhang et al.,
2010).

1.4.2 Ejection of pre-stellar embryos

In this scenario, brown dwarfs are formed by small (∼ 1MJup) accreting pre-stellar
cores, formed via cloud fragmentation, that subsequently get ejected by the surround-
ing environment via dynamical interaction (Reipurth & Clarke, 2001; Delgado-Donate
et al., 2003; Bate et al., 2002; Sterzik & Durisen, 2003). Simulations investigating this
scenario were conducted by Bate (2012). Although these simulations reproduce quite
well the Chabrier (2005) IMF, their initial conditions correspond to extreme clouds,
much denser and more turbulent than the typical observed ones (e.g. Heyer et al., 2009).
Arguments against this scenario come from the observations of significant populations
of brown dwarfs in low density environments like the Taurus cloud (e.g. Luhman, 2012),
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where the dynamical interactions required by this formation scenario are strongly ham-
pered.

1.4.3 Photo-erosion of pre-stellar cores

If a pre-stellar core forms near a massive OB star embedded in an H II region, its outer
layers can be photo-eroded by the bright nearby star, preventing it to accrete enough
mass to become a star (e.g. Whitworth & Zinnecker, 2004). However, brown dwarfs
have been observed in isolation, and not all of the star forming regions contain enough
massive OB stars to make this mechanism efficient.

1.4.4 Gravoturbulent fragmentation

In this model, brown dwarfs are the result of the fragmentation and subsequent collapse
of giant molecular clouds. The turbulence in the cloud generates a wide spectrum of
core masses, originating from the different scales of turbulence. The smaller cores form
brown dwarfs and giant planets. Simulations from Padoan & Nordlund (2004, 2002)
suggest that the IMF is the consequence of supersonic turbulence in molecular clouds.
An issue raised against this theory is that it would be unable to explain the final IMF if
the cores would fragment further during their collapse. However numerical simulations
(e.g. Seifried et al., 2013) show that radiative feedback and magnetic field reduce the
fragmentation process. The observation of the pre-brown dwarf core Oph B-11 (André
et al., 2012) lends support to this formation scenario, but the number of such systems
observed is still too small to be conclusive.

Being essentially an extension of the star formation process to low masses, the
gravoturbulent fragmentation scenario should lead to a stellar-like initial mass function
(i.e. a power law + lognormal form, see Chabrier, 2005). If written as dN/dM ∝M−α,
the Chabrier (2005) initial mass function would correspond to a negative α value. On
the other hand the planetary initial mass function corresponds to a positive α value, i.e.
the number of objects increases with decreasing mass (e.g. Howard et al., 2010). This
would be the expected scenario if brown dwarfs form in a planet-like way, as suggested
by the disk fragmentation scenario. Constraining α in the sub-stellar regime, like I
will try to do in Chapter 4, is therefore one of the key observational results required
to distinguish between the formation scenarios proposed.

1.5 The spectral classification

Over the past century, astronomers have developed a system of spectral classification
for stars, represented by the sequence OBAFGKM where O indicates the most massive
and hot stars and M the smallest and coldest ones. This system was sufficient for almost
a century until the late ’80s, when the first observations of brown dwarfs (Becklin &
Zuckerman, 1988) triggered the introduction of three new spectral classes: L, T, and
Y.

The absence of hydrogen fusion makes brown dwarfs intrinsically faint, so that the
first one was observed only in 1988 when, during observations in the near infrared,
Becklin & Zuckerman (1988) found a faint object orbiting the white dwarf GD165.
The analysis of its spectrum (Kirkpatrick et al., 1993) highlighted the lack of TiO
absorption bands, which is the most common feature in M dwarfs, and no bands of
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CH4 and NH3, which are typical in Jupiter and Saturn. It was the first hint that
GD165B was an “intermediate” object, straddling the transition between stars and
giant planets. This initial discovery was followed a few years later by the discovery of
Gl229B (Nakajima et al., 1995) whose spectrum shows absorption bands of CH4 and a
general resemblance with the spectrum of Jupiter (Oppenheimer et al., 1998), making
it the first unambiguous brown dwarfs observed. More or less at the same time PPl 15
ans Teide 1 were identified as brown dwarf candidates in the Pleiades (Stauffer et al.,
1994; Rebolo et al., 1995) and later confirmed as sub-stellar objects by the detection
of lithium in their spectra (Basri et al., 1996; Rebolo et al., 1996).

In the following years many more discoveries add up to these, gradually forming a
tail to the main sequence. Thus, the need to extend the spectral classification became
indisputable. The spectra of GD165B-like objects were clearly distinct from that of M-
type stars and the spectra of Gl229B-like objects were different from both the previous.
Astronomers agreed then with the introduction of two new spectral types: objects like
GD165B formed class L, while objects like Gl229B were named as class T (for a more
detailed history of the introduction of these new spectral types, please see Kirkpatrick,
2005).

The discovery of colder and colder objects has progressively pushed the boundary
of the classification towards later and later types (e.g. Delorme et al., 2008a; Lucas
et al., 2010; Liu et al., 2011). But only recently, the NASA infrared satellite WISE
identified objects that are even colder (and fainter) than L and T dwarfs (Kirkpatrick
et al., 2011; Cushing et al., 2011). In these objects the alkali lines disappear, because
the main alkali metals (Na and K) condense into molecules and are therefore removed
from the photosphere, and the optical and near infrared flux collapses as the flux
distribution shifts towards longer wavelengths. These new objects have been classified
as Y dwarfs, but a definitive classification scheme has not been established yet.

The spectroscopic characteristics that distinguish these classes, and their classifica-
tion schemes are discussed in the following sections.

1.5.1 L dwarfs

Early-L type objects present a mix of atomic and molecular bands, the most prominent
of which are caused by alkali metals (e.g. Na I, K I, Rb I, Cs I), oxides (mainly TiO
and VO), and hydrides (the most prominent being CrH and FeH). Starting from mid-L
objects, Na I and K I lines grow in strength, while TiO and VO bands have almost
disappeared. In late-Ls the strength of the H2O bands keeps on increasing, while
the bands of hydrides weaken. The red end of the spectra (i.e. λ ∼ 2-2.3 µm) is
characterized by strong lines of Ca and the prominent band of CO at ∼ 2.3 µm.

Another important source of opacity is H2, which plays a vital but indirect role in
the formation of the observed spectra. Its absorption is caused by the dipole momentum
induced by transient interactions between molecules, generally referred to as collision-
induced absorption (hereafter CIA). At the temperatures of L and T dwarfs molecular
hydrogen is abundant and, given that the density is high, close-range interactions
(generally called collisions) are frequent. These cause shifts in the electron density
distribution of the molecules, generating dipole moments. The result is an almost
continuous absorption throughout the infrared spectrum (because of the overlap of
several broad lines), particularly in the K-band (∼ 2.2 µm, Saumon et al., 2012). For
further details on the treatment of this complex phenomenon we refer the reader to
the literature on the subject, with particular reference to Linsky (1969), Frommhold
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(2006), Li et al. (2012), and Abel & Frommhold (2013).
Following the evolution of the features mentioned above, the classification of L

dwarfs was systematized by Kirkpatrick et al. (1999) for the optical spectra, and Geballe
et al. (2002) for the NIR spectra.

The atmospheres of L type objects are also characterized by the presence of great
amounts of dust, which plays a fundamental role in shaping the emergent spectral
energy distribution. We will discuss in more details the role played by dust in Section
1.6.1.

1.5.2 T dwarfs

T dwarfs are also known as “methane dwarfs” as their spectra show prominent CH4

absorption bands. The strength of the H2O keeps on increasing while the bands of
hydrides disappear. In the mid- and late-Ts water has become the main absorber and
the Na I and K I lines in the optical range are so deep and wide that they almost
merge. Late-T spectra are essentially characterized by four “peaks” (1.08, 1.27, 1.59
and 2.08 µm) separated by the absorption bands of methane and water. The peak at
∼ 2.08 µm is further dampened by the CIA of H2.

T dwarfs classification scheme is defined by Burgasser et al. (2003b) for the optical
spectra, and Burgasser et al. (2006a, for early-to-mid T dwarfs) and Burningham et al.
(2008, for late-Ts) for the NIR spectra.

The evolution of spectral features from late-M dwarfs to late-T dwarfs is shown in
Figure 1.2 in the optical range, and Figure 1.3 and 1.4 in the NIR range (all are taken
from Kirkpatrick, 2005).

It must be noted at this point that it is not obvious a priori that an object falls into
the same subclass in both the optical and the infrared system, since the two bands are
influenced by different atmospheric phenomena. However, many studies (Reid et al.,
2001b; Testi et al., 2001; McLean et al., 2003) showed that the optical sequence of L
dwarfs is usually reflected in the infrared. There are of course exceptions. As it is
possible to see in Figure 1.3, the sequence of infrared spectra does not show the linear
evolution that is evident in the optical sequence (Figure 1.2). For example, the shape
of the peak at 1.59 µm does not change continuously between types L2 and L8. We
will return in Section 1.6 to the reasons for this discrepancy.

1.5.3 Y dwarfs

The first Y dwarfs were observed only recently (Cushing et al., 2011; Kirkpatrick et al.,
2011), and the census of this type of objects amounts to a total of only 15 (at the time
of writing). With such a small sample, a proper classification scheme has not yet
been defined. However, some peculiar characteristics that distinguish Y dwarfs from
T dwarfs have been noticed in the spectra obtained (Kirkpatrick et al., 2012).

The peak at ∼ 1.27 µm is narrower than in T dwarfs, and it is about the same
intensity as the peak at ∼ 1.08 µm. This is due to the disappearance of the resonance
lines of Na I and K I, as K I condenses into KCl. Ammonia, which was indicated in
early atmospheric models (e.g. Burrows et al., 2003) as the possible “trademark” for Y
dwarfs, has not been unequivocally detected yet, chiefly because its bands blend with
those of water and methane. At the latest types (≥ Y2) the peaks at ∼ 1.27 and at ∼
1.59 µm are about the same intensity, probably indicating the collapse of the flux in the
red optical and near infrared (these objects are expected to be colder than 300 K). A
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Fig. 1.2: The optical spectral sequence of L and T dwarfs from Kirkpatrick (2005). The objects plotted
are taken from Kirkpatrick et al. (1999) and Burgasser et al. (2003b). Each spectrum is normalized
to one at 1.27 µm and offset vertically by 0.5 flux units.
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Fig. 1.3: The infrared spectral sequence of L and T dwarfs from Kirkpatrick (2005). Details of the J
band are shown in Figure 1.4. Each spectrum is normalized to one at 1.27 µm and offset vertically
by 0.5 flux units. The objects plotted are taken from McLean et al. (2003).
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Fig. 1.4: Details of the J band infrared spectra shown in Figure 1.3.
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Fig. 1.5: The spectral sequence of Y dwarfs from Kirkpatrick et al. (2012). Overplotted in red and
purple for comparison are the proposed Y0 and Y1 standards, WISE 1738+2732 and WISE 0350-5658.
Each spectrum is normalized to one at 1.28 µm and offset vertically by one flux unit.

preliminary classification scheme, and some tentative standards, have been defined in
Kirkpatrick et al. (2012), from which we reproduce in Figure 1.5 the proposed spectral
sequence.

1.6 Physics and chemistry of the atmosphere

Once the empirical classification of L, T, and Y dwarfs is defined, one needs to find out
what physical and chemical mechanisms determine the formation of the spectra. For
main sequence stars the leading parameter is temperature. It is reasonable to assume
that this also extends to the new spectral types.

An example of a trend of Teff as a function of spectral type is shown in Figure
1.6, compiled with data from Vrba et al. (2004), Marocco et al. (2010) and Marocco
et al. (2013). It is evident that the correlation between temperature and spectral
type is clearer in the case of optical spectra than for the near-infrared ones, where
the proportionality exists only in the L0-L6 range and from type T6 onwards. This
is because, as mentioned before, the two spectra are the product of different physical
phenomena within the photosphere.

In particular, Stephens (2003) hypothesized that while the optical spectral types are
mainly correlated with temperature, the infrared ones are influenced by the presence
of dust clouds in the photosphere and by surface gravity and metallicity. The role of
these parameters will be discussed in the following sections.
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Fig. 1.6: Effective temperature as a function of optical spectral type (top panel) and infrared spectral
type (bottom panel). The data are taken from Vrba et al. (2004), Marocco et al. (2010) and Marocco
et al. (2013).
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1.6.1 Dust clouds

As mentioned above, L dwarfs were identified because of the absence of TiO and VO
bands in their spectra. Studies of the chemical equilibrium in stellar atmospheres
(Lodders, 1999; Burrows & Sharp, 1999; Allard et al., 2001) have shown that their
disappearance is due to the transformation of TiO into TiO2 and of VO into VO2, and
their subsequent condensation in complex molecules and then dust grains, that “sink”
below the photosphere.

As the oxides condense, their bands weaken and the contrast increases between the
continuum and the lines of Na I and K I, whose wings extend for thousands of Å. A
study by Burrows & Volobuyev (2003) showed how the formation of condensates cleans
the atmosphere of most metals, therefore between 4000 and 10000 Å the main source
of opacity are alkali metals (in particular Na and K). The energy levels of Na and K
are perturbed by the dipole momentum induced by the collisions with H2, the main
component of the gas at these temperatures (1000-2500 K), so the red wing of the K I

doublet (7665, 7699 Å) extends up to 9500-10000 Å and that of the Na I doublet (5890,
5896 Å) up to about 8000 Å.

The fundamental band of methane (3.3 µm) is observed for the first time in the
mid-L, indicating the onset of the conversion process of carbon monoxide, CO + 3H2

→ CH4 + H2O (Noll et al., 2000; Cushing et al., 2005). This process also leads to the
strengthening of the H2O bands. Other bands of methane (1.6, 2.2, 7.8 µm) are rarely
seen in late-L, but are clearly distinguishable in T-dwarfs, where they represent the
main absorption feature (Roellig et al., 2004).

The condensates mentioned above have even more important effects in the L-T
transition range, where their vertical distribution, numerical density and size play
an important role in the formation of the emission spectra (Burrows et al., 2001).
Theoretical models (model B by Tsuji 2000, AMES-dusty models by Allard et al. 2001)
have shown that the only way to explain the strong shift of the early-to-mid L-dwarfs
colours towards red (J−K ≈ 2) is by invoking the presence of these dust condensates.
The same models are not able to explain the colours of T-dwarfs though. Other models
(model C by Tsuji 2000, AMES-cond models by Allard et al. 2001), which take into
account the disappearance of condensates (because of their settling into the internal
layers), effectively predict the colours (J−K ≈ 0) of mid-to-late Ts, but not those of
the early-Ts. It is therefore plausible to assume that the L-T transition phase is where
the sedimentation of condensates takes place.

Tsuji (2002) analysed the temperature range between the beginning of the conden-
sation of dust clouds and the beginning of their sedimentation in the deeper layers. In
this model, the dust clouds are confined in the region defined by the temperature at
which the dust grains begin to form (Tcond) and the temperature at which they have
grown so large that they precipitate below the photosphere (Tcr). This region is located
in the optically thin layers of the photosphere for Teff ∼ 1800 K and the effect of the
clouds is to veil the molecular bands considerably. In the 1700-1500 K range the clouds
thicken but also start to “move” towards the optically thick layers, where their con-
tribution to total opacity is less important, creating an effect of mutual compensation
of the two phenomena. As temperature drops below 1400 K the clouds are confined
into even deeper layers, the upper atmosphere cools quickly and therefore triggers the
already mentioned process of formation of CH4, with a reversal of the infrared colours.
However, according to this model, the process that leads J−K from ∼2 to ∼0 should
occur in a temperature span of 600 K, while in reality, as one can see in Figure 1.7, it
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occurs in a smaller range (possibly as little as 200-300 K).

Different models were developed by Marley et al. (2002), in which the evolution of
dust clouds is governed by a parameter called fsed, which represents the ratio of the
efficiency of sedimentation to convective mixing. Homogeneous atmospheres, full of
dust, where the convection cancels completely the effects of sedimentation, will have
fsed = 0. A bigger value indicates instead that the sedimentation becomes dominant
eliminating the clouds. For late-L dwarfs fsed < 3, for early-Ts is fsed > 3, and
finally for mid and late-Ts the atmosphere is assumed to be completely free of clouds
(fsed → ∞). The results are in agreement with those of Tsuji, though this model can
not justify the rapidity of the reversal of colours, nor the reason why the fsed should
change.

A possible solution to this problem has been proposed by Burgasser et al. (2002)
from an initial idea of Ackerman & Marley (2001). The above models assume a uniform
distribution of the condensates in the atmosphere, but observations of Jupiter and
Saturn have instead highlighted “stripes” and “spots” of varying thickness and even
“holes”. Assuming that those inhomogeneities are also in the atmospheres of L and
T dwarfs, the position of transition objects in Figure 1.7 depends on the percentage
of cloud coverage. Having equal temperature, an object with a cleaner atmosphere
looks brighter and bluer than a more “cloudy” one. Burgasser et al. (2002) present
the curious behaviour of the Wing-Ford band (9896 Å) of FeH as evidence in favour
of this scenario: the line weakens strongly from late-L and then regains intensity from
early-T, until it weakens and disappears again from mid-T. This happens because in
the cold layers above the clouds most of the iron is condensed, so FeH is rare. From
early-Ts clouds disruption lets through light from the hot lower layers where the iron
has not yet condensed and FeH is still abundant. In late-Ts the temperature finally
drops to the point that none of the visible layers contains appreciable quantities of
FeH.

A different solution was proposed by Tsuji & Nakajima (2003). According to these
authors the sequence in Figure 1.7 can not be interpreted as a single sequence, but
as a superposition of several evolutionary tracks, dictated by the different mass of the
objects. In this case the previous model of Tsuji (2002) would be correct, while the
interpretation of experimental data would be wrong. Basically, an object of high mass
loses its layer of clouds at a lower temperature (thus a fainter magnitude) than one of
smaller mass, which causes a shift in the reversal point of the colours (1.5 magnitudes
in the range of 70 to 10 MJup).

A third scenario is proposed by Knapp et al. (2004), where the L-T transition is
interpreted as the region of rapid sedimentation of condensates (a real “rain”) which
ends in mid-T. From this point onward the spectral sequence becomes a function of
temperature only.

A clear answer to the problem has not been found yet. The most recent models
deal with the transition between L and T dwarfs by invoking a change in particle size
of dust (Burrows et al., 2006), which settle quicker as they become larger, or assuming
rapid changes in the fsed parameter (Saumon & Marley, 2008) from values of 1-2 to
3-4. In both cases, however, it is not clear what physical process would cause these
rapid changes.
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Fig. 1.7: Absolute J magnitude (top panel) and effective temperature (bottom panel) as a function
of J−K. The data are taken from Dupuy & Liu (2012), Vrba et al. (2004), Marocco et al. (2010) and
Marocco et al. (2013).



1.6 Physics and chemistry of the atmosphere 17

Fig. 1.8: The NIR (left) and MIR (right) colour sequence from Faherty et al. (2013a). The average
colour for each type is marked by a black point, and their 1σ deviation are highlighted by a grey box.
Suspected young low-gravity sources are shown as red triangles.

1.6.2 Surface gravity

Any given spectral subclass may includes objects with very different properties. Look-
ing at Figure 1.1 one can see that dwarfs at a given Teff (for example 2200 K, corre-
sponding to ≈ L0) can be a mixture of different objects, from very old low-mass stars
(M ≈ 0.085 M�, age > 3 Gyr) to intermediate age high-mass brown dwarfs (M ≈ 0.065
M�, age > 200 Myr) to very young planetary-mass objects (M ≈ 0.020 M�, age < 20
Myr). Moreover, young low-mass brown dwarfs have not yet had time to contract to
their final radii, so they are larger than their counterparts of greater mass (Burrows
et al., 2001; Baraffe et al., 2003). This enhances the differences in surface gravity be-
tween objects of the same spectral type and has an influence on the formation of their
spectra.

The effect of surface gravity can be seen clearly in Figure 1.8 (from Faherty et al.,
2013a), showing the scatter in near-infrared and mid-infrared colours for early to mid-
Ls. For each type, the black point indicates the average colour and the grey bar the 1σ
scatter. Red triangles indicate suspected young low-gravity dwarfs. The scatter around
the mean colour is very large, spanning ∼ 2 magnitudes in 2MASS J−Ks and ∼ 0.5
magnitudes in WISE W1−W2 (centred at 3.4 and 4.6 µm respectively). Interestingly,
young objects are redder than the average, while old high-gravity objects are bluer.

The same effect can be seen in the spectra. This is well illustrated by Figure 1.9
(from Zhang et al., 2013a), where one can see seven objects classified as L7 using
their optical spectra alone. Their infrared spectra (all normalized at 1.08 µm) show
extreme variations, going from the very blue subdwarfs and extreme subdwarfs (J0216
and J0532) to the very red, probably very young J0047 and J0103. The most apparent
difference is certainly the overall slope of the spectra, which is falling towards longer
wavelength for the old high-gravity subdwarfs, and rising in the young low-gravity
objects. This is the result of an enhanced/suppressed CIA of H2, respectively. Being an
effect of collisional interactions between hydrogen molecules, CIA is strongly dependent
on the surface gravity. An increase in gravity favours it, because it causes an increase
in atmospheric pressure, thus in the frequency of collisions, while low gravity hampers
it. The observable result is an almost continuous absorption, stronger as it gets to
longer wavelengths.

It must be noted at this point that a similar effect can be caused by a scarcity/excess
of dust in the photosphere of the dwarf (e.g. Marocco et al., 2014). The cause of
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Fig. 1.9: The sequence of L7 dwarfs from Zhang et al. (2013a). All the spectra are normalized at 1.08
µm. Moving from the spectrum of J0047 down towards the spectrum of J0532 corresponds essentially
to moving from young low-mass dwarfs towards old high-mass dwarfs.

differences in the dust content of ultracool atmospheres are not well understood, and
could be attributed to differences in surface gravity, but also in differences in metallicity.
more details about the influence of this parameter on the spectra of brown dwarfs are
given in the following section.

The first attempts to quantify the effect of surface gravity on the spectra of brown
dwarfs were conducted by Kirkpatrick et al. (2000) and Gorlova et al. (2003). They
showed that the absorption lines of K I at 1.25 µm and of Na I at 1.21 µm are very
sensitive to gravity, while the bands of H2O and CO at 1.35 µm and 2.30 µm are almost
insensitive. At the same time Lucas et al. (2001) found that young objects tend to
have “triangular-shaped’ H band peaks, as opposed to the “trapezoidal-shaped” peaks
of field dwarfs.

A few years later Cruz et al. (2009) defined a gravity based classification scheme for
early L dwarfs. A detailed study of the optical spectra of 23 young L dwarfs showed
that low-gravity L dwarfs display weak Na I, Cs I, Rb I lines. The prominent K I

doublet at 7665,7699 Å has both weak line cores and weak pressure-broadened wings.
The molecular bands of FeH and TiO are also weaker than in field L dwarfs while,
at early types, VO is stronger. Using a set of 12 indices measuring the strength of
the features described above, Cruz et al. (2009) defined three gravity classes, labeled
using Greek suffix notations. An α suffix denotes normal-gravity objects, β indicates
moderately low gravity, while γ is used for very low-gravity objects.

More recently Allers & Liu (2013) proposed an alternative classification using near-
infrared spectra. In this fundamental work the authors analysed a sample of 73 M
and L dwarfs, comparing in particular “old” field dwarfs with members of young mov-
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ing group of different ages. By measuring the strength of the prominent absorption
features in the near-infrared, using both spectral indices and direct equivalent width
measurements, the authors confirmed that the H2O bands are gravity-insensitive, and
therefore used the “water-based” indices to define the spectral typing scheme. The
gravity classification scheme is instead based on the spectral indices and the equivalent
widths of the gravity-sensitive features, specifically the K I and Na I lines (weaker in
low-gravity objects), the FeH (weaker) and VO bands (stronger), and the “peakiness”
of the H band (i.e. quantifying the effect first seen by Lucas et al. 2001). Based on the
combination of these indicators, M and L dwarfs are divided in three categories: FLD-G
indicates normal field dwarfs (corresponding to α from Cruz et al. 2009), INT-G labels
intermediate gravity (like β in Cruz et al. 2009), while VL-G stands for low gravity
(analogue to γ in Cruz et al. 2009). Allers & Liu (2013) attempted to establish a rough
correspondence between their classification and the ages of the dwarfs studied, indicat-
ing that INT-G objects appear to be ∼50-200 Myr old, while VL-G objects should be
∼10-30 Myr old.

1.6.3 Metallicity

Objects formed in the early stages of our galaxy will have reduced abundances. Al-
though the theory is of great help, it is necessary to observe reference objects to de-
termine how the metallicity affects the spectral characteristics. Since they must have
formed early in life in the Galaxy, these objects will be members of the halo or thick
disk and will, in general, have higher proper motions than solar metallicity objects.
The most effective way to discover them is therefore through the kinematic study of
large portions of sky. In Zhang et al. (2013b) the authors used the SDSS DR8, scan-
ning 9274 deg2 of sky. By studying the large sample of late-M and early-L sub-dwarfs
found, they conclude that sub-stellar sub-dwarfs tend to be brighter than their solar-
metallicity counterparts of similar spectral type, especially in the optical bands.

Kirkpatrick et al. (2010) used multi-epoch 2MASS data covering 4030 deg2 to look
for high proper motion candidates. Among the various findings, they identified 15
late-M and L sub-dwarfs. All of these ultra-cool sub-dwarfs show stronger hydride
bands (CaH, FeH, and CrH) compared to solar-metallicity objects, a result of the
reduced opacity from oxides (e.g. VO and TiO). Counterintuitively, metal-poor dwarfs
show stronger alkali (Na I, K I, Cs I, and Rb I) and metal lines (in particular Ti I

and Ca I), a consequence of a reduced condensate formation in those metal-deficient
atmospheres. Another clear distinction is in the strength of the CIA of H2. This
particular phenomenon is very sensitive to metallicity, and is particularly strong in
metal-poor dwarfs, where the reduced dust opacity allows to look deeper into the
photosphere where the pressure is higher, and therefore the collisions more frequent. A
stronger CIA results in bluer colour and spectra for the sub-dwarfs compared to normal
dwarfs. However, as described in the previous section, CIA is also very sensitive to
surface gravity, and older objects are more compact than field objects (see Section 1.3).

One way to disentangle the effects of surface gravity and metallicity is by studying
binaries (e.g. Day-Jones et al., 2008, 2011; Burningham et al., 2009; Faherty et al.,
2010; Zhang et al., 2010). When a brown dwarf is found in a binary system with a
brighter star, the study of the primary can provide valuable information. Depending
on the type of the primary, one can put precise limits on age and metallicity of the
system, thus identify the spectral signatures of these quantities in the spectrum of the
dwarf.
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One of the most famous binaries is probably the T7.5 HD 3651B, companion of
a K0 star, discovered by Liu et al. (2007). What is particularly interesting is the
comparison between HD 3651B and Gl 570D, a T7.5 which is part of another binary
system (Burgasser et al., 2000). The two dwarfs have very similar temperatures (∼ 800
K), but quite different ages: Gl 570D is relatively young (∼ 2 Gyr) while HD 3651B
is pretty old (∼ 6 Gyr). In addition, an estimate of the mass of the two (based on
the theoretical models of Burrows et al., 1997) lead to the conclusion that HD 3651B
is more massive. From all these considerations it follows that the first has a surface
gravity greater than the second (log[g] = 5.35 against 5.0). As mentioned above, a lower
strength of the peak at 2.18µm was expected in HD 3651B. Liu et al. (2007) observed
instead the opposite effect. What acts against gravity is metallicity. HD 3651B has
a higher metallicity ([Fe/H] = 0.13 against 0.06) and this causes a decrease in the
photospheric pressure (Burrows et al., 2006) and suppress the CIA.

These first observations were followed by others (Pinfield et al., 2008; Leggett et al.,
2009) which essentially confirmed the strong dependence of CIA on metallicity, and
indicate that also the absorption of CO at 4.5µm is influenced, but in an opposite way.

Metallicity and gravity, therefore, have an opposing effect on the infrared spectra
of brown dwarfs and thus tend to “hide” each other. This makes the study of these
parameters in isolated objects extremely complex.

1.7 Initial mass function and formation history

The distribution of star formation with mass and time are key pieces of observational
evidence for understanding star formation in the galaxy. The former is described by the
initial mass function (IMF, Salpeter, 1955), which can be described as a power law of
the form Ψ(M) ∝M−α, with α = 2.35, and has been determined across the stellar mass
regime by measuring the luminosity function for a population of stars, and applying a
mass−luminosity relation, which should account for metallicity variations. Since brown
dwarfs never reach the main sequence, this determination is complicated by the lack of
a unique mass−luminosity relationship. Instead, the Teff and luminosity are dependent
on mass and age (Allard et al., 1997). This means that the luminosity function and
Teff distributions of field brown dwarfs depend not only on the mass function, but also
on their formation history (Chabrier, 2002).

Using the relation between absolute magnitude and spectral type shown in Figure
1.6, the rate of discovery of L and T-dwarfs within large surveys (2MASS, DENIS,
UKDISS, WISE, etc.) can be converted into space density. For L dwarfs Burgasser
(2001) estimated a value of 10±2×10−3/pc3, while in the range L0 - L4.5 Gizis et al.
(2000) estimated a value of 2.11±0.92×10−3/pc3. For T dwarfs, Burgasser (2001)
estimated a value of ∼ 21×10−3/pc3 which means, simplifying, that in a random field
of our galaxy there is about twice as many T-dwarfs than L-dwarfs. These values take
on greater significance when compared to the density of stars of type M to type O,
which is 93±8×10−3/pc3, 70% of which is represented by objects of type M.

We can use these numbers to determine the mass function of brown dwarfs. The
first attempt was done by Reid et al. (1999). To break the mass−luminosity degeneracy
it is necessary to know the age of these objects, but it is difficult to determine the age
of isolated field objects. The solution adopted by Reid et al. (1999) was to assume
a constant formation rate, which is supported by the work of Miller & Scalo (1979),
who suggest that the birth rate does not depend strongly on the gas density, and is
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approximately consistent across the Galactic disc. The mass function was supposed
to be in the form Ψ(M) ∝ M−α. Finally they used the models of Burrows et al.
(1997) to describe the subsequent evolution of the objects. With these assumptions,
synthetic sub-stellar populations were generated for different values of α. After that,
applying to the generated sample the selection criteria of 2MASS, they created pseudo-
observational samples, which were then compared with the real observations. It was
thus found that the value of α that better reproduces the observational data is 1.3.

Based on model data and direct comparisons with DENIS and 2MASS observations,
Chabrier (2002) made simulations using two different IMFs and birth rates. One
scenario considers a flat or constant birth rate, as in the work from Reid et al. (1999).
The other scenario considers an exponential form where the formation decreases with
time. These are coupled with IMFs of a power-law form derived by Chabrier (2001),
and a log-normal and an exponential form which essentially give the same result when
considering the effects from the birth rate. The comparison with DENIS and 2MASS
observed luminosity function pointed towards α < 1, but the authors noticed the
degeneracy between IMF and formation history. A steeper IMF combined with a time
decreasing formation rate leads to a similar luminosity function as a shallower IMF
combined with a constant formation rate.

Burgasser (2004) considers a wider range of birth rates in his Monte Carlo simula-
tions. In addition to flat and exponential forms, the author considered an “empirical”
birth rate, which is the same as that measured for stars by Rocha-Pinto et al. (2000a,b),
which represents “bursts” of formation at peak intervals of 0-1, 2-5 and 7-9 Gyr. This
formation history scenario is also supported by the more recent work of the stellar
formation history by Cignoni et al. (2006). Another scenario considered by Burgasser
(2004) is the “cluster” birth rate which assumes a flat, but stochastic (i.e. in a number
of clusters) formation, which produces a similar result to a flat formation scenario.
Finally, he considers a “halo” type birth rate, that includes formation within a 1 Gyr
burst, 9 Gyr in the past, in an attempt to explain a number of sub-dwarf brown dwarfs
that have been identified (e.g. Burgasser et al. 2003a, and more recently Kirkpatrick
et al. 2014 and Burningham et al. 2014). This scenario gives a radically different Teff

distribution for L and T dwarfs compared to the other scenarios, and seems unlikely
since we are now seeing a larger number of L dwarfs identified in very young clusters
(e.g. Taurus, Luhman et al. 2009, Quanz et al. 2010; Chameleon, Luhman 2007; Ser-
pens, Lodieu et al. 2002a; TWA Hydra, Chauvin et al. 2004; Upper Sco, Lodieu et al.
2013; Lodieu 2013).

More recent simulations performed by Deacon & Hambly (2006) looked more specif-
ically at L and T dwarfs from the United Kingdom Deep Infrared Sky Survey (UKIDSS)
Large Area Survey (ULAS). They produced simulations that take into account several
IMFs including a flat, log-normal and different power laws (α = +1.0, 0.0 and -1.0),
combined with different exponential forms of the birth rate, similarly to those described
above. These simulations also included the effect of Galactic disc heating, which had
not been included in previous simulations of the birth rate. A histogram of these simu-
lations (a log-normal form of the IMF with different birth rates) is shown in Figure 1.10.
These simulations are similar to those of Allen et al. (2005, see their Figure 2), with the
main differences arising from the differences in the normalization of the space density.
Allen et al. (2005) use 0.35 stars pc−3 according to Reid & Gizis (1997), whereas the
simulations based on those of Deacon & Hambly (2006) use 0.0024 stars pc−3 according
to Deacon et al. (2008). In addition, changes also arise from the different values used
for their birth rates, and as such are similar and show the same trends but are not
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Fig. 1.10: The expected space density of brown dwarfs from the simulations performed by Deacon &
Hambly (2006). The plot shows the expected space density for an IMF in the form Ψ(M) ∝M−α for
values of α = +1.0, 0.0, -1.0, and a birthrate in the form b(t) ∝ e−βt for values of β = 0.0, 0.2, 0.5.

directly comparable. It can be clearly seen in the Deacon & Hambly (2006) simulations
that the sub-1000 K region is extremely sensitive to the IMF, but relatively insensitive
to the birth rate, while the 1100-1500 K corresponding to the mid-L to mid-T spectral
range is most sensitive to differing birth rates. The results of this simulations have
been compared to observed space densities reported in the literature, most recently by
Burningham et al. (2013) and Kirkpatrick et al. (2012), who used UKIDSS and WISE
respectively to derive the space density of late T dwarfs (> T6) and found that the
observed data are consistent with -1.0 < α < -0.5. This value is discrepant with the
findings for young clusters, where α is found to be ≈ +0.6. Burningham et al. (2013)
argue that this discrepancy can hint to the possibility that either the formation of
brown dwarfs is favoured in low density environment, and therefore the resulting field
IMF is different from the IMF in higher density environments like the aforementioned
clusters, or the cooling time assumed to transform the IMF into field-like luminosity
function is affected by systematic errors.

Other very interesting findings were presented in van Dokkum & Conroy (2010).
Investigating the stellar mass function in luminous elliptical galaxies by measuring the
strength of the Na I doublet (8183,8195 Å) and the Wing-Ford band of FeH in their
spectra, van Dokkum & Conroy (2010) found that the mass function is steeper than
the Salpeter one (Salpeter, 1955), leading to a greater contribution of low-mass objects
in terms of total number of objects (> 80% of the total) and of total mass (> 60%) of
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the galaxy. In a recent paper, La Barbera et al. (2013) states that this is related to the
central velocity dispersion in massive early type galaxies, while is mostly independent
from differences in metallicity. Similarly, the results of recent radiation hydrodynamical
simulations from Bate (2014) suggest that the IMF is essentially insensitive to metal-
licity over a large range of values from 1/100 to 3 times solar. Another contribution
came from Sumi et al. (2011). Conducting a micro-lensing survey of objects towards
the galactic centre, they found a significant population of unbound or wide separated
Jupiter-mass planets. According to Sumi et al. (2011) these planets are almost twice
as numerous as main sequence stars (1.8 to 1.9 depending on the mass function consid-
ered). While some examples of free floating planetary mass objects have been observed
(e.g. Delorme et al., 2012a; Liu et al., 2013), they appear to be rare. Choi et al.
(2012) and Park et al. (2014) have pointed out how ambiguity in planetary detection
via microlensing surveys due to incomplete coverage of planetary signal, or degeneracy
between a “planet solution” and a “binary solution”, could bias the results of Sumi
et al. (2011), and would potentially reconcile the findings of microlensing surveys with
those of direct imaging surveys. These contributions put even more emphasis on the
need to determine precisely the initial mass function and the birthrate of brown dwarfs,
as this will be fundamental to also understand their formation mechanism.

1.7.1 Binary fraction

An additional complication in accurately determining the luminosity function of sub-
stellar objects comes from the presence of unresolved binary (or multiple) systems.
Unfortunately, the binary fraction among low mass stars and brown dwarfs is poorly
constrained, chiefly because of the intrinsic difficulty of studying close and faint pairs.
Much effort has been devoted to determine the sub-stellar binary fraction, and I will
try to give a quick summary of the current knowledge of this important observable.

The search for very low mass binaries has been conducted predominantly via high-
resolution imaging (e.g. Reid et al., 2001b, 2008a; Bouy et al., 2003, 2008; Burgasser
et al., 2003c; Beuzit et al., 2004; Delorme et al., 2012b; Gizis et al., 2003; Ahmic et al.,
2007) and high resolution spectroscopy surveys (e.g. Delfosse et al., 1999a; Basri &
Reiners, 2006; Joergens & Guenther, 2001; Joergens, 2006, 2008; Reid et al., 2002b).
While high-resolution imaging is more sensitive to typical separations & 2− 3 AU (at
the typical distances of observed brown dwarfs), high-resolution spectroscopy is more
sensitive to tightly bound systems, making these techniques complementary.

Magnitude-limited high-resolution imaging surveys tend to suggest a binary fraction
of 7−15% (9+11

−4 %, Burgasser et al. 2003c; 7.6+5.9
−1.7%, Bouy et al. 2003; 13−15%, Mart́ın

et al. 2000), but as already mentioned they are biased against tight binaries (i.e. with
separations shorter than ∼ 2− 3 AU).

Using high-resolution spectroscopy Reid et al. (2002b) have estimated 6+7
−2% for

a sample of late-M dwarfs; Guenther & Wuchterl (2003) estimated 12+10
−4 % from a

sample of 25 late-M and early L dwarfs; more recently Joergens (2008) derived 10+18
−8 %

at separations < 3 AU and 7+5
−3% at separations ≤ 0.3 AU via radial velocity monitoring

of low mass stars and brown dwarfs in Chamaeleon I, claiming a decline in the binary
fraction at separations < 1 AU. This is in agreement with what was found by Maxted
et al. (2008) in σ and λ Orionis (the estimated binary fraction is < 7.5% at separations
< 0.28 AU), but contrasts with the findings of Kurosawa et al. (2006) who obtained
24+16
−13% at separations < 0.1 AU in Upper Scorpius.
A much higher ratio of tight binaries is derived by Maxted & Jeffries (2005), who
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Fig. 1.11: The binary fraction as a function of separation. Please refer to the text for details on how
the different values were obtained

analysed all the possible sources of incompleteness and biases in the aforementioned
surveys. They conclude that the binary fraction among very low mass stars and brown
dwarfs could be 17− 30% for separations < 2.6 AU, leading to a total binary fraction
of 32− 45% (assuming a binary fraction of 15 % for separation > 2.6 AU). This result
is in agreement with the work of Pinfield et al. (2003), who derived a binary fraction
of 50+11

−10% in the Pleiades and Praesepe clusters.

On the other hand, wide very low mass binaries appear to be rare, and the binary
fraction seems to decline with separation, from an upper limit of 8% for separation >
11 AU in α Perseus (Mart́ın et al., 2003) to an upper limit of 5% for separation > 15
AU in IC 348 (Luhman et al., 2005), down to an upper limit of 2% for separation >
150 AU in trapezium (Lucas et al., 2005). This decline is not an observational bias,
as the limitation imposed on high-resolution imaging by the field of view (typically
10-20”), this only excludes systems with separation & 150 AU at 30 pc, or at even
wider separations (& 200− 1000 AU) in young nearby clusters.

The results presented above are summarized in Figure 1.11, as a function of sepa-
ration.

The binary fraction also depends strongly on the mass ratio q between the com-
ponents, defined as q = Msecondary/Mprimary. The very low mass binaries known to
date show a peaked distribution at q ∼ 1, as can be seen in Figure 1.12, taken from
Burgasser et al. (2007). These ratios were derived by a variety of methods, including
comparison of component fluxes to evolutionary models (e.g. Chabrier et al., 2000),
analytic relations (e.g. Burrows et al., 2001) and direct estimates from orbital motion
measurements, and are therefore prone to different systematics.
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Fig. 1.12: Mass ratio distribution of known very low mass binaries (spectral type later than M6) from
Burgasser et al. (2007). The number of binaries in each bin is labelled. The shaded bins represent the
systems with age < 10 Myr.
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As with the separation distribution, it is important to consider selection biases
in the observed mass ratios. In particular, secondaries in low q binaries may be too
faint for direct imaging or of insufficient mass to induce a measurable radial velocity
variation on the primary. However, most imaging and spectroscopic surveys to date
are sensitive down to q & 0.5, while the drop-off is clearly visible at the highest mass
ratios (more than half of the know, very low mass binaries have q > 0.9). Therefore
the peak at q ∼ 1 is not the result of this bias, while the number of low mass ratio
systems may indeed be underestimated.



Chapter 2: Parallaxes of
Southern Extremely Cool
objects (PARSEC): Spectroscopic
Follow-up and Parallaxes of 52
Targets

This chapter is a version of: “Parallaxes of Southern Extremely Cool objects (PAR-
SEC). II. Spectroscopic Follow-up and Parallaxes of 52 Targets”, F. Marocco, A. H.
Andrei, R. L. Smart, H. R. A. Jones, D. J. Pinfield, A. C. Day-Jones, J. R. A. Clarke,
A. Sozzetti, P. W. Lucas, B. Bucciarelli, and J. L. Penna, The Astronomical Journal,
Volume 146, Issue 6, article id. 161, , 19 pp. (2013), and is reproduced by permission
of the AAS.

The co-authors of the paper contributed entirely to Section 2.2 and partly to Section
2.4. Everything else is my own original work.

2.1 Introduction

As discussed in Chapter 1 the depletion of photospheric condensate clouds at the
transition between the spectral classes L and T is one of the outstanding problems in
brown dwarfs physics. In particular, current models are unable to explain the extremely
narrow range of effective temperatures and luminosities in which this transition takes
place (e.g. Burrows et al., 2006; Marley et al., 2007). Also, our understanding of the
effects of gravity and metallicity on the spectra of the cool dwarfs is still incomplete
(e.g. Murray et al., 2011; Leggett et al., 2012; Pinfield et al., 2012).

In order to examine the role of binarity, metallicity and gravity in the L-T transi-
tion region of the H.-R. diagram, it is necessary to combine spectroscopy, photometry
and astrometry of a large sample of objects. For instance, binary candidates can be
identified using spectral indices, and the spectral type of their components can be de-
termined by spectral fitting. In particular, for objects in the L-T transition region, we
refer the reader to Burgasser et al. (2010), where the authors developed a set of selec-
tion criteria based on a combination of spectral indices and spectral types. Unresolved
binaries deserve particular attention as they are extremely important “benchmark ob-
jects”, which can lead to dynamical masses measurements (if their components can be
spatially resolved, e.g. Dupuy & Liu, 2011, and references therein) or to radii measure-
ments (if they form an eclipsing pair, e.g. Stassun et al., 2006). Both quantities are
required to put observational constraints on structure models and evolutionary theo-
ries of low-mass objects (Baraffe et al., 1998; Burrows et al., 2011). Metallicity and
gravity can be estimated similarly by using spectral indices or via spectral fitting with
benchmark objects (Pinfield et al., 2006; Rojas-Ayala et al., 2010). Finally, a better
sampling of the L and T spectral sequence is necessary to improve our understanding of
the luminosity function and the substellar mass function, both still not well constrained
(e.g. Burningham et al., 2010b).
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The PARallaxes of Southern Extremely Cool objects (PARSEC1) program has been
observing with the ESO2.2 Wide Field Imager (WFI) over 140 known L and T dwarfs
to obtain their parallaxes and proper motions at a high S/N level. The observing
campaign is complete and the project has already produced a proper motion catalogue
of 220,000 objects and 10 parallaxes with 2 mas precision for the best cases (Andrei
et al., 2011, hereafter AHA11). A significant fraction of PARSEC targets do not have
infrared spectroscopy, a lack that limits the depth of the analysis on the targets. We
therefore started a spectroscopic campaign in parallel to the PARSEC program to
follow-up those targets missing near-infrared (NIR) spectra.

In this contribution we present the first 52 spectra we obtained for PARSEC targets
and new parallaxes and proper motions for 21 of them. The parameters of the sample
can be found in Table 2.1, where we present objects’ names, coordinates and infrared
magnitudes.

1http://parsec.oato.inaf.it
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Ten of these targets were previously un-identified brown dwarfs (indicated as Ref.
5 in Table 2.1). They were selected as late-L and early-T candidates using 2MASS
to provide near infrared colours, and combining this with Schmidt plate constraints
from both USNO-B and the SuperCOSMOS Science Archive. We used the General
Catalogue Query engine at the NASA/IPAC Infrared Science Archive to search the
2MASS database. Our 2MASS photometric constraints were designed to select ul-
tracool objects over the range L8/9 to ∼T4. In general we selected 2MASS sources
where J616.0 (which is the signal-to-noise ratio > 10 in 2MASS), 0.3<J-H<1.0, 0.0<H-
K<0.9, 0.0<J-K<1.6, because these are the typical colours of L-T transition dwarfs.
For sources with the reddest J-H>0.8, we instead imposed a limit of J<15.5. To
minimize the contamination from reddened background stars we required either non-
detection in USNO-B or an R-band detection leading to a colour of R-K>8, with these
constraints being implemented as part of our initial database search. In addition we
excluded declinations of <-86 deg (since optical cross-matching in the database is in-
complete in this range), and avoided the Galactic plane by examining outside galactic
latitudes between -15 and +15 deg (to minimize contamination from reddened sources
and blending issues). We also required no other 2MASS source within 6 arcseconds,
no database evidence of contamination and confusion (cc flag=“000”), and no minor
planet association (mp flg=“0”). This resulted in a large selection of candidates, dom-
inated by contamination because our near-infrared colours constraints overlap greatly
with stellar colours. The contamination took a variety of forms, including in the main
part sources affected by bright star diffraction spikes, blended sources, and sources
with faint (un-matched in the database) optical counterparts. To identify this contam-
ination we visually inspected our full initial sample using the SuperCOSMOS Science
Archive facility, and selected only candidates that were genuine non-detections in all
bands, or if detected in the I-band, had colours consistent with late L or T dwarfs
(I−J>3.5). Ten objects from this final selection form part of the sample investigated
in this paper.

2.2 Astrometry

The observing strategy adopted in PARSEC is described and discussed extensively in
AHA11, and the reader is referred to that contribution for details.

The parallax solution also delivers the two components of the proper motion (µα
and µδ), based solely on the observations used for the parallax solution, thus reasonably
independent from the previous result obtained by combining an early subset of these
observations against the 2MASS position (AHA11).

The objects in each image were centroided using the Cambridge Astronomy Survey
Units imcore maximum likelihood baricenter (CASUTOOLS, v 1.0.21).The ensuing
astrometry is done in relative mode, that is selecting a reference frame and referring
all others to this frame using the standard coordinates calculated from the measured
centroids. In fact, we unbias the outcome from a priori choices by selecting every
frame in turn as the reference frame, thus producing as many parallax solutions as
frames. The parallax and proper motion are calculated using the methods adopted in
the Torino Observatory Parallax Program (Smart et al., 2003, 2007) and identical to
those in AHA11.

Differential colour refraction (DCR, Monet et al., 1992) is not an issue for our as-
trometric accuracy. DCR is the small varying displacement of objects with different
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Fig. 2.1: Comparison of proper motions obtained here with those published in the literature. The
solid line in each panel is the line of unity. The agreement is good, with only three targets (1404-
3159, 1936-5502 and 0147-4954) showing a 3σ inconsistence in µαcosδ and one (2310-1759) with a 3σ
inconsistence in µδ. All the literature values are estimated from shorter baselines than those covered
in this paper.

colors in a field that results from the variation of the atmosphere refractive index with
wavelength. The targets in this parallax program are redder than the anonymous ref-
erence objects so this displacement is systematically different from the average of those
reference objects. The effect is wavelength, weather, and zenith-distance dependent.
However Stone (2002) has demonstrated that DCR is strongest in the blue bands and
gradually decreases with wavelength. In particular that contribution demonstrates
that by maintaining small zenith distances, DCR effects in I and longer wavelengths
(such as z) are typically <1 mas. The low-mass star optical parallax program of Jao
et al. (2005) and Smart et al. (2003) and the brown dwarf optical parallax program of
Dahn et al. (2002) also found negligible z-band DCR corrections (∼0.3 mas) as did the
infrared T dwarf parallax program of Tinney et al. (2003). To further minimize the
variation in airmass, and hence DCR, all our targets are observed within 30 minutes of
their meridian crossing. Therefore, DCR corrections are not applied to the positions
in our pipeline.

We compared the proper motions to literature values as reproduced in Figure 2.1.
Three targets, 1404-3159, 1936-5502 and 0147-4954, have differences in right ascension
proper motion greater than 3 times the mean error and one target, 2310-1759, in
declination proper motion. However, all the estimates are from short baselines of a few
years and only one, 0147-4954, is outside 4 times the mean error so we believe this is
reasonable consistency.

We also found 5 objects with published parallaxes, all with short baseline programs.
Of these only one, 1936-5502, differs by more than 3 times the mean error. The Faherty
et al. (2012) value is from only 1.31 years coverage which is the limit for disentangling
proper motion and parallaxes and our experience is that often increased epoch coverage
changes the value beyond the formal errors. We await the Faherty et al. (2012) updated
value before we consider this a significant difference.

The two panels of Figure 2.2 compare respectively the right ascension and declina-
tion proper motions obtained here against the values obtained in the PARSEC proper
motion catalogue, which uses the subsample of the first 1.5 yr of PARSEC observations
and the 2MASS positions, to a total time span of about 10 yr. It is clear that the agree-
ment is good, with a Pearson correlation coefficient (Pearson, 1895) larger than 0.8.
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Fig. 2.2: Comparison of the proper motions from the PARSEC published catalogue (AHA11) against
the proper motions obtained in the parallax determination. Overplotted for reference are the bisector
of the plot (dashed line) and a linear fit to the data (solid line). The angular coefficients of the linear
fit are larger than 0.8 in both cases.

The significance of the Pearson correlation goes as r ∗ (
√
N − 2/

√
1− r2) that is, for

a given correlation coefficient r the larger the number of N pairs the more significant
is r. In our case with N = 23, r = 0.8 is significant to the 99.5% level. This lends
support to the methods and significance to the assigned errors. Notice also that for 6
targets there was no corresponding proper motion in the PARSEC catalogue, meaning
that they were either not found or not uniquely found in the 2MASS comparison.

Proper motions and parallaxes of the targets are listed in Table 2.2. For each target
we present short name, the absolute parallax (πabs), the two components of the proper
motion (µαcosδ and µδ), the time span covered by the observations, and the number
of observations available for each target (Nobs).
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Object πabs µαcosδ µδ Vtan Time Nobs

short name (mas) (mas yr−1) (mas yr−1) km s−1 span (yr)
0032-4405 21.6 ± 7.2 128.3 ± 3.4 -93.4 ± 3.0 34.8 ± 11.6 3.88 23
0058-0651 33.8 ± 4.0 136.7 ± 2.0 -122.6 ± 1.8 25.8 ± 3.0 3.88 24
0109-5100 57.8 ± 3.5 212.0 ± 1.7 80.2 ± 3.2 18.6 ± 1.1 3.88 25
0147-4954 26.6 ± 3.1 -60.1 ± 1.9 -269.5 ± 1.8 49.2 ± 5.8 3.20 16
0219-1939 37.2 ± 4.1 187.8 ± 2.5 -113.8 ± 3.3 27.9 ± 3.0 2.62 16
0230-0953 32.4 ± 3.7 148.2 ± 1.9 -39.1 ± 2.7 22.4 ± 2.6 3.30 21
0239-1735 32.1 ± 4.7 55.8 ± 2.2 -93.4 ± 2.2 16.1 ± 2.4 3.31 22
0257-3105 99.7 ± 6.7 617.3 ± 3.6 335.5 ± 5.3 33.4 ± 2.2 3.09 13
0539-0059 79.1 ± 2.4 158.3 ± 1.6 327.8 ± 2.4 21.8 ± 0.7 3.46 23
0614-2019 34.3 ± 3.0 138.8 ± 2.0 -294.4 ± 2.9 45.0 ± 4.0 3.46 35
0719-5051 34.6 ± 2.2 186.0 ± 1.2 -55.1 ± 1.7 26.6 ± 1.7 3.95 46
0928-1603 34.4 ± 3.9 -158.1 ± 2.1 25.6 ± 1.8 22.0 ± 2.5 3.94 23
1246-3139 87.3 ± 3.2 -5.3 ± 1.7 -562.5 ± 2.6 30.5 ± 1.1 3.06 21
1331-0116 67.3 ± 12.6 -421.9 ± 5.7 -1039.0 ± 5.2 79.0 ± 14.8 3.39 17
1404-3159 49.2 ± 3.4 337.6 ± 1.9 -16.3 ± 2.4 32.5 ± 2.2 3.39 24
1753-6559 58.0 ± 4.9 -53.3 ± 3.0 -336.9 ± 2.2 27.9 ± 2.4 4.28 55
1936-5502 43.3 ± 4.5 202.0 ± 2.9 -292.0 ± 4.3 38.9 ± 4.1 3.88 40
2045-6332 40.0 ± 3.7 67.0 ± 2.4 -214.9 ± 3.2 26.6 ± 2.5 3.87 25
2209-2711 47.9 ± 12.5 -5.9 ± 8.1 -133.6 ± 9.9 13.2 ± 3.6 2.96 15
2310-1759 36.4 ± 6.9 10.7 ± 5.4 -297.9 ± 4.7 38.8 ± 7.4 2.06 8
2346-5928 14.3 ± 3.4 245.1 ± 1.7 57.6 ± 1.9 83.5 ± 19.7 3.88 24

Table 2.2: Summary of astrometric results. For each target we present short name, the absolute par-
allax (πabs), the two components of the proper motion (µαcosδ and µδ), the corresponding tangential
velocity (Vtan), the time span covered by the observations, and the number of observations available
for each target (Nobs).
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2.3 Spectroscopy

2.3.1 Observations and Reduction Procedures

Forty-five of the spectra were obtained using the OSIRIS spectrograph on the SOAR
telescope in low-resolution (R = 1200) cross-dispersed mode, covering the wavelength
range 1.2-2.3 µm. The data were reduced following standard procedures. The spectra
were flat-fielded using dome flats, dark subtracted, and pair-wise subtracted to remove
sky lines. The extraction was performed using IRAF standard routines and the wave-
length calibration was done with He-Ar arc lamps. In order to correct the measured
spectra for the telluric absorption, standard stars were observed immediately before
or after each target, close on the sky and at a similar airmass. The spectra were
corrected dividing each of them by the spectrum of the associated standard and then
multiplying the result by the theoretical SED from Kurucz 1993 (for the appropriate
temperature and surface gravity). The different orders of the telluric corrected spectra
(roughly coincident with J, H and K band) were then merged, using the overlapping
regions to adjust the relative flux levels, and finally turned into an absolute flux scale
using the measured magnitudes (2MASS H and Ks). To do that, we convolved the
spectra with 2MASS filters’ profiles and integrated over the passbands to obtain syn-
thetic magnitudes. Given that the difference between two magnitudes is, by definition,
m1-m2=-2.5× log10(f1/f2), where m1 and m2 are the apparent magnitudes and f1 and
f2 the corresponding fluxes, the scaling factors (sfi) are given by the equation:

sfi = 100.4×(mi,synt−mi,obs) (2.1)

where mi,obs is the measured 2MASS magnitude in the ith band (H or Ks) and
mi,synt is the corresponding synthetic one. We use H and Ks band only, as the spectral
coverage of OSIRIS is insufficient to compute a synthetic J magnitude. Finally, after
checking that the two values were consistent, we took their weighted average as our
scaling factor. To check the accuracy of our flux calibration, we tried to use different
telluric stars taken during the same night (if possible) for each target. We noticed that
there are no significant differences on the flux level outside of the telluric absorption
bands. However, using a different telluric star significantly affects the quality of the
telluric corrections, resulting in noisy telluric bands and significant variations in their
flux level (up to a factor of 2).

Two other spectra were obtained with SOFI, on NTT, using a blue grism at low
resolution (R = 1000) covering the wavelength range 0.95-1.64µm. The spectra reduc-
tion follows the same steps as for the OSIRIS ones, but the wavelength calibration was
done using Xe arc lamps, and the flux calibration used the J magnitude only.

Finally five spectra were obtained with Xshooter, the echelle spectrograph mounted
on the UT2 at VLT. This instrument covers a wide wavelength range (0.3-2.48 µm) with
a resolution of 8100 in the VIS arm and 5500 in the NIR arm. To reduce these targets we
used the Xshooter pipeline (version 1.3.7). The details of the Xshooter data reduction
can be found in Day-Jones et al. (2013), and here we briefly summarize the main steps.
The pipeline performs all the standard reduction steps (flat fielding, dark subtraction,
wavelength calibration and flux calibration) and produces a 2D image containing the
reduced spectrum. We extracted the spectra using standard IRAF routines and we
corrected them for telluric absorption using standard telluric stars observed during the
night, following the procedure described above. The telluric stars were also processed
using the Xshooter pipeline. We tested the accuracy of the telluric correction by using



36 PARSEC

different telluric stars observed during the same night. As for the OSIRIS spectra, the
use of different standards does not affect the global flux calibration, but results in some
cases in slightly different flux levels in the telluric bands.

The spectra obtained are presented in Figures 2.3 - 2.5. All the spectra are normal-
ized to 1 at 1.28 µm and shifted vertically by increments of one flux unit. The spectra
have been normalized at 1.28 µm as this represents the peak of the J band and it is a
reasonably flat region of the spectrum, not affected by major absorption lines.

2.3.2 Spectral Classification

To determine the spectral types of the objects, all the spectra were fitted to stan-
dard template spectra taken from the SpeX-Prism spectral library2 using a χ2 fitting
technique, excluding the telluric absorption bands when computing the statistic. The
best-fit template was visually inspected to check it was a good fit to the spectrum of
the object, and to spot possible peculiarities. If the best-fit template matches the real
spectrum, the fit was accepted and the uncertainty on the spectral type of the target
was assigned based on a parabolic fit to the χ2 distribution, rounding it to multiples
of 0.5.

If the best-fit does not reproduce the spectrum well, we assigned a spectral type
to the object based on a “by-eye” matching, selecting the template that gives the
best match to the J band, and labeling the object as “peculiar”. The properties of
the peculiar objects, their spectral peculiarities, and the assigned spectral types are
discussed further in Section 2.6.

Figure 2.8 shows an example of a good fit and of a bad fit. On the top panel
we present the spectrum of 0257-3105. The best-fit template, the L8.0 standard
2MASSW J1632291+190441 is overplotted in red for comparison. The standard re-
produces well the spectrum of the target, matching the flux level on the J, H, and
K band, as well as the strength of the main absorption features (i.e. the CO band
at 2.3 µm and the K I doublet at 1.25µm). This object is therefore classified L8.0.
The bottom panel of Figure 2.8 shows instead an example of a poor fit. The target
is 1331-0116 and overplotted in red we show the best-fit template, the T1.0 standard
SDSS J015141.69+124429.6. While the standard reproduces quite well the depth of
the H2O absorption bands, the target does not show any sign of CH4 absorption in the
H and K band, and the K I doublet at 1.25µm is much stronger than in the standard.
1331-0116 therefore cannot be classified as a T dwarf, and its spectral type has to be
determined via “by-eye” matching. More details on this peculiar object can be found
in Section 2.6.6.

A summary of the observations and the results obtained is given in Table 2.3. For
each object we list the short name, the instrument used to obtain its spectrum, the
night when it was observed, the associated standard and its spectral type, the object’s
previous optical and NIR classification (if available) and our new NIR spectroscopic
classification.

2http://pono.ucsd.edu/∼adam/browndwarfs/spexprism
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Fig. 2.3: The spectra obtained for our targets, sorted from earlier to later spectral type. The spectra
showed here are in the M4-L0.5 range. They have all been normalized to 1 at 1.28µm, smoothed to a
resolution of ∼10 Å per pixel, and displaced vertically by increments of one flux unit.
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Fig. 2.4: Same as Figure 2.3, but for objects in the range L1-L2.
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Fig. 2.5: Same as Figure 2.3, but in the range L2-L3.
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Fig. 2.6: Same as Figure 2.3, but in the range L4-L5.
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Fig. 2.7: Same as Figure 2.3, but in the range L5.5-T5.
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Fig. 2.8: Two examples of spectral fitting. Top: 0257-3105, with the best-fit standard template
overplotted in red for comparison (the L8.0 2MASSW J1632291+190441). The standard reproduces
very well all the spectral features of the target. Bottom: 1331-0116, with the best-fit standard template
overplotted in red for comparison (the T1.0 SDSS J015141.69+124429.6). Despite being the best-fit
template, the T1.0 does not match the specctrum of the target, which does not show any sign of
methane absorption. For more details on the classification of this peculiar object see Section 2.6.6.
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In Figure 2.9 we plot the absolute 2MASS JHKs magnitudes as a function of spectral
type. The targets presented here are plotted as red dots, while diamonds represent
objects taken from the literature (see Dupuy & Liu, 2012, Table 9, for a complete
census of ultracool dwarfs with measured parallaxes). For the literature sample, we
use the NIR spectral type when available, otherwise we plot the optical spectral type.
Our sample represents a significant increase in the number of objects with measured
parallaxes and NIR spectral types at early types (L0-L4). Most of the previous parallax
programs have indeed focused on the cooler, later-type targets.

We notice that the scatter in absolute magnitudes across the sequence is ∼1 mag
on average but goes up to ∼2 mag between late-M and mid-L. The number of objects
per spectral type, especially at early types, is high enough to allow us to identify the
outliers (which are marked in Figure 2.9), and therefore the remaining scatter is most
likely intrinsic to the sequence. The cause of such a spread can probably be found in
the known mass-age degeneracy, typical of brown dwarfs. Objects of the same spectral
type can have very different mass and age, and this would result in peculiar colours,
but also in differences in the absolute magnitude of the dwarfs (e.g. Kirkpatrick, 2005,
and references therein).

There are six outliers to the sequence, and they are marked in Figure 2.9. Two
are the components of the brown dwarf + planet system 2MASSW J1207334−393254.
This system is part of the TW Hydrae Association, with an age of 8+4

−3 Myr (Chauvin
et al., 2004, and references therein). The primary is a M8.5 dwarf (Gizis, 2002), while
for the planetary companion Patience et al. (2010) derived a spectral type in the range
M8.5−L4. The primary is∼1 mag overluminous compared to objects of similar spectral
type, as expected for an object that has not contracted to its final radius (e.g. Burrows
et al., 1997). On the other hand, the companion is more than 1 mag underluminous
compared to objects of similar spectral type (i.e. in the M8.5−L4 range) and ∼2.5 mag
underluminous when compared to standard models of giant planet evolution (Barman
et al., 2011; Skemer et al., 2011). Faherty et al. (2012) have found similar results
for other young, very red L dwarfs, and have speculated that the underluminosity
can be due to a combination of two factors. One is the possibility that the low-
gravity spectral classification has a different temperature relation compared to the
standard classification scheme (Kirkpatrick et al., 1999; Burgasser et al., 2006a). The
other factor is the possibility that young L dwarfs have dustier photospheres, that
make them appear fainter and redder in the NIR compared to other field L dwarfs.
SSSPM J1102−3431 is also ∼1 mag overluminous respect to the other M8.5 object
plotted. This object is another young M dwarfs, known to be part of the TW Hydrae
Association (Scholz et al., 2005; Teixeira et al., 2008). Another outlier is the peculiar
red L9 dwarf WISEPA J164715.59+563208.2 (Kirkpatrick et al., 2011). This object
pertains to the class of peculiar red, non-low-gravity L dwarfs, whose nature is not yet
fully understood (e.g. Kirkpatrick et al., 2010). Finally, the last two outliers are our
targets 1331-0116 and 2045-6332. The first one, 1331-0116, is a peculiar blue L1 dwarf,
while 2045-6332 is overluminous and very red (J-Ks = 1.41). We discuss further their
properties in Section 2.6.6 and 2.6.10.

To better understand the properties of the objects in our sample, in Figure 2.10 we
plot the absolute 2MASS JHKs magnitudes as a function of J-Ks. Colours and symbols
follow the same convention as in Figure 2.9.

The objects follow the expected trend, moving towards redder colours as they be-
come fainter because of thickening of the cloud decks in their atmospheres. Brown
dwarfs then rapidly turn towards blue colours at the L-T transition, because of the
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Fig. 2.9: Absolute 2MASS JHK magnitudes as a function of spectral type. The objects presented in
this paper are plotted as red circles. Other objects are plotted as black diamonds. Magnitudes and
parallaxes for the ultracool dwarfs are taken from Dupuy & Liu (2012). For literature objects, we
plot the NIR spectral type when available, otherwise we use the optical spectral type. The outliers
are marked, and more details about them can be found in the text (Section 2.3.2).
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dust settling and the onset of the CH4 and CIA absorption. The colour turnaround is
sharper in the top panel of Figure 2.10 (MJ vs. J-K) but also shows a larger scatter
in absolute magnitude (almost 2 mag) compared to the bottom panel (MK vs. J-K)
where the transition is shallower but the scatter is only ∼1 mag.

The outliers are labelled. Two are the already mentioned 2MASSW J1207334−393254B
and WISEPA J164715.59+563208.2. Another outlier is the very red HD 1160B, a L
dwarf companion to the young star HD 1160A (Nielsen et al., 2012). As stated above,
the unusual red colours of these objects can be explained assuming an enhanced dust
content in their atmospheres (e.g. Faherty et al., 2012). Another two outliers are the
unusually blue SSSPM J1013−1356 and 2MASS J16262034+3925190, both known to
be subdwarfs (sdM9.5 and sdL4 respectively, Faherty et al., 2009). Their blue colour
are most probably due to the reduced cloud opacity (which affects especially the J-
band) due to their low metallicity (e.g. Faherty et al., 2012). Finally, the last outlier
is our target 2045-6332, which is the most luminous L1. Its very red J-Ks could be an
indication of low surface gravity, therefore of youth. We discuss further the nature of
this object in Section 2.6.10.

In Table 2.4 we present the spectral indices calculated for our targets. The indices
are those defined in Burgasser et al. (2006a) and Burgasser et al. (2010). The indices
are plotted also in Figure 2.11, where we show H2O-H and H2O-K as a function of
spectral type (top two panels) and CH4-H and CH4-K as a function of spectral type.
Our targets are plotted as filled circles, while literature objects are overplotted as open
circles for comparison. The literature objects are taken from the SpeX-Prism library.
We can see that the H2O-H and H2O-K correlate very well with the fit-based spectral
type, with only one outstanding outlier to the sequence, which is once again 1331-0116.
Its indices have values that are typical of much later type objects (L8-T0) because of
the unusually strong H2O absorption bands showed by its spectrum. The CH4-H and
CH4-K indices correlates with the spectral type only for the late-L and T dwarfs (i.e.
from L8 onward). We also note that the scatter is larger compared to the H2O indices.
The only outlier to the sequence is 1404-3159, whose unusual position in the bottom
right plot of Figure 2.11 is due to its binarity. In the K-band, the early type component
of the binary dominates, and its methane absorption is less prominent than in the late
type component, and also weaker than it would be in a single object of type T3. The
discrepancy is not present in the CH4-H plot because in the H-band the contribution
to the total flux coming from the two components is almost equal (similarly for the
H2O-H and H2O-K plots).
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Fig. 2.10: Absolute 2MASS JHK magnitudes as a function of J-K. Colours and symbols follow the
same convention as in Figure 2.9. Magnitudes and parallaxes for the ultracool dwarfs are taken from
Dupuy & Liu (2012). The outliers are marked, and more details about them can be found in the text
(Section 2.3.2).
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2.3.3 Unresolved Binaries

We also performed a search for unresolved binaries within our sample, using the spectral
indices and the criteria defined by Burgasser et al. (2010, see Section 3.4.2 of this
manuscript for more details). Two of the objects in the sample are known unresolved
binaries: 1404-3159 (Looper et al., 2008a) is indeed identified as a strong candidate
by the selection criteria; 0357-4417 (Bouy et al., 2003) is not selected as a candidate,
a result which is not surprising, as this is an early-L pair, and the technique used is
sensitive mostly to L-T transition systems. None of the other objects in our sample
match the criteria defined.

We estimated the spectral types of the components of these two systems by fitting
their spectra with a set of synthetic unresolved templates. We created the synthetic bi-
naries by combining the spectra taken from the already mentioned SpeX-Prism library.
The spectra were normalized to one at 1.28µm, and then scaled to the appropriate flux
level using the MJ−Spectral type relation presented in Marocco et al. (2010). The
results of this fitting are presented in Figure 2.12. For each target we plot the observed
spectrum (in black), the best fit standard template (green), the best fit combined tem-
plate (red) and its two components (blue and yellow). For 1404-3159 we obtain a best
fit with a L9+T5 (±1) template, which is in good agreement with the previous results
obtained by Looper et al. 2008a (T1+T5), Burgasser et al. 2010 (T0+T5), and Dupuy
& Liu 2012 (L9+T5). For 0357-4417, our deconvolution gives a best fit of L4.5+L5
(±1). Resolved optical spectroscopy obtained by Mart́ın et al. (2006) indicates that the
system is likely to be composed of a M9 and an L1. We note however that this object
was also identified as a probable young object (Reid et al., 2008b). Its NIR spectrum
indeed shows peculiarities associated with young ages, especially a triangular shaped
H band and an enhancement of the flux in the K band. We therefore conclude that
this is a young binary system, and we note that our best fit binary template does not
reproduce very well the shape of the H band peak. This is because the spectra we used
to create our synthetic binaries are mostly field-aged objects.
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Fig. 2.11: The spectral indices derived for our targets as a function of their spectral type. The indices
presented here are defined in Burgasser et al. (2006a) and Burgasser et al. (2010).

Fig. 2.12: The spectral deconvolution of the unresolved binaries 0357-4417 (left panel) and 1404-3159
(right panel). On each panel we plot the observed spectrum (in black), the best fit standard template
(green), the best fit combined template (red) and its two components (blue and yellow).
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2.4 Kinematics

The analysis of the kinematics properties of stars can provide useful insights on their
nature. It is well known that different populations of stars (i.e. thin disk, thick disk,
and halo members) have different velocity distributions in the U,V,W parameter space.
Determining the three components of the Galactic velocity of our targets can therefore
lead to the determination of their membership. To do this we follow the approach
of Bensby et al. (2003). In this contribution the authors find that the distribution
of the three different stellar populations in the solar neighborhood are defined by a
three-dimensional gaussian:

f(U, V,W ) = k · exp
(
− U2

2σ2
U
− (V−Vasym)2

2σ2
V

− W 2

2σ2
W

)
(2.2)

where

k =
1

(2π)3/2σUσV σW
(2.3)

and (σU , σV , σW ) are the characteristic velocity dispersions, Vasym is the velocity lag
for each component behind the galactic rotation.

So if we determine U, V and W for each target, the probability to belong to one of
the components (e.g. the thin disk) is given by:

PTn =
XTnfTn

XTnfTn +XTkfTk +XHfH
(2.4)

where fTn, fTk, fH are the velocity distribution f(U, V,W ) for thin disk, thick disk,
and halo respectively, and XTn, XTk, XH are the observed fraction of objects of each
component. The values adopted for X, σU , σV , σW and Vasym for each component are
those listed in Bensby et al. (2003).

However, to determine the components of the galactic velocity of our objects, we
need the radial velocity of the dwarfs. Given that none of our targets has radial velocity
measurements, to compute the membership probabilities we follow this approach: first
we assume that our objects follow the radial velocity distribution of brown dwarf in
the solar neighborhood, which is a gaussian profile centered on 0 km s−1 with a sigma
of 34 km s−1 (e.g. Schmidt et al., 2010b). Then for each target we assume 10000 radial
velocity values randomly taken from the gaussian distribution, and for each of these
values we calculate a value for PTn, PTk, and PH . The uncertainties on the parallax
and proper motion are treated the same way, so drawing 10000 values from a gaussian
distribution centered on the values given in Table 2.2, and with the associated sigma.
Finally, we assume the average value as the membership probability of each target.

The probabilities obtained are listed in Table 2.5. As we can see, all of our targets
are disk members (PTn + PTk > 99%).

We note that the sample of brown dwarfs studied in Schmidt et al. (2010b) is formed
mostly of thin disk objects (90%). The sigma of the distribution derived in that paper
is therefore dictated by the thin disk dwarfs, and it can introduce a bias in the results
presented in our Table 2.5. So we tested the membership assigned with our simulation
using other two purely kinematic methods.

One is the classical Toomre diagram as used by Nissen (2004) to discriminate be-
tween thin disk, thick disk and halo stars. For each of our targets we used the parallaxes
and proper motions presented here and we calculated a range for their UVW velocities,
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Object PTn PTk PH

0032-4405 85 15 0
0058-0651 90 10 0
0109-5100 90 10 0
0147-4954 77 23 0
0219-1939 89 11 0
0230-0953 90 10 0
0239-1735 89 11 0
0257-3105 88 12 0
0539-0059 86 14 0
0614-2019 85 15 0
0719-5051B 90 10 0
0928-1603 84 16 0
1246-3139 87 13 0
1331-0116 62 38 0
1404-3159 88 12 0
1753-6559 85 15 0
1936-5502 83 17 0
2045-6332 86 14 0
2209-2711 88 12 0
2310-1759 86 13 0
2346-5928 73 27 0

Table 2.5: The membership probability for our targets. PTh, PTk, and PH are the probabilities of a
brown dwarf being a thin disk, thick disk, or a halo object respectively.

assuming that their radial velocities are in a conservative range of -100/+100 km s−1.
The results are shown in the left panel of Figure 2.13. The UVW ranges obtained
result in an almost parabolic curve for each target. The dashed circles represent the
boundaries between thin disk and thick disk stars (inner circle) and between thick disk
and halo stars (outer circle). All except two of the targets fall mostly into the thin
disk selection area, a result which is consistent with the high thin disk probability
derived with the previous method. The two exceptions are 1331-0116 and 2346-5928
whose velocity ranges fall mostly into the thick disk selection area, consistently with
their slightly higher probability of being thick disk objects (PTk = 38% and 27% re-
spectively). We note, however, that 0147-4954 despite having similar PTk is instead
among the rest of the sample, with its velocity ranges falling mostly into the thin disk
selection area.

The second method we used is a direct comparison of the UVW velocity ranges
obtained with the velocity ellipsoids defined in Bensby et al. (2003). The results are
shown in the right panel of Figure 2.13. The memberships assigned based on this
criteria are consistent with those obtained by the Toomre diagram, with 2346-5928
falling mostly inside the thick disk ellipsoid, and 1331-0116 falling just outside of the
thick disk ellipsoid, but being consistent with a thick disk membership when we consider
the uncertainties on the proper motion and parallax.

We also used the kinematics information to check for the possible membership of
our targets to one of the known young moving groups (hereafter MG). In order to do
this we followed the method described in Clarke et al. (2010), that we summarize here.

We considered five MGs: the Pleiades, Castor, Hyades, Sirius (also known as Ursa
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Fig. 2.13: The kinematics of the sample. Left panel : Toomre diagram. The solid lines represent the
velocity ranges of each brown dwarf, obtained assuming a radial velocity range of -100/+100 km s−1.
The dashed circles are the boundary between thin disk and thick disk stars (inner circle) and between
thick disk and halo stars (outer circle), as used by Nissen (2004). Right panel : U−V plot showing the
velocity ranges obtained for our targets. Overplotted for reference are the velocity ellipsoids obtained
by Bensby et al. (2003) for thin disk (dotted) and thick disk (dashed) respectively. In each plot the
outliers are labelled. Typical uncertainties are shown in the top-left and top-right corner, respectively.

Major) and IC2391. For each of our targets, using the measured proper motions,
we calculated the corresponding proper motion towards the convergent point of each
moving group (µtcp) and the proper motion perpendicular to that direction (µpcp)
using the equations derived by Reid (1992). For each MG, we allowed for a scatter
in velocity of ±5 km s−1 to take into account the intrinsic scatter of the MG and the
additional scatter due to gravitational interaction of the MG members with disk stars
(disk heating). We converted the velocity scatter into a proper motion scatter using
our measured parallaxes. Finally, an object was considered as a MG candidate member
if its µpcp was less than the estimated scatter or if its 1σ interval overlapped with the
scatter. Given that we do not have any radial velocity measurement for our targets,
we can only classify them as candidate members.

Eleven of the objects presented here are candidate members of at least one of the
MGs considered. For each of them we used the UVW velocities determined above (i.e.
assuming a Vrad in the -100/+100 km s−1 range), and applied the selection criteria
defined in Clarke et al. 2010 (see their Figures 5 and 6). This allowed us to further
assess the membership of the candidates, and also to derive a Vrad range for which
the objects would be a member of the MG. Two of our targets passed this second
selection: 0032-4405 and 2209-2711. They are both candidate members of the Pleiades
and they require their Vrad to be in the range 5−25 and 10−30 km s−1 respectively to
be members of the MG. We will discuss further their properties in Section 2.6.
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2.5 Physical parameters

The knowledge of the distances to our objects allows us to further investigate their
nature, determining their physical properties such as bolometric luminosity (Lbol) and
effective temperature (Teff).

We determined the effective temperature via model fitting of the observed spectra,
using the new version of the atmospheric models presented in Allard et al. (2011,
hereafter BT-Settl). We followed three different approaches.

One approach (hereafter method 1) is to scale each model to match the observed
flux using the geometric scaling factor, given by the ratio of the distance over the
radius of the object squared. We do not know the radii of our targets, but we can
assume they all have R = 1.0±0.2 RJup. The evolutionary models in fact show that
brown dwarfs tend to contract quite quickly (∼500 Myr) and reach similar final radii,
independent of their mass (e.g. Baraffe et al., 1998). We then determined the best fit
model via χ2 fitting. This method makes use of the astrometric information, but relies
on a strong assumption on the radius. This can introduce a bias especially for young
objects, which radii can be systematically larger than the assumed one. The random
error on the temperature is in most cases dominated by the uncertainty on the radius.

The second approach (hereafter method 2) does not use the parallax but scales each
model using the measured infrared photometry (2MASS JHKs and WISE W1-W2-
W3-W4) and then determines the best fit model via χ2 fitting. The used scaling factor
is the median of the seven values given by the magnitudes. In this case we do not rely
on any assumption regarding the radii of the targets, but the use of the photometry
can introduce other biases. Mostly, in the case of unresolved binaries, the photometric
scaling factor would bias the derived temperature towards higher values. The random
error introduced by the uncertainty on the photometric values are negligible compared
to our floor precision level, which is dictated by the model grid spacing.

The last method we adopted (hereafter method 3) is to normalize both the models
and the measured spectrum to 1 at 1.28 µm and then perform the χ2 fitting. This
method does not rely on any assumptions on the radii of the object, and it is not
prone to any systematic introduced by the photometry. The only constraint on the
final temperature is given by the shape of the object’s spectrum. However with this
approach gravity and metallicty of the dwarf are important parameters of the fit. Given
the known degeneracy between the two (e.g. Kirkpatrick, 2005) their determination is
very uncertain, and can bias the temperature we obtain especially for the peculiar
objects.

We assume as our final value the weighted average of the three values, as this
approach minimizes the systematic errors. We then calculate the bolometric luminosity
of the targets following the Stefan-Boltzmann law:

Lbol = 4πσR2T 4
eff (2.5)

The results are presented in Table 2.6. In the first column we indicate the target
short name, in the second one its spectral type, in the third the expected temperature
according to the temperature-spectral type relation given by Stephens et al. (2009), in
the fourth the derived temperature and in the last column the bolometric luminosity.
We note that hottest objects tend to have systematically higher uncertainties on Teff

compared to the colder ones. This is probably a consequence of the fact that at hotter
temperatures the contribution of the optical part of the spectrum becomes significant,
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Fig. 2.14: The reduced χ2 (black line) and the RMS of the fit (red line) as a function of the order of
the fitting polynomial. Both curves reach their minimum for a 7th order polynomial.

hence our fit based solely on the near-infrared portion of the spectrum becomes less
and less accurate. Therefore the scatter between the three methods increases.

The results are also plotted in Figure 2.15 and 2.16. In the left panel of Figure
2.15 we show the Teff we derived here for our targets (plotted as filled circles) as a
function of the spectral type. Objects that were classified as “peculiar” are marked as
asterisks. Overplotted as diamonds are objects taken from Golimowski et al. (2004) and
Marocco et al. (2010). The red line is our seventh-order polynomial fit to the sequence
for spectral types from M7 to T8, excluding the peculiar objects. The polynomial
obtained is:

Teff = − 1613.82 + 3561.47 SpT− 975.953 SpT2

+ 129.141 SpT3 − 9.46896 SpT4

+ 0.390319 SpT5 − 0.00843736 SpT6

+ 0.0000742110 SpT7 (±140) K (2.6)

We have chosen a 7th order polynomial as it is the one that minimizes the reduced
χ2, the uncertainties of the individual coefficients, and the root mean square (RMS) of
the fit, as can be seen in Figure 2.14, where we plot the reduced χ2 and the RMS as a
function of the order of the fitting polynomial.

Our new fit suggests a change in the slope of the sequence at the transition between
the M and L dwarfs. This may be an effect of dust formation and its migration into the



58 PARSEC

photosphere, that causes a more rapid evolution of the spectral features as a function
of Teff . The transition from M to L spectral types is indeed characterized by the
formation of aluminum-, calcium- and titanium-bearing molecules such as perovskite
(CaTiO3), corundum (Al2O3), and grossite (CaAl4O7), which remove those elements
from the atmosphere of the dwarfs. At slightly lower temperature other condensates,
like forsterite (Mg2SiO4), enstatite (MgSiO3), and vanadium dioxide (VO2), remove
the VO and Si from the atmosphere, causing the alkali metals (Na and K primarily)
and the metal hydrides (in particular FeH and CrH) to be the main absorbers in the
atmospheres of L dwarfs (see Kirkpatrick, 2005, and references therein for a more
detailed description of the chemistry of ultracool atmospheres).

Also, in the L-T transition the sequence is almost flat. This is a known phenomenon,
and it is the effect of the onset of the dust settling and of the Collision Induced Ab-
sorption (CIA) of the H2 (e.g. Burrows et al., 2006; Saumon & Marley, 2008; Allard
et al., 2011).

In the right panel of Figure 2.15 we present a comparison between the Teff derived
in this paper and those predicted by the polynomial relation presented by Stephens
et al. (2009). The values are generally consistent with each other, but we note that
our estimated temperatures are systematically slightly higher than the predicted ones.
The polynomial fit by Stephens et al. (2009) is based essentially on the Teff derived in
Golimowski et al. (2004). In that contribution the authors estimated the bolometric
flux using the measured NIR spectra (covering the 0.8−2.5 µm range) and applying a
bolometric correction based on the L′ photometry only, interpolating between the K
and L′ band and assuming a Rayleigh-Jeans tail longward of L′. This approximation
could have led to a systematic underestimation of the bolometric flux, hence of the Teff

which would explain the discrepancy in Figure 2.15.
Figure 2.16 shows the bolometric luminosity as a function of the spectral type.

Colours and symbols follow the same convention of Figure 2.15 and literature ob-
jects are the same shown in that Figure as well. The bolometric luminosity decreases
smoothly from late-M type object to mid and late-L dwarfs, and from mid-T down
to late-Ts. In the L/T transition the luminosity is almost constant, and despite the
sparse population (only 8 objects between L7 and T1) we note a high scatter, with
difference of a factor of 3-4 between objects of the same or very near spectral type.
This scatter is not unexpected, as the L/T transition is known to be populated by a
high fraction of unresolved binaries (Burgasser, 2013), and these objects would clearly
result as overluminous compared to single dwarfs of the same spectral type.
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Fig. 2.15: Left panel: The effective temperature of our targets (filled circles) as a function of their
spectral types. Peculiar objects are plotted as asterisks. Overplotted as diamonds are objects taken
from Golimowski et al. (2004) and Marocco et al. (2010). The red line is our 7th order polynomial fit
to the M7 to T8 sequence, excluding the peculiar objects. Right panel: A comparison between the Teff

derived in this paper and those predicted using the polynomial relation from Stephens et al. (2009).
The solid line is the bisector of the plot. Although generally consistent with each other, our derived
temperatures are systematically higher than the expected ones.

Fig. 2.16: The bolometric luminosity of our targets (filled circles) as a function of their spectral types.
Peculiar objects are plotted as asterisks. Overplotted as diamonds are objects taken from Golimowski
et al. (2004) and Marocco et al. (2010).
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2.6 Comments on Individual Objects

2.6.1 EROS-MP J0032−4405 (0032-4405)

This object was identified as a possible young object by Reid et al. (2008b). The NIR
spectrum shows indeed a slightly triangular-shaped H band, which is associated with
low gravity (hence with young age, e.g. Lucas et al., 2001; Kirkpatrick et al., 2006).
It is also the brightest L4 in our sample (MJ = 11.45,MH = 10.53,MK = 9.94), a
fact that would be consistent with a young nature, as 0032-4405 would not have fully
contracted to its final radius. With a larger radius, the object would then look slightly
brighter than its spectral analogue of older age. We therefore classify this object as L4
pec. We have also identified this object as a possible member of the Pleiades, a fact
that would be in agreement with its young age.

2.6.2 SSSPM J0109−5100 (0109-5100)

Our derived NIR spectral type (M7) differs by five subtypes from the one published
in Lodieu et al. 2005 (L2), while it is consistent within the uncertainties with the
optical classification derived in the same paper (M8.5). No clear signs of peculiarity
are present in the spectrum of 0109-5100 that could justify this discrepancy. However
as noted by Lodieu et al. (2005) their NIR classification, based on the spectral indices
defined in Tokunaga & Kobayashi (1999), Mart̀ın (2000), and Reid et al. (2001a), is
systematically offset towards later types when compared to their optical classification,
and with a large scatter. The authors therefore assigned to the object a type of M8.5
based on the optical spectrum only. Moreover, our new NIR classification is based on
a different system, which is the direct comparison of our spectra to the new standard
templates defined in Kirkpatrick et al. (2010).

2.6.3 DENIS-P J035726.9−441730 (0357-4417)

This target is a known unresolved binary, identified by Bouy et al. (2003). As we
discussed in Section 2.3.3, the spectrum of this object shows signs of low-gravity, which
is associated with young ages. We assign an unresolved spectral type of L2 pec, because
the L2 standard template is the one that gives the best fit in the J band. The spectral
deconvolution gives spectral types for the individual components of the system of L4.5
and L5, which are much later than those derived via resolved optical spectroscopy by
Mart́ın et al. 2006 (M9+L1). The discrepancy is probably due to the fact that the
templates we employed for the deconvolution are “normal” field M and L dwarfs, thus
they do not reproduce well the H and K band peculiarities typical of young dwarfs.

2.6.4 2MASS J07193188−5051410 (0719-5051)

This object forms a common proper motion pair with 0719-5050, as already noted
in AHA11. We obtained an infrared spectrum for both objects. We confirm the
spectral classification of L0 for 0719-5051, as obtained by Reid et al. (2008b). For
the companion, we derive a spectral type of M4, based on the spectral fitting with
the templates obtained from the IRTF spectral library, which is consistent with the
photometric estimate of AHA11.

Given the relatively limited time-span of our observations, it is impossible to detect
hints of orbital motion for the system. The predicted average astrometric acceleration
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terms along the X and Y axis (e.g. Torres, 1999), assuming masses of 0.1 M� and 0.08
M� for the two components of the system, given the projected separation and distance
(and averaging over all other orbital parameters) are well below 1 µas yr−1.

2.6.5 2MASSW J1004392−333518 (1004-3335)

This object is in a common proper motion system with LHS 5166 (AHA11). The
infrared spectrum obtained for 1004-3335 indicates a spectral type of L5, in good
agreement with the optical spectral type of L4 obtained by Gizis (2002). For the
bright companion, LHS 5166, we derive a spectral type of M4, slightly later than the
M3 found by AHA11, but in agreement with the dM4.5e published in Seifahrt et al.
(2005). For the same reasons listed in the previous subsection, it is impossible to detect
any hint of orbital motion for this system.

2.6.6 SDSS J133148.92−011651.4 (1331-0116)

The spectrum of this object is presented in Figure 2.17 with the spectrum of the L1
standard 2MASSW J2130446−084520 and of the sdL1 2MASS J17561080+2815238
overplotted for comparison, in red and green respectively. The overall slope of the
optical spectrum of 1331-0116 is well matched by the L1 standard, the target however
shows the peculiar signs of subdwarfs, i.e. stronger absorption by alkali metals, for
examples the depth of the K I line at 0.78 µm and the doublets at 1.169-1.177, and
1.244-1.252 µm. In the near-infrared range, the L1 standard matches the flux level at
the peak of the H band, but we can clearly see stronger H2 CIA and also much deeper
H2O bands. When compared the sdL1 template, 1331-0116 shows deeper H2O bands
at 1.1 and 1.35 µm, but a much higher flux level in the H and K band. This object was
already noted as peculiar in Knapp et al. (2004) and low-metallicity was pointed out as
the possible explanation for its peculiarity. The parallax and proper motion obtained
for it are πabs = 67.3±12.6 mas, µαcosδ = -421.9±5.7 mas yr−1 and µδ = -1039.0±5.2
mas yr−1. The kinematics of 1331-0116 suggests that this object may pertain to a
slightly older population, with a probability of 38% of being a thick disk object (see
Table 2.5). We therefore conclude that this object is a slightly metal-poor L1 dwarf,
and we classify it as L1 pec. We note that the previous infrared classification, based on
spectral indices, was L8±2.5 (Knapp et al., 2004). This discrepancy is not surprising,
as the index-based classification for peculiar L dwarfs is not well established, and the
criteria used to classify normal objects can therefore lead to uncertain spectral types.
The very deep H2O absorption bands are likely to be the reason of the previous late-
type classification. However, the L8 and L9 standards do not match the depth of the
water absorption, nor the slope and shape of the optical spectrum. Also, our new
classification is consistent with the photometry of the object (J-H = 0.98, J-K = 1.39)
which is typical of early-L dwarfs.

2.6.7 2MASS J14044941−3159329 (1404-3159)

This object is an unresolved L/T transition binary. Identified by Looper et al. (2008a)
via high resolution imaging with HST, the spectral types of the two components were
initially estimated to be T1+T5, then corrected to T0+T5 by Burgasser et al. (2010).
More recently, Dupuy & Liu (2012) estimated L9+T5. Our spectral deconvolution also
gives L9+T5.
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Fig. 2.17: The spectrum of 1331-0116. Left : a zoom to the optical and J-band spectrum; Right : the
entire spectrum. Overplotted in both panels are the L1 standard 2MASSW J2130446−084520 (red)
and the sdL1 2MASS J17561080+2815238 (green). In blue we show the flux ratio between the target
and the L1 spectroscopic standard. Marked with a dashed line are the zero flux level of the normalized
spectra and the 1 level of the flux ratio.

The parallax and proper motion derived here (πabs = 49.2±3.4 mas, µαcosδ =
337.6±1.9 mas yr−1 and µδ = −16.3±2.4 mas yr−1) are consistent with the values
found by Dupuy & Liu (2012), who measured an absolute parallax of 42.1±1.1 mas
and proper motion components µαcosδ = 344.8±1.0 mas yr−1 and µδ = −10.8±1.4 mas
yr−1, except for the µαcosδ component, but this difference maybe due to our derivation
of the parallax which assumes single objects.

2.6.8 2MASS J19285196−4356256 (1928-4356)

We classified this object as L4 pec, as its spectrum appears significantly bluer than
the L4 standard 2MASS J21580457−1550098. The standard reproduces well the shape
and flux level of the J band spectrum, but at longer wavelengths 1928-4356 emits much
less flux, which can be an indication of a stronger H2 absorption due to low metallicity.
We therefore conclude that 1928-4356 could be a slightly metal poor object.

2.6.9 2MASS J20115649−6201127 (2011-6201)

In Figure 2.18 we can see that the optical spectrum (left panel) matches quite well the
spectrum of the M8 standard VB 10 (overplotted in red), while the NIR spectrum (right
panel) shows signs of metal depletion. In particular, we note the flux suppression in the
H and K bands and the presence of deeper water absorption bands. These features are
associated with low-metallicity and are well matched by the sdM8.5 LSR 1826+3014
(overplotted in green). We calculated the metallicity index ζTiO/CaH as defined by
Lépine et al. (2007) and found a value of 1.01, which would yield to a classification as
a normal dwarf. However, the nature of 2011-6201 is clearly intermediate between a
normal dwarf and a subdwarf, and we therefore classify it as a d/sdM8.
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Fig. 2.18: Same as Figure 2.17, but for 2011-6201. Overplotted in red is the spectrum of the M8
standard VB 10, and in green is the spectrum of the sdM8.5 LSR 1826+3014.

2.6.10 SIPS2045−6332 (2045-6332)

This is the brightest L1 in our sample (MJ = 10.63,MH = 9.82,MK = 9.22). The
Teff determined via model fitting is also higher than the predicted one. These can be
indications of binarity. To investigate further this possibility, we fitted the spectrum of
2045-6332 with our set of unresolved templates. The two components derived by our
deconvolution would be L1.0 and T6.0. To assess the significance of this deconvolution
we performed an F-test. If η, which is the ratio of the χ2 of the two fits (the decon-
volution and the one with standard templates) is greater than the critical value ηcrit

(which depends on the number of degrees of freedom), than the deconvolution is better
than the standard fit with a 99% significance. In our case, η = 1.09, while ηcrit = 1.22.
We conclude that the deconvolution is not significant. It still remains possible that
the object is an equal (or nearly-equal) spectral type binary. Our deconvolution is not
sensitive to these objects, but such kind of binary would clearly appear overluminous
and hotter compared to other dwarfs of similar spectral type.

We note also that the H band of the spectrum of 2045-6332 appears slightly trian-
gular, which could be a hint of youth. This can be an alternative explanation to its
overluminosity, as young objects have larger radii compared to older, field-aged dwarfs
of the same spectral type.

Dieterich et al. (2014) measured parallax and proper motion for this object that
are consistent with our values within the formal errors. Interestingly they found that
the object is highly variable at 39 mmag in the I band (Johnson-Kron-Cousins system,
see Bessell, 1995), which is a further indication that youth can be the explanation for
its overluminosity.

Further investigation is necessary to determine the nature of this object. In partic-
ular, high-resolution imaging is required to address the possibility that this object is a
binary system, while optical spectroscopy can help to investigate its young nature.
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2.6.11 2MASS J22092183−2711329 (2209-2711)

This is a newly discovered T dwarf. We assign a spectral type of T2.5 as its spectrum
shows features which are intermediate between the T2 and the T3 spectral standards
(SDSSp J125453.90−012247.4 and 2MASS J12095613 −1004008 respectively). This
target was also selected as a candidate member of the Pleiades. However, its spec-
trum does not show any sign of youth. The derived absolute magnitudes and effective
temperature are in good agreement with the expected ones.

2.6.12 2MASS J22134491−2136079 (2213-2136)

This object was identified as a low-gravity object by Cruz et al. (2009) and classified
L0γ using its optical spectrum. The NIR spectrum confirms the low-gravity nature of
this object. It shows in fact a triangular shaped H band and an enhancement of the
flux in the H and K band (compared to a standard template). We classify this object
as a L2 pec, as the L2 standard is the one that reproduces better the shape of the J
band and the depth of the water absorption band between the J and H band.

2.6.13 SIPS2346−5928 (2346-5928)

This newly discovered M7 dwarf appears significantly bluer than the M7 standard VB 8.
In Figure 2.19 we can see that the sdM7 2MASS J15412408+5425598 reproduces better
the depth of the water absorption bands and the flux level in the K band. The H band of
2346-5928 is slightly bluer even when compared to the sdM7. The kinematics suggests
that this object could be a member of the galactic thick disk, and we therefore conclude
that 2346-5928 is a metal-poor M dwarf. We do not have an optical spectrum for this
target, so we cannot apply the criteria defined by Lépine et al. (2007) and therefore
we cannot assign a metallicty class. So we decide to classify it as M7 pec. The derived
Teff is slightly higher than the prediction, but consistent with the findings for the other
M7 of the sample, 0109-5100. The big uncertainty on the Teff is given mainly by the
very high temperature (3300 K) that we derive using method 3 (i.e. normalizing the
models). This could be due to the peculiarity of 2346-5928, whose blue spectrum is
better fitted by a hotter model.



66 PARSEC

Fig. 2.19: The spectrum of 2346-5928. Overplotted in red is the spectrum of the M7 standard VB 8,
and in green is the spectrum of the sdM7 2MASS J15412408+5425598.

2.7 Summary and Conclusions

We have presented here NIR spectra of 52 M, L and T dwarfs from the PARSEC
program, and parallaxes for 21 of them. Ten of these objects are new discoveries. The
new parallaxes contribute to further populate the low-mass end of the H-R diagram,
especially in the L0-L4 spectral range. The combination of astrometry and spectroscopy
has allowed us to investigate in detail the nature of some peculiar objects like the young,
low-gravity dwarfs 0032-4405, 0357-4417, and 2213-2136; the unresolved binaries 0357-
4417 and 1404-3159; the metal-poor dwarfs 1331-0116, 1928-4356, 2346-5928 and 2011-
6201. Also, combining the spectra obtained with photometric data, parallaxes and
atmospheric models, we derived effective temperature and bolometric luminosity for
21 of our targets. These new results seem to suggest a change in the slope of the
Teff - Spectral type sequence at the M/L spectral type transition. This feature could
be due to the formation of dust clouds in the atmospheres of brown dwarfs, and the
subsequent migration of the clouds into the photosphere. An increased sample of late-
M and early-L with measured Teff will help to constrain better the polynomial relation
and understand the physics of the transition.

These 21 objects represent the first sub-sample of parallaxes obtained by PARSEC.
The spectroscopic follow-up is in progress, to obtain NIR spectra of all the PARSEC
targets that currently lack NIR spectroscopy (see AHA11 for the complete target list).

The new parallaxes, proper motions and spectra presented here and in AHA11
will contribute to the creation of a large database of brown dwarfs. The creation
of this database is one of the outputs of the Interpretation and Parameterization of
Extremely Red COOL objects (IPERCOOL) International Research Staff Exchange
Scheme, hosted on the IPERCOOL website (http://ipercool.oato.inaf.it).



Chapter 3: Spectroscopy of a
large sample of L and T dwarfs
from UKIDSS LAS

Part of the work presented in this chapter has been published in “The sub-stellar birth
rate from UKIDSS”, A. C. Day-Jones, F. Marocco, D. J. Pinfield, Z. H. Zhang, B.
Burningham, N. Deacon, M. T. Ruiz, J. Gallardo, H. R. A. Jones, P. W. Lucas, J. S.
Jenkins, J. I. Gomes, S. L. Folkes, and J. R. A. Clarke, Monthly Notices of the Royal
Astronomical Society, Volume 430, Issue 2, p.1171-1187 (2013) and is reproduced by
permission of the RAS.

The co-authors of the paper contributed entirely to Section 3.2 and partly to Section
3.3. Everything else is my own original work.

3.1 Introduction

The study of sub-stellar objects still presents a number of open questions. A very
intriguing one is the understanding of the physical and chemical processes taking place
at the transition between the spectral types L and T.

As described in Section 1.6.1, the sharp colour turnaround that characterizes the
transition between the near-infrared types L7 to T5 (see Figure 1.7) is particularly
challenging to model. The dust settling and the onset of the methane and molecular
hydrogen absorption are now believed to be the main causes of the turnaround, but
the details of these processes, in particular of the dust settling, are still not well un-
derstood. A number of different scenarios have been proposed (e.g. Tsuji & Nakajima,
2003; Knapp et al., 2004; Marley et al., 2002), but none of them could successfully
reproduce the quickness and the sharpness of the turnaround (see Section 1.6.1 for a
more detailed review). An important role is also played by atmospheric parameters
like metallicity and surface gravity, which influence the nature and the settling of the
dust clouds and can lead to the formation of very peculiar spectra (see Section 1.6 and
references therein). Understanding in detail the effects of these parameters is another
open question.

A significant contribution comes from the modern deep wide-field near-infrared sur-
veys, like DENIS (Epchtein et al., 1999), SDSS (York et al., 2000), 2MASS (Skrutskie
et al., 2006), UKIDSS (Lawrence et al., 2007), CFBDS (Delorme et al., 2008b), WISE
(Wright et al., 2010), and VISTA (Emerson & Sutherland, 2002). Mapping thousands
of square degrees to significant depths in both optical and infrared bands, these surveys
provide huge datasets, and mining into them is the best way of finding large samples
of brown dwarfs. The increase in numbers of known objects will give me the statistic
significance necessary to better constrain the current structure and evolution models
of L and T dwarfs.

In this chapter I present a detailed spectroscopic analysis of a sample of 196 late-M,
L and T dwarfs selected from UKIDSS Large Area Survey (LAS). The spectra of the
targets have been obtained with X-shooter on the Very Large Telescope (Vernet et al.,
2011). Spectroscopy is a powerful tool to provide insights to the theory, as the formation
of the observed spectra is heavily influenced by the physics and the chemistry of the
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atmosphere. In particular the wide wavelength coverage delivered by X-shooter (0.3-
2.45 µm) coupled with its good resolution makes it an ideal instrument for this kind of
analysis, as it allows me to obtain both the optical and the near-infrared spectra of the
targets at the same time. As these portions of the spectrum are sensitive to different
parameters, their comparison can provide extremely useful insights in understanding
the physics of the atmosphere of brown dwarfs.

3.2 Candidate selection

The objects presented here have been selected from the UKIDSS LAS DR7. The
details of the targets selection are given in Day-Jones et al. (2013), and here I repeat
the fundamental steps.

The sample consists of objects with declination ≤ 20◦ and brighter than 18.1 in J
band. Field M dwarfs were removed by applying a colour cut of Y−J > 0.8 (Hewett
et al., 2006).

Object whose ellipticity was larger than 0.45 were removed in order to ensure that
selected objects were point sources. The ellipticity is defined as 1− (b/a) where a and
b are the semi-major and semi-minor axis of the PSF fit. The quality flags provided by
the UKIDSS DR7 were used to remove cross-talk effects, objects that sit at the edge
of the detector, saturated sources, and objects that fall in poor flat field regions. Both
K band detections and non-detections were selected.

The preliminary list of candidates was then cross-matched against SDSS DR7 using
a matching radius of 4′′ to select objects with optical counterparts. Objects with optical
counterparts were selected according to the criteria below, based on those of (Schmidt
et al., 2010b), who provide colours from an unbiased spectroscopically complete sample.
Since the near-infrared colour selection effectively removes all contaminant field M
dwarfs, this allows us to be more liberal with the redder sources (J−K > 1.0) in terms
of z−J colour selection, and allows for larger uncertainties in the i band as this sample
is probing the faint end of SDSS. Y and J photometry were required to have errors not
greater than 3σ and detections in H ≥ 14.5, such that this search space would not have
been probed by 2MASS. In addition, K-band non-detections were also considered, if
their z−J colour passes the following criteria:

z−J ≥ 2.4 and (J−K ≥ 1.0 or no K detection)

OR

z−J ≥ 2.9 and (J−K < 1.0 or no K detection)

Objects with the following were removed:

i− z < 2.0 and σ(i−z) < 0.35

i−J < 4.7 and σ(i−J) < 0.2

z−K < 3.5 and J−K > 1.0 and σ(z−K) < 0.2.

As mid-T dwarfs typically have z−J > 3.0 (e.g. Pinfield et al., 2008), some ob-
jects will be too faint for detection in SDSS; thus these SDSS non-detections were
included. All objects were then visually inspected to remove any possible mismatches
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or cross-talk. The sample was also cross-matched with known L and T dwarfs in
DwarfArchives.org and those that have spectral types ≥ L4 (to be consistent with
completeness; see Section 4.2.1) were retained, giving a total sample size of 324 from
2000 deg2 of ULAS (DR7) sky. From this final sample, 196 objects were followed-up
with mid-resolution spectroscopy, and constitute the targets for the subsequent analysis
I present in this thesis.

3.3 Observations and data reduction

The spectra of the 196 targets were obtained under ESO programs 086.C-0450(A/B),
087.C-0639(A/B), 088.C-0048(A/B), and 091.C-0452A. Sixty-eight spectra were pre-
sented in Day-Jones et al. (2013) and the others will be published in Marocco et al.
(in prep.).

The targets were observed in echelle slit mode, which covers the wavelength range
0.30−2.50 µm. This is split into three separate arms, the UVB (0.30−0.55 µm), VIS
(0.55−1.00 µm) and NIR (1.00−2.50 µm). The observations were taken using slit
widths of 1.0 arcsec for the UVB arm and 0.9 arcsec for the VIS and NIR arms,
and followed an ABBA pattern to allow sky subtraction. Individual integration times
were set equal to 800, 1200, 1600 and 2000s for J ≤ 17, 17.5, 18, 18.1 respectively
in the VIS arm, decreased by 70s in the UVB arm and increased by 90s in the NIR
arm. I note that there is no significant flux detected in the UVB wavelength range for
members of the sample. Telluric standards were observed following a target-telluric-
target strategy, trying to minimize the airmass difference between the targets and the
standards. Telluric stars were selected preferentially in the late-B to early-A spectral
range, as these types of stars are essentially free of absorption features, except for H I

lines.

I reduced the data using the ESO pipeline (version 2.0.0). The pipeline removes
non-linear pixels, subtracts the bias (in the VIS arm) or dark frames (in the NIR
arm) and divides the raw frames by flat-fields. Images are pairwise subtracted to
remove sky background. The pipeline then extracts and merges the different orders in
each arm, rectifying them using a multi-pinhole arc lamp (taken during the day-time
calibration) and correcting for the flexure of the instrument using single-pinhole arc
lamps (taken at night, one for each object observed). The response function for the
instrument is computed using a spectrophotometric standard (generally observed at
the beginning of the night) combined with a model of the atmospheric extinction at
Cerro Paranal. The final response function is then applied to the observed targets to
deliver the final flux calibrated spectra. Telluric stars are reduced in the same way,
except that sky subtraction is done by fitting the background (as tellurics are not
observed in nodding mode). The final products are one dimensional, wavelength and
flux calibrated spectra, one for each arm. The spectra were telluric corrected using
IDL routines, following a standard procedure: first, the telluric spectrum is cleared of
H I absorption lines (by interpolating over them) and scaled to match the measured
magnitudes; then it is divided by a black body curve for the appropriate temperature,
to obtain the atmosphere response curve; finally the target spectrum is multiplied by
the response curve obtained to correct for telluric absorption. The arms (VIS and
NIR) were then merged by matching the flux level in the overlapping regions between
them. The flux calibration was checked by determining the targets synthetic MKO
YJHK magnitudes, that were compared to those obtained in the ULAS. Finally, each
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spectrum was visually inspected to check for possible problems during the extraction
or merging stage. The spectra were then binned (in the λ direction) 40 times to
produce an average S/N = 30 for resolution R = 880 and 510 in the VIS and NIR
arms, respectively.

3.4 Results

Results of the observations are presented in Table 3.1. For each object I present short
name, coordinates, photometry, the S/N achieved after binning the spectra down to
a resolution of ∼800 and ∼500 in the VIS and NIR arm respectively (corresponding
to a binning of 40 pixels in the wavelength direction), and the spectral type derived
(see Section 3.4.1). The spectra are presented in Fig. 3.1 − 3.14, sorted in descending
order of spectral type (i.e. from early to late). Figure 3.15 shows the signal-to-noise
ratio (SNR) distribution in the sample. The blue histograms shows the distribution
in the VIS arm, while the red histogram shows the distribution in the NIR arm. I
have omitted the UVB arm as I do not detect any flux at wavelengths shorter than
0.6 µm. A dotted line indicate the SNR before binning, while a solid line indicates the
distribution of the binned spectra. With typical SNR of 25−30 in the NIR arm, the
spectra are suitable not only for spectral typing, but also for the reliable calculation of
spectral indices and the identification of peculiar objects and unresolved binaries.
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3.4.1 Spectral classification

Spectral types of the targets were determined via χ2 fitting with standard templates.
The template spectra were taken from the SpeX-Prism online library1. Each of the
targets was smoothed down to the resolution of the templates (R=120), and I excluded
the noisy telluric bands when computing the statistic. I visually inspected the three
best fit templates to check the accuracy of the fit and to identify possible peculiar
objects (see Section 3.4.3). The spectral types obtained are listed in the second column
of Table 3.2, along with the spectral indices determined for the spectra. The uncertainty
on the spectral types was determined from the width of the χ2 distribution.

It must be noted at this point that the lower SNR in the red-optical portion of
the spectrum results in the final spectral type being essentially based on the NIR
spectrum. However, as discussed in Section 1.5.2, NIR and optical types are normally
in good agreement, as demonstrated by many authors (e.g. Reid et al., 2001b; Testi
et al., 2001; McLean et al., 2003).

Not surprisingly however, a number of objects in the sample did not provide good
fit when compared to the standard templates. I discuss in the following sections how
I identified the peculiar objects and how I assigned their spectral types.

Name Spectral type H2O-J H2O-H H2O-K CH4-J CH4-H CH4-K K/J H-dip
BRLT1 L9.0 ± 0.5 0.73 0.71 0.89 0.75 1.04 0.78 0.60 0.50
BRLT2 L1.0 ± 1.0 0.94 0.79 1.11 0.81 1.08 1.07 0.41 0.48
BRLT3 L9.0 ± 1.0 0.76 0.70 0.88 0.74 1.05 0.90 0.58 0.51
BRLT6 L3.0 ± 1.0 0.85 0.80 1.02 0.83 1.11 1.08 0.47 0.48
BRLT7 M8.0 ± 1.0 0.96 0.88 1.19 0.87 1.03 0.95 0.35 0.49
BRLT8 L8.5 ± 0.5 0.71 0.76 0.87 0.78 1.04 0.90 0.67 0.50
BRLT9 L1.0 ± 1.0 0.96 0.84 1.00 0.86 1.03 0.95 0.37 0.48
BRLT10 L9.0 ± 0.5 0.67 0.70 0.79 0.77 1.05 0.85 0.64 0.51
BRLT12 L3.0 ± 1.0 0.75 0.79 1.00 0.75 1.05 1.03 0.44 0.48
BRLT14 L0.0 ± 0.5 0.97 0.85 1.14 0.86 1.02 1.06 0.37 0.48
BRLT15 T2.0 ± 2.0 0.50 0.61 0.82 0.58 0.92 0.76 0.53 0.47
BRLT16 L2.0 ± 1.0 0.91 0.80 0.96 0.83 0.93 0.96 0.42 0.45
BRLT18 L0.0 ± 1.0 1.03 0.91 1.07 0.95 1.00 0.98 0.39 0.49
BRLT20 L1.0 ± 1.0 0.87 0.77 1.03 0.76 0.99 0.94 0.32 0.48
BRLT21 L3.5 ± 0.5 0.83 0.75 0.95 0.81 1.01 0.98 0.46 0.48
BRLT22 M8.0 ± 0.5 1.01 0.89 1.20 0.87 1.07 0.93 0.32 0.51
BRLT24 L3.5 ± 0.5 0.80 0.74 0.99 0.81 1.00 0.99 0.47 0.47
BRLT26 L5.5 ± 0.5 0.80 0.72 0.91 0.81 1.07 0.97 0.53 0.49
BRLT27 T0.0 ± 0.5 0.63 0.65 0.78 0.63 1.01 0.59 0.43 0.50
BRLT28 L6.0 ± 0.5 0.72 0.69 0.88 0.79 1.04 0.91 0.62 0.48
BRLT30 L5.0 ± 0.5 0.75 0.75 0.95 0.79 1.08 1.02 0.51 0.48
BRLT31 L4.0 ± 1.0 0.74 0.70 0.92 0.78 1.04 0.86 0.51 0.50
BRLT32 L1.5 ± 0.5 0.86 0.79 1.08 0.83 1.04 1.05 0.41 0.49
BRLT33 L3.5 ± 0.5 0.82 0.74 0.96 0.81 0.94 0.94 0.42 0.48
BRLT35 M9.5 ± 0.5 0.98 0.88 1.08 0.93 1.01 1.04 0.40 0.49
BRLT37 L5.0 ± 0.5 0.71 0.71 0.85 0.76 1.10 0.96 0.53 0.51
BRLT38 T0.0 ± 0.5 0.66 0.65 0.77 0.68 0.96 0.67 0.41 0.51
BRLT39 L5.0 ± 1.0 0.80 0.75 0.93 0.78 1.07 0.95 0.46 0.49
BRLT42 M9.0 ± 0.5 1.05 0.95 1.20 0.96 1.00 0.96 0.43 0.49
BRLT44 L5.0 ± 1.0 0.73 0.76 0.84 0.74 1.01 0.82 0.53 0.50
BRLT45 T1.0 ± 0.5 0.58 0.61 0.72 0.64 0.89 0.57 0.42 0.47
BRLT46 L0.5 ± 0.5 0.92 0.76 1.14 0.81 1.13 1.08 0.30 0.49
BRLT48 L4.5 ± 0.5 0.78 0.77 1.05 0.81 1.20 1.09 0.56 0.49
BRLT49 M9.0 ± 0.5 0.99 0.87 1.09 0.86 1.00 1.06 0.36 0.49

Continued on the next page.
1http://pono.ucsd.edu/ adam/browndwarfs/spexprism/index.html
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Continued from the previous page.
Name Spectral type H2O-J H2O-H H2O-K CH4-J CH4-H CH4-K K/J H-dip
BRLT50 T6.0 ± 0.5 0.16 0.34 0.84 0.28 0.25 0.03 0.07 0.21
BRLT51 L3.0 ± 1.0 0.81 0.79 0.94 0.83 1.07 1.02 0.51 0.48
BRLT52 L5.5 ± 0.5 0.76 0.69 0.95 0.77 1.06 0.94 0.58 0.51
BRLT56 L1.5 ± 1.0 0.92 0.85 0.94 0.86 1.01 0.97 0.45 0.49
BRLT57 L0.0 ± 1.0 0.98 0.87 1.09 0.84 1.10 0.99 0.37 0.50
BRLT58 L4.0 ± 1.0 0.76 0.73 0.84 0.74 1.06 1.02 0.41 0.51
BRLT60 L1.0 ± 1.0 0.84 0.79 0.99 0.85 1.02 0.95 0.41 0.49
BRLT62 L5.0 ± 1.0 0.83 0.76 0.98 0.86 1.11 1.04 0.64 0.49
BRLT63 L1.0 ± 0.5 0.97 0.82 1.11 0.87 1.01 0.98 0.41 0.49
BRLT64 L4.0 ± 0.5 0.77 0.73 0.92 0.83 1.05 1.02 0.50 0.49
BRLT65 M9.0 ± 0.5 0.99 0.90 1.09 0.87 1.00 1.07 0.37 0.49
BRLT66 L5.0 ± 0.5 0.74 0.69 0.92 0.80 1.09 0.95 0.52 0.48
BRLT67 L1.0 ± 0.5 0.97 0.81 1.01 0.88 1.06 1.05 0.39 0.48
BRLT68 L5.0 ± 0.5 0.82 0.70 0.88 0.82 1.04 0.92 0.64 0.51
BRLT69 L1.0 ± 0.5 0.95 0.86 1.08 0.92 1.04 1.07 0.41 0.48
BRLT71 L1.5 ± 0.5 0.96 0.80 1.06 0.89 1.00 0.97 0.43 0.49
BRLT72 M9.0 ± 0.5 1.05 0.91 1.13 0.90 1.04 1.07 0.39 0.49
BRLT73 L1.0 ± 0.5 0.93 0.85 0.99 0.84 1.12 0.92 0.44 0.50
BRLT74 L9.5 ± 1.0 0.67 0.66 0.76 0.70 1.03 0.73 0.50 0.53
BRLT75 M9.0 ± 1.0 1.00 0.89 1.14 0.91 1.04 1.04 0.34 0.49
BRLT76 L5.5 ± 0.5 0.78 0.81 0.97 0.82 1.08 0.96 0.57 0.49
BRLT78 L1.0 ± 0.5 0.98 0.84 1.11 0.80 1.07 1.04 0.35 0.51
BRLT81 M9.0 ± 0.5 1.07 0.88 1.07 0.89 1.01 0.99 0.41 0.49
BRLT82 L1.0 ± 0.5 0.94 0.85 1.07 0.88 1.05 1.02 0.43 0.49
BRLT83 M8.0 ± 1.0 1.11 0.99 1.32 0.94 1.02 0.94 0.37 0.49
BRLT84 L3.5 ± 0.5 0.77 0.77 0.95 0.81 1.06 1.03 0.49 0.49
BRLT85 M8.0 ± 0.5 1.07 0.87 1.31 0.87 1.10 1.04 0.28 0.50
BRLT87 T0.0 ± 0.5 0.59 0.58 0.77 0.66 0.90 0.69 0.41 0.48
BRLT88 L4.0 ± 1.0 0.83 0.78 1.01 0.83 1.06 1.06 0.50 0.48
BRLT91 T3.0 ± 0.5 0.47 0.46 0.68 0.53 0.79 0.49 0.25 0.47
BRLT92 L1.0 ± 0.5 0.86 0.83 1.00 0.82 1.08 1.02 0.39 0.48
BRLT97 L0.0 ± 1.0 0.99 0.84 1.13 0.92 1.03 0.98 0.39 0.49
BRLT98 T4.0 ± 0.5 0.37 0.39 0.57 0.49 0.59 0.37 0.15 0.46
BRLT99 L5.0 ± 0.5 0.81 0.71 0.85 0.84 1.08 0.98 0.55 0.48
BRLT101 L3.0 ± 1.0 0.83 0.68 0.86 0.73 1.13 1.02 0.34 0.49
BRLT102 L0.0 ± 0.5 0.94 0.88 1.06 0.91 1.03 1.05 0.42 0.49
BRLT103 L5.5 ± 0.5 0.74 0.74 0.92 0.71 1.00 0.89 0.36 0.50
BRLT104 M9.0 ± 0.5 1.08 0.93 0.93 0.96 0.98 0.80 0.40 0.46
BRLT105 L5.0 ± 0.5 0.82 0.78 0.96 0.84 1.07 0.99 0.53 0.48
BRLT106 M9.0 ± 0.5 0.97 0.88 0.97 0.84 1.03 1.00 0.37 0.48
BRLT108 L6.5 ± 0.5 0.79 0.73 0.91 0.82 1.10 1.01 0.68 0.47
BRLT111 L2.0 ± 0.5 0.86 0.77 0.90 0.81 1.05 1.06 0.53 0.48
BRLT112 L1.0 ± 0.5 0.86 0.79 0.98 0.85 1.04 0.95 0.43 0.48
BRLT113 M9.0 ± 0.5 1.17 0.88 1.05 0.93 1.02 1.05 0.36 0.47
BRLT114 L6.0 ± 0.5 0.76 0.73 0.91 0.82 1.08 0.93 0.68 0.52
BRLT116 T2.5 ± 0.5 0.55 0.54 0.82 0.62 0.85 0.74 0.33 0.46
BRLT117 L5.0 ± 1.0 0.88 0.70 0.81 0.78 1.03 0.89 0.56 0.48
BRLT119 L4.0 ± 0.5 0.87 0.76 0.90 0.86 1.03 1.01 0.51 0.46
BRLT121 L1.0 ± 0.5 0.91 0.80 0.99 0.81 1.01 1.03 0.36 0.47
BRLT122 L1.0 ± 0.5 0.91 0.84 0.95 0.82 1.04 0.90 0.40 0.50
BRLT123 L2.0 ± 0.5 0.95 0.80 0.94 0.85 1.03 1.05 0.47 0.46
BRLT129 L5.0 ± 1.0 0.80 0.70 0.95 0.79 1.04 0.95 0.58 0.49
BRLT130 L3.0 ± 1.0 0.94 0.69 0.93 0.78 1.10 1.04 0.34 0.49
BRLT131 T3.0 ± 0.5 0.38 0.45 0.65 0.48 0.71 0.49 0.27 0.45
BRLT133 M9.0 ± 0.5 1.04 0.86 0.96 0.91 0.99 0.98 0.42 0.46
BRLT135 T2.5 ± 0.5 0.51 0.50 0.79 0.56 0.85 0.49 0.28 0.51

Continued on the next page.
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Continued from the previous page.
Name Spectral type H2O-J H2O-H H2O-K CH4-J CH4-H CH4-K K/J H-dip
BRLT136 L1.0 ± 1.0 0.93 0.87 0.96 0.86 1.06 1.02 0.37 0.48
BRLT137 L4.5 ± 0.5 0.76 0.72 0.88 0.75 1.04 0.91 0.52 0.50
BRLT138 L2.0 ± 1.0 0.88 0.82 0.97 0.86 1.06 0.98 0.50 0.49
BRLT139 L4.0 ± 1.0 0.80 0.74 0.84 0.73 1.04 0.95 0.41 0.49
BRLT140 L0.0 ± 0.5 0.94 0.86 0.96 0.84 1.07 1.00 0.41 0.48
BRLT142 L2.5 ± 0.5 0.85 0.82 0.97 0.85 1.08 0.98 0.54 0.49
BRLT144 L5.0 ± 1.0 0.86 0.68 0.84 0.81 0.97 0.93 0.46 0.47
BRLT145 L1.0 ± 0.5 0.93 0.83 1.01 0.84 1.02 0.99 0.42 0.49
BRLT147 T3.0 ± 0.5 0.44 0.49 0.64 0.48 0.79 0.50 0.26 0.45
BRLT149 L6.0 ± 1.0 0.78 0.68 0.83 0.77 1.04 0.98 0.43 0.49
BRLT152 L0.0 ± 0.5 1.05 0.91 0.99 0.91 1.03 1.03 0.41 0.49
BRLT153 L1.0 ± 0.5 0.91 0.84 1.02 0.82 1.06 1.02 0.34 0.48
BRLT155 L3.0 ± 1.0 0.86 0.75 1.05 0.88 1.09 1.00 0.50 0.49
BRLT159 L9.0 ± 0.5 0.73 0.67 0.80 0.78 1.02 0.89 0.62 0.50
BRLT162 L0.5 ± 0.5 0.97 0.86 1.11 0.84 1.06 1.06 0.35 0.49
BRLT163 L1.0 ± 0.5 0.83 0.83 1.02 0.90 1.05 1.09 0.44 0.48
BRLT164 T3.0 ± 0.5 0.54 0.53 0.71 0.57 0.70 0.39 0.24 0.46
BRLT165 L2.0 ± 0.5 0.92 0.86 0.95 0.90 1.04 1.03 0.46 0.50
BRLT168 L4.0 ± 0.5 0.79 0.75 0.92 0.80 1.09 1.03 0.56 0.46
BRLT171 L5.0 ± 0.5 0.79 0.74 0.94 0.82 1.08 1.00 0.55 0.49
BRLT176 L4.0 ± 1.0 0.87 0.77 0.96 0.79 1.01 0.96 0.44 0.49
BRLT179 T4.5 ± 0.5 0.32 0.48 0.48 0.43 0.45 0.26 0.07 0.43
BRLT181 L1.0 ± 1.0 1.09 0.88 1.09 0.89 1.03 1.01 0.42 0.49
BRLT182 T3.0 ± 0.5 0.51 0.50 0.74 0.57 0.79 0.61 0.37 0.44
BRLT186 L1.0 ± 1.0 0.92 0.85 1.04 0.85 1.04 1.03 0.39 0.49
BRLT190 T4.0 ± 0.5 0.34 0.47 0.54 0.48 0.54 0.19 0.22 0.36
BRLT197 T2.0 ± 1.0 0.54 0.64 0.87 0.66 0.88 0.70 0.44 0.47
BRLT198 L3.0 ± 1.0 0.90 0.80 1.06 0.84 1.06 1.04 0.39 0.47
BRLT202 T2.5 ± 0.5 0.45 0.57 0.81 0.52 0.79 0.60 0.32 0.44
BRLT203 T3.0 ± 1.0 0.39 0.58 0.82 0.53 0.81 0.74 0.46 0.44
BRLT206 L2.0 ± 0.5 0.90 0.83 0.91 0.82 1.06 1.10 0.45 0.48
BRLT207 L7.0 ± 0.5 0.70 0.73 0.99 0.82 1.08 0.97 0.83 0.50
BRLT210 L4.5 ± 0.5 0.77 0.75 0.96 0.82 1.09 1.01 0.54 0.49
BRLT212 L6.0 ± 1.0 0.73 0.66 0.83 0.68 1.08 0.91 0.37 0.51
BRLT216 M9.0 ± 0.5 1.10 0.88 1.07 0.90 1.00 0.99 0.39 0.49
BRLT217 T0.0 ± 0.5 0.69 0.66 0.89 0.75 0.94 0.78 0.50 0.52
BRLT218 L6.0 ± 0.5 0.79 0.71 0.95 0.80 1.13 1.04 0.62 0.52
BRLT219 T3.0 ± 0.5 0.43 0.46 0.73 0.52 0.68 0.40 0.26 0.44
BRLT220 L2.0 ± 0.5 0.89 0.77 0.83 0.85 1.09 1.07 0.51 0.47
BRLT227 L3.0 ± 0.5 0.83 0.76 0.91 0.85 1.10 1.07 0.55 0.50
BRLT229 M8.0 ± 0.5 1.23 0.95 1.01 0.95 1.05 1.04 0.37 0.50
BRLT231 L5.0 ± 0.5 0.87 0.77 0.91 0.85 1.07 1.00 0.59 0.49
BRLT232 T2.5 ± 0.5 0.51 0.58 0.78 0.56 0.81 0.70 0.38 0.45
BRLT234 L4.0 ± 1.0 0.74 0.67 0.87 0.64 1.09 0.95 0.26 0.50
BRLT236 L3.5 ± 0.5 0.82 0.71 0.93 0.76 1.07 0.97 0.43 0.49
BRLT237 L4.0 ± 1.0 0.84 0.69 0.88 0.84 1.09 0.99 0.49 0.51
BRLT240 L3.0 ± 0.5 0.94 0.82 0.93 0.90 1.05 1.05 0.55 0.47
BRLT243 T0.0 ± 0.5 0.70 0.60 0.73 0.69 1.01 0.76 0.50 0.51
BRLT247 M9.0 ± 0.5 1.09 0.90 1.09 0.93 0.97 1.00 0.41 0.48
BRLT249 L5.0 ± 0.5 0.84 0.71 0.84 0.84 1.05 0.92 0.57 0.50
BRLT250 L1.0 ± 0.5 0.85 0.77 0.83 0.79 1.05 0.94 0.46 0.49
BRLT251 L1.0 ± 0.5 0.92 0.80 0.94 0.80 1.00 0.94 0.34 0.48
BRLT253 L1.0 ± 1.0 0.89 0.71 0.86 0.72 1.09 0.99 0.27 0.48
BRLT254 L5.0 ± 0.5 0.84 0.82 0.95 0.89 1.06 1.04 0.54 0.49
BRLT258 L5.0 ± 1.0 0.80 0.72 0.90 0.80 1.03 0.89 0.53 0.49
BRLT260 L2.0 ± 1.0 0.80 0.70 0.89 0.71 1.11 1.00 0.29 0.49

Continued on the next page.
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Continued from the previous page.
Name Spectral type H2O-J H2O-H H2O-K CH4-J CH4-H CH4-K K/J H-dip
BRLT262 L0.0 ± 0.5 0.90 0.82 0.96 0.89 1.12 1.02 0.47 0.49
BRLT265 L2.0 ± 0.5 0.89 0.80 0.92 0.80 1.04 1.07 0.47 0.48
BRLT269 L7.0 ± 0.5 0.62 0.69 0.91 0.82 1.10 0.99 0.76 0.50
BRLT270 L2.0 ± 1.0 0.81 0.72 0.83 0.72 1.05 0.89 0.33 0.50
BRLT274 L2.0 ± 0.5 0.73 0.76 1.11 0.89 1.17 1.07 0.63 0.48
BRLT275 T2.0 ± 2.0 0.50 0.64 0.86 0.60 0.84 0.76 0.44 0.45
BRLT276 L0.0 ± 0.5 0.96 0.83 1.06 0.85 1.02 1.03 0.38 0.49
BRLT279 L1.0 ± 0.5 0.91 0.83 1.01 0.82 1.05 1.03 0.39 0.48
BRLT281 T0.0 ± 1.0 0.67 0.67 0.84 0.68 0.94 0.86 0.51 0.51
BRLT283 L5.0 ± 1.0 0.81 0.71 0.88 0.79 0.99 0.87 0.37 0.49
BRLT285 L5.0 ± 0.5 0.80 0.73 0.78 0.82 1.05 0.96 0.62 0.52
BRLT286 sdL4.0 ± 1.0 1.07 0.91 1.09 0.77 0.92 0.92 0.18 0.49
BRLT287 T3.0 ± 0.5 0.48 0.49 0.71 0.53 0.80 0.48 0.28 0.47
BRLT290 T2.0 ± 0.5 0.50 0.49 0.78 0.58 0.90 0.61 0.35 0.50
BRLT295 L4.0 ± 2.0 0.83 0.80 0.99 0.76 0.96 0.97 0.33 0.47
BRLT296 L4.0 ± 0.5 0.84 0.75 0.89 0.82 1.05 0.99 0.46 0.49
BRLT297 L4.5 ± 0.5 0.83 0.76 0.95 0.89 1.06 1.00 0.52 0.50
BRLT299 L4.0 ± 1.0 0.77 0.74 0.90 0.76 1.03 0.92 0.46 0.49
BRLT301 L1.0 ± 0.5 0.92 0.77 0.92 0.82 1.03 1.03 0.42 0.47
BRLT302 L4.0 ± 1.0 0.81 0.72 0.89 0.76 1.07 0.90 0.39 0.49
BRLT305 L5.5 ± 1.0 0.94 0.79 0.95 0.91 0.98 0.94 0.62 0.47
BRLT306 L4.5 ± 0.5 0.82 0.80 1.02 0.76 1.01 0.93 0.40 0.48
BRLT307 L1.0 ± 0.5 0.93 0.88 1.12 0.93 1.06 0.98 0.46 0.49
BRLT308 L5.0 ± 0.5 0.74 0.72 0.94 0.82 1.09 1.03 0.57 0.50
BRLT309 L7.0 ± 0.5 0.56 0.65 0.94 0.88 1.24 1.10 1.18 0.52
BRLT311 T3.0 ± 0.5 0.42 0.56 0.82 0.56 0.70 0.60 0.30 0.44
BRLT312 T0.0 ± 0.5 0.62 0.66 0.87 0.67 0.94 0.91 0.42 0.48
BRLT313 L3.5 ± 0.5 0.83 0.74 0.95 0.89 1.04 1.00 0.53 0.48
BRLT314 L7.5 ± 0.5 0.73 0.71 0.96 0.81 1.05 0.96 0.70 0.49
BRLT315 L1.0 ± 1.0 0.88 0.83 0.96 0.79 1.04 1.04 0.35 0.51
BRLT316 L1.0 ± 0.5 0.87 0.81 1.02 0.82 1.11 1.06 0.37 0.50
BRLT317 L3.0 ± 1.0 0.79 0.71 0.92 0.71 1.09 0.96 0.31 0.50
BRLT318 L1.0 ± 0.5 0.84 0.84 1.02 0.85 1.14 1.00 0.41 0.51
BRLT319 T3.0 ± 0.5 0.42 0.47 0.69 0.50 0.79 0.43 0.28 0.47
BRLT320 L1.0 ± 0.5 0.90 0.80 0.95 0.85 1.15 0.93 0.43 0.49
BRLT321 T4.0 ± 0.5 0.38 0.43 0.57 0.44 0.60 0.25 0.25 0.37
BRLT322 L5.0 ± 0.5 0.71 0.71 0.90 0.73 1.09 0.95 0.54 0.51
BRLT323 L5.0 ± 1.0 0.77 0.72 0.87 0.76 1.04 1.05 0.43 0.49
BRLT325 T2.0 ± 1.0 0.53 0.49 0.66 0.56 0.90 0.50 0.27 0.49
BRLT328 L3.0 ± 1.0 0.89 0.78 0.98 0.83 1.09 1.05 0.36 0.51
BRLT330 L2.0 ± 1.0 0.81 0.78 0.98 0.73 1.22 1.05 0.34 0.49
BRLT331 L3.0 ± 1.0 0.85 0.71 1.06 0.74 1.05 0.93 0.30 0.49
BRLT332 L3.0 ± 1.0 0.87 0.86 1.01 0.75 1.10 0.96 0.35 0.50
BRLT333 T2.0 ± 0.5 0.53 0.57 0.77 0.59 0.98 0.72 0.39 0.52
BRLT334 L3.5 ± 0.5 0.84 0.74 0.91 0.83 1.05 0.96 0.48 0.49
BRLT335 L4.0 ± 1.0 0.81 0.75 0.95 0.80 1.03 0.93 0.42 0.47
BRLT338 L1.0 ± 1.0 0.89 0.74 1.02 0.82 1.10 1.12 0.34 0.50
BRLT340 L4.0 ± 0.5 0.79 0.75 0.97 0.90 1.08 1.06 0.49 0.49
BRLT343 L9.0 ± 1.0 0.69 0.71 0.89 0.75 1.05 0.92 0.61 0.50
BRLT344 T0.0 ± 1.0 0.55 0.69 0.97 0.68 0.93 0.90 0.55 0.45

Table 3.2: Spectral indices for the objects in the sample.
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Fig. 3.1: The spectra of the objects presented here.
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Fig. 3.2: The Xshooter spectra of the objects from the sample, sorted in ascending order of spectral
type.
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Fig. 3.3: The Xshooter spectra of the objects from the sample, sorted in ascending order of spectral
type.
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Fig. 3.4: The Xshooter spectra of the objects from the sample, sorted in ascending order of spectral
type.
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Fig. 3.5: The Xshooter spectra of the objects from the sample, sorted in ascending order of spectral
type.
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Fig. 3.6: The Xshooter spectra of the objects from the sample, sorted in ascending order of spectral
type.
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Fig. 3.7: The Xshooter spectra of the objects from the sample, sorted in ascending order of spectral
type.
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Fig. 3.8: The Xshooter spectra of the objects from the sample, sorted in ascending order of spectral
type.
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Fig. 3.9: The Xshooter spectra of the objects from the sample, sorted in ascending order of spectral
type.
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Fig. 3.10: The Xshooter spectra of the objects from the sample, sorted in ascending order of spectral
type.
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Fig. 3.11: The Xshooter spectra of the objects from the sample, sorted in ascending order of spectral
type.
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Fig. 3.12: The Xshooter spectra of the objects from the sample, sorted in ascending order of spectral
type.
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Fig. 3.13: The Xshooter spectra of the objects from the sample, sorted in ascending order of spectral
type.
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Fig. 3.14: The Xshooter spectra of the objects from the sample, sorted in ascending order of spectral
type.
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Fig. 3.15: The signal-to-noise ratio (SNR) distribution in the sample. With typical SNR of 25−30 in
the NIR arm, the spectra are suitable for spectral typing, the reliable calculation of spectral indices
and the identification of peculiar objects and unresolved binaries.
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Index Numerator Denominator Feature
Range Range

H2O-J 1.14-1.165 1.26-1.285 1.15 µm H2O
H2O-H 1.48-1.52 1.56-1.60 1.4 µm H2O
H2O-K 1.975-1.995 2.08-2.10 1.9 µm H2O
CH4-J 1.315-1.34 1.26-1.285 1.32 µm CH4

CH4-H 1.635-1.675 1.56-1.60 1.65 µm CH4

CH4-K 2.215-2.255 2.08-2.12 2.2 µm CH4

K/J 2.060-2.10 1.25-1.29 J-K colour
H -dip 1.61-1.64 1.56-1.59 + 1.66-1.69 1.65 µm CH4

Table 3.3: The spectral indices used to identify unresolved binary candidates. All the indices are
defined in Burgasser et al. (2006a) except for H -dip which is defined in Burgasser et al. (2010).

3.4.2 Identification of unresolved binaries

One possible source of peculiarity in the spectra of brown dwarfs is binarity. Unresolved
binaries are in fact characterized by odd spectra, which are the result of the combination
of the two components of the system. This is particularly true in L/T transition pairs,
where the two components have comparable brightness (see Figure 2.9 but significantly
different spectra (e.g. Burgasser et al., 2010).

In order to select binary candidates within the sample, I follow the method described
by Burgasser et al. (2010), who used a combination of index-index and index-spectral
type diagrams to define a number of criteria to identify unresolved binary candidates.

By analysing the spectra of a set of known L/T unresolved binaries, Burgasser
et al. (2010) identified a series of spectral peculiarities common to among these types
of binaries. A sharp feature at 1.6µm (resulting from the overlap of FeH and CH4

absorption bands), a stronger 1.6µm CH4 absorption band compared to the 2.2µm
CH4 absorption band, a sharper 1.27µm peak (consequence of deeper CH4 and H2O
bands at ∼ 1.1µm), a slightly shifted 2.1µm peak, and an overall blue trend of the
spectral energy distribution have been identified as the most prominent differences
between the spectra of single objects and unresolved binaries.

The indices used to measure the strength of the aforementioned features are defined
by Burgasser et al. (2006a) and Burgasser et al. (2010), and are summarized in Table
3.3. The selection criteria are based on the distribution of known unresolved binaries in
a series of index-index plots. Looking at trends in individual indices and index ratios,
Burgasser et al. (2010) identified six combinations of indices that clearly separate the
known unresolved binaries from the rest of the L/T population. The selection criteria
were set by visually defining regions in the chosen index-index plots that included the
majority of the known binaries, while minimizing the number of non-binary objects
selected. The selection therefore minimizes the number of false positives, but is not
complete. The selection criteria are listed in Table 3.4. Objects that match two of
the six criteria are called “weak candidates” while objects that match three or more
criteria are called “strong candidates”.

With this technique I was able to identify 39 binary candidates, consisting of 21
weak candidates and 18 strong candidates, that are listed in Table 3.5. The index-index
and index-spectral type diagram used are presented in Figure 3.16, where strong can-
didates are marked with a diamond and weak candidates are marked with an asterisk.

To deconvolve the spectra of the binary candidates and determine the types of
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Abscissa Ordinate Inflection Points
(x,y)

H2O-J H2O-K (0.325,0.5),(0.65,0.7)
CH4-H CH4O-K (0.6,0.35),(1,0.775)
CH4-H K/J (0.65,0.25),(1,0.375)
H2O-H H -dip (0.5,0.49),(0.875,0.49)
SpT H2O-J/H2O-H (L8.5,0.925),(T1.5,0.925),(T3.5,0.85)
SpT H2O-J/CH4-K (L8.5,0.625),(T4.5,0.825)

Table 3.4: The selection criteria used to identify unresolved binary candidates. Inflection points are
defined in Burgasser et al. (2010).

Fig. 3.16: The index-index and index-spectral type plots used for binary candidate selection. In each
plot, the dashed line encloses the “selection box” for binary candidates.
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Fig. 3.17: The χ2 distribution for the deconvolution of BRLT203. For each primary+secondary
combination I show the minimum χ2. The best fit is marked by a purple point, and the corresponding
χ2 is shown.

the potential components I used the technique described in Day-Jones et al. (2013).
I created a library of synthetic unresolved binaries combining the spectral templates
taken from the already mentioned SpeX-Prism library. All the templates were scaled
to a common flux level using the MJ -spectral type relation defined in Marocco et al.
(2010) and combined. Each candidate was then fitted with this new set of templates
using a χ2 fitting technique, after normalizing both of them at 1.28 µm. The fit are
presented in Figure 3.18 − 3.27. An example of the χ2 distribution obtained is shown in
Figure 3.17. For each primary+secondary combination I plot the minimum χ2 obtained
(there are on average ∼60 templates for each point in the grid). The best fit is plotted
as a purple dot and the corresponding χ2 is shown. The distribution is somewhat
smooth and clearly converges towards a unique solution, without secondary minima.

The results of this fitting were compared to the results obtained using the standard
templates with a one-sided F test, to assess the statistical significance of the decon-
volution. If the ratio of the two chi-squared fits (η) is greater than the critical value
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(ηcrit =1.15), this represents a 99% significance that the combined template fit is better
than the standard template alone. The results are shown in Table 3.5 where for each
target I present the best fit standard template (with the associated χ2), the best fit
combined template (with χ2) and the η value of the F test. As one can see, 20 out of
39 dwarfs give a statistically better fit using combined templates (η > 1.15) and are
therefore the strongest binary candidates.

Three of these candidates have previously been identified as binaries or binary can-
didates. BRLT131 was resolved into its two component via HST imaging by Burgasser
et al. (2006b), and their spectral types were estimated to be .T2 and T5 based on the
resolved photometry. This is in good agreement with the results of my deconvolution,
suggesting types T2.0 and T7.0. BRLT275 and BRLT281 were identified as strong
binary candidates in Burgasser et al. (2010) and the spectral types of their deconvo-
lution are L5.5+T5.0 for BRLT275 and L7.5+T2.5 for BRLT281. Again these results
are in good agreement with mine, with the best fit template for BRLT275 being an
L6.5+T5.5 and the best fit for BRLT281 being an L5.5+T3.0. BRLT275 was found to
be ∼ 1 mag over-luminous compared to objects of similar “unresolved type” by Faherty
et al. (2012), reinforcing the possibility of this object being a real binary.

For the other candidates, as clearly stated in Burgasser et al. (2010), the results of
this fitting must be taken with caution and a definitive confirmation of the binarity of
these objects must come from high resolution imaging, radial velocity monitoring or
spectro-astrometry.

3.4.3 Identification of peculiar objects

As discussed in the introduction to this work, the most common origins of peculiarities
in the spectra of brown dwarfs are unresolved binarity, and unusual values of surface
gravity and metallicity. Assuming that all the unresolved binaries in the sample have
been successfully identified in Section 3.4.2, I now analyse the SEDs of the remaining
objects to identify peculiar dwarfs.

Subdwarfs

One of the most important sources of opacity in the atmospheres of cool stars and
brown dwarfs is the Collision Induced Absorption (CIA) of molecular hydrogen. This is
particularly true in the atmospheres of metal-poor and/or high surface gravity objects,
where the lack of heavy elements and/or the higher atmospheric pressure enhance
the CIA (Borysow et al., 1997). The spectra of metal deficient/high gravity objects
appear therefore particularly blue compared to solar metallicity/low gravity ones, as
the CIA suppresses significantly the emergent flux in the H and K bands. Other
peculiar signatures of metal deficiency/high gravity are an enhancement of the hydride
absorption bands (CaH and FeH in particular) and of the alkali metals (Na I, K I,
Cs I, and Rb I). This may be somewhat counter-intuitive but, since the lack of heavy
elements prevents the formation of dust, a smaller fraction of alkali is “trapped” into
dust grains, and therefore their lines are stronger.

A reduced metal content and a high surface gravity are generally associated with
old ages. As in the early stages our Galaxy was composed of gas with a significantly
reduced content of heavy elements, brown dwarfs formed at that stage would have
a much lower metallicity compared to younger objects. Similarly, very old object
would have had the time to contract to their final radii, and to cool down significantly
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Target Single template Combined template F-test
name best fit (χ2) best fit (χ2) η

Strong candidates
BRLT15 T2.0 (14.83) L8.0+T7.0 (3.69) 4.02
BRLT16 L3.5 (3.74) L3.0+T3.0 (3.60) 1.04
BRLT33 L3.5 (6.08) L3.0+T4.0 (4.42) 1.37
BRLT45 T1.0 (6.26) T1.0+T3.0 (6.76) 0.92
BRLT87 T1.0 (4.96) T0.0+T2.0 (3.91) 1.27
BRLT116 T2.5 (7.58) L9.5+T3.0 (6.78) 1.12
BRLT133 M9.0 (8.51) L1.0+L1.5 (10.99) 0.77
BRLT144 L5.0 (12.27) L2.0+T3.0 (11.80) 1.04
BRLT182 T3.0 (6.59) L9.0+T4.5 (5.74) 1.15
BRLT197 T2.0 (10.88) L7.0+T5.5 (6.33) 1.72
BRLT202 T2.5 (7.62) L7.5+T5.0 (5.82) 1.31
BRLT203 T3.0 (15.90) L6.0+T5.0 (5.67) 2.80
BRLT232 T2.5 (6.52) L7.0+T5.0 (4.02) 1.62
BRLT275 T2.0 (12.38) L6.5+T5.5 (6.02) 2.05
BRLT305 L5.5 (7.03) L5.0+L6.0 (8.91) 0.79
BRLT311 T3.0 (9.33) T1.0+T5.0 (7.27) 1.28
BRLT312 T0.0 (6.50) L5.0+T4.0 (5.39) 1.20
BRLT344 T0.0 (5.80) L7.0+T7.0 (3.59) 1.62

Weak candidates
BRLT18 L0.0 (37.43) L1.5+L2.5 (42.29) 0.88
BRLT20 L1.0 (12.05) L1.0+T5.5 (9.32) 1.29
BRLT42 M9.0 (5.23) M9.0+L1.0 (3.39) 1.54
BRLT49 M9.0 (4.65) L1.0+T8.0 (6.31) 0.74
BRLT60 L1.0 (2.30) L1.0+T3.0 (2.18) 1.06
BRLT71 L1.5 (5.80) L1.0+L1.5 (5.82) 0.99
BRLT91 T3.0 (3.71) T3.0+T4.0 (3.41) 1.09
BRLT103 L5.5 (8.66) L5.0+T3.0 (5.97) 1.45
BRLT104 M9.0 (26.58) L1.5+T8.0 (32.18) 0.83
BRLT131 T3.0 (2.95) T2.0+T7.0 (2.25) 1.31
BRLT164 T3.0 (7.23) T2.0+T3.0 (6.17) 1.17
BRLT176 L4.0 (7.15) L4.0+T1.0 (6.76) 1.06
BRLT217 T0.0 (11.81) L5.0+T2.0 (10.60) 1.11
BRLT219 T3.0 (9.51) T2.5+T4.0 (8.26) 1.15
BRLT247 M9.0 (12.75) L1.0+L1.5 (17.95) 0.71
BRLT251 L1.0 (9.03) L1.5+T5.0 (6.41) 1.41
BRLT281 T0.0 (5.03) L5.5+T3.0 (3.77) 1.33
BRLT290 T2.0 (4.77) T2.0+T3.0 (4.45) 1.07
BRLT295 L4.0 (13.23) L1.5+T5.5 (8.94) 1.48
BRLT333 T2.0 (4.43) L8.5+T2.5 (3.32) 1.33
BRLT335 L4.0 (4.63) L3.0+T3.0 (4.28) 1.08

Table 3.5: The results of the spectral fitting of the binary candidates with combined templates.
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Fig. 3.18: The spectral deconvolution of the binary candidates.
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Fig. 3.19: The spectral deconvolution of the binary candidates.
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Fig. 3.20: The spectral deconvolution of the binary candidates.
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Fig. 3.21: The spectral deconvolution of the binary candidates.
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Fig. 3.22: The spectral deconvolution of the binary candidates.
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Fig. 3.23: The spectral deconvolution of the binary candidates.
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Fig. 3.24: The spectral deconvolution of the binary candidates.
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Fig. 3.25: The spectral deconvolution of the binary candidates.
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Fig. 3.26: The spectral deconvolution of the binary candidates.
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Fig. 3.27: The spectral deconvolution of the binary candidates.
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Fig. 3.28: The spectrum of BRLT286. Left panel : a zoom of the optical and J band spec-
trum (0.7−1.3 µm). Right panel : the entire spectrum of the object (0.7−2.45 µm). Overplotted
for comparison the spectra of the sdL3.5 SDSS J125637.16−022452.2 (in red) and of the sdL4.0
2MASS J16262034+3925190 (in green). Major absorption features are labelled.

compared to objects of similar mass. Therefore they fall in the same spectral subclass
with younger and smaller (i.e. of lower mass) brown dwarfs, but being more massive
show higher surface gravity.

Old, metal-poor, high gravity objects are generally referred to as “sub-dwarfs”. A
classification scheme for these objects in the near-infrared has not yet been established,
mostly because of the lack of a significant sample of such objects (see Table 8 in
Kirkpatrick et al., 2010, for a complete census of brown dwarfs classified as sub-
dwarfs).

Comparing the spectra of the targets with standard templates and with the available
spectra of known L sub-dwarfs I identified one possible sub-dwarfs, BRLT286. The
object shows all the “trademarks” of metal poor dwarfs: an extremely suppressed
H and K band spectrum, with very little flux at wavelength longer than ∼ 2µm;
enhanced flux in the red optical and J band; strong Na I and K I lines; extremely
deep FeH and CrH absorption bands. I show the spectrum of BRLT286 in Figure 3.28
along with two known sub-dwarfs: the sdL3.5 SDSS J125637.16−022452.2 and the
sdL4 2MASS J16262034+3925190. It is evident that the target is not as extreme as
the two plotted sub-dwarfs, as its H and K band spectrum is slightly brighter while the
optical and J band is much fainter than in the sub-dwarfs, signs of a less prominent CIA
and of a slightly higher dust content of the photosphere. Since there is no established
spectral classification of L sub-dwarfs, I classify BRLT286 as sdL4.0 ± 1.0 given its
high resemblance to the plotted sub-dwarfs.

Unusually blue L dwarfs

A number of objects in the sample show unusually blue infrared colours, but do not
present any clear sign of metal depletion, hence they cannot be classified as sub-dwarfs.
In particular, they do not present significant enhancement of the the alkali absorption
lines, while they still show significant suppression of the H and K band flux, and in
some cases strong FeH and CrH absorption bands.
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Previous studies of the kinematics of such peculiar objects (e.g. Faherty et al.,
2009; Kirkpatrick et al., 2010) have pointed out that blue L dwarfs could be part of an
older population compared to “normal” L dwarfs, but not as old as the halo population.
The metal abundances of these peculiar objects would then be reduced, but not enough
to be labelled as sub-dwarfs.

A problem that arises immediately is how to classify these targets, as their spectra
diverge significantly from those of standard objects. I adopted an hybrid way of classi-
fying the blue L dwarfs in the sample. I fit the spectra of the targets with the standard
templates, but instead of normalizing both the target and the template at a chosen
point, I cut the spectra in three parts, roughly corresponding to the optical + J band,
H band, and K band, and then separately normalize and fit these three parts. The
final spectral type is given by the template that fits best the three separate portions.

To check the robustness of this method I compare in Figure ?? the results obtained
for BRLT212, since this object is in common with the PARSEC sample presented in
Chapter 2. On the left hand side I show the best-fit spectrum identified using the
by-eye approach described in Chapter 2, while on the right hand side I show the best
fit obtained with the new method introduced here. The L1.0 standard, selected via
by-eye matching, fits well the optical and J band spectrum, underestimating however
the depth of the H2O absorption band at ∼ 1.15µm. The H and K band on the other
hand are poorly fit, with much stronger H2O absorption bands in the target, indicative
of a later spectral type. The L6.0 fits much better these two regions of the spectrum,
as well as the H2O absorption band at ∼ 1.15µm, but fails to match accurately the
flux level in the red-optical and J band. However, this discrepancy can be explained
assuming that the target is a metal-poor object. In a low metallicity atmosphere dust
formation is hampered, so the total dust opacity is reduced. A reduced dust opacity
results in bluer colours, since observations can probe deeper into the photosphere of
the object, where the temperature and pressure are higher. The effect of the CIA on
the emergent spectrum is therefore higher and the overall spectral energy distribution
is bluer. A spectral type of L6.0 is also consistent with the spectral indices and the
absolute magnitudes of the target (see Figures 2.9 and 2.11). I therefore conclude that
this new approach is a more accurate and reliable way to determine the spectral type
for peculiar objects.

The spectra of the blue L dwarfs identified here are presented in Figures 3.30 - 3.32.
For each object I overplot in red the best fit standard template. The targets generally
present suppressed H and K band fluxes, and enhanced J bands. The H and K band
suppression can be an indication of an enhancement of the CIA, which is the proxy
of metal depletion or high surface gravity, and this would be in agreement with the
hypothesis of Faherty et al. (2009), suggesting the membership of peculiar L dwarfs to
a slightly older population.

Another common feature in all the blue L dwarfs is the presence of very strong
H2O absorption bands. When looking at Figure 3.35, it is evident how blue L dwarfs
tend to lie below the “main sequence” in the three plots on the left, with H2O based
indices typical of objects of later spectral type. This could be the effect of a reduced
dust content in these metal poor atmospheres, that makes water the main source of
opacity.

A general consideration that arises from the analysis of the spectra of the new sub-
dwarfs is that the spectral indices measuring the water bands depth are particularly
good to pick up the sub-dwarfs, as can be seen by the spectra of the targets and those of
the standard templates (Figures 3.30 to 3.32). The three water indices (H2O-J, H2O-H,
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Fig. 3.29: The spectrum of BRLT212 compared to the best-fit templates obtained folllowing two
methods. Left : the best fit obtained via by-eye matching (see Section 2.3.2). Right : the best fit
obtained via spectral fitting (see text for details). The L6.0 standard provides a better match to the
H and K band spectra, while the L1.0 fits better the red-optical and J band. This is an indication
of metal depletion.

and H2O-K) lie in regions where the flux ratio diverges significantly from unity, while
the other indices, and in particular CH4-J, CH4-H, and CH4-K pick up features that
are much less influenced by metal depletion.

It must be noted at this point that an alternative explanation for unusually blue
L dwarfs is unresolved binarity. The presence of a close T type companion would
produce a similar effect. However, only one of the new blue L dwarfs matches the
selection criteria for binaries (BRLT16), and its fit with unresolved binary templates
is not significantly better than the one with a single template (see Section 2.3.3). I
therefore conclude that the sample of blue L dwarfs is entirely made of intrinsically
blue objects.

Blue T dwarfs

As for the blue L dwarfs, I identified 2 peculiar T dwarfs which show H and K band
suppression.

A number of unusually blue T dwarfs have been presented in Murray et al. (2011),
who selected the peculiar objects based on their MKO photometry. One of the two
objects identified here, BRLT179, was indeed part of that sample. The spectra of the
two blue T dwarfs in the sample are presented in Figure 3.33. Both of them show a
very suppressed K band flux, which is indicative of an enhanced CIA. Whether this
enhancement is due to low metallicity or to a higher surface gravity is still a matter of
debate (see for instance Murray et al., 2011). A way to distinguish between the two
cases is the analysis of the kinematics of the brown dwarfs, as thick disk or halo-like
space velocities would be suggestive of a metal-poor nature, while in the case of a thin
disk-like space motion high gravity would be the preferred explanation.

BRLT50 : the general shape of the spectrum of this object is well fitted by the T6
standard SDSSp J162414.37+002915.6. However, the peak of the J and H band are
slightly lower in the target, and the K band is clearly suppressed, all hints to metal
depletion. The kinematics can generally offer insights into the interpretation of the
nature of peculiar objects like this one, but with no measured proper motion, I cannot
address the possibility of this object belonging to a older disk population.

BRLT179 : I assigned a spectral type of T4.5 to this object as the T5 standard
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Fig. 3.30: The spectra of the peculiar blue L dwarfs. Overplotted in red I show the best fit template
for each target.
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Fig. 3.31: The spectra of the peculiar blue L dwarfs. Overplotted in red I show the best fit template
for each target.
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Fig. 3.32: The spectra of the peculiar blue L dwarfs. Overplotted in red I show the best fit template
for each target.
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Fig. 3.33: The spectra of the peculiar blue T dwarfs. Overplotted in red I show the best fit template
for each target.
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reproduces quite well the general shape of the SED in the 0.7−1.8 µm range, except
for the depth of the H2O absorption at 1.15 and 1.35 µm. These features are much
better fitted by the T4 standard. The flux level in the K band is extremely suppressed,
with almost no flux left. The assigned spectral type is 1 subtype later than the one
given in Burningham et al. (2010b), but that is based on a 1.05−1.35 µm spectrum
only. The kinematics analysis of BRLT179 performed by Murray et al. (2011) suggests
a young disk nature for this object, which is somewhat surprising as BRLT179 is the
second bluest T dwarf known (J−K = -1.2 ± 0.1), and its K band spectrum is strongly
suppressed. This apparent inconsistency is in common with the bluest T dwarf known,
SDSS J1416+1348B (Burningham et al., 2010a; Scholz, 2010) which has young disk
kinematics as well.

Low gravity and unusually red L dwarfs

While unusually blue infrared colours are generally tracers of reduced metallicity or
high surface gravity, unusually red spectra are the product of an increased metal content
or a low surface gravity (which is typical of young objects). I refer the reader to Section
1.6.2 and references therein for a more detailed description of the spectral signatures
associated (or believed to be associated) with these two atmospheric parameters, and
the classification scheme developed for this type of objects.

I identified 3 peculiar red L dwarfs within the sample, and their spectra can be found
in Figure 3.34. A discussion of their characteristics is in the following paragraphs.

BRLT22 and BRLT85 : these two late M dwarfs show the peculiar signs of low
gravity objects. Specifically they have a somewhat triangular shaped H band, and
shallower alkali lines in the J band (in particular in BRLT85). Both objects also show
stronger water absorption when compared to the standard template (overplotted in red
in Figure 3.34). In both cases the low gravity M8 template matches better the SED
of the target. The gravity classification scheme defined in Allers & Liu (2013) gives a
classification of INT-G for BRLT22 and LOW-G for BRLT85, further highlighting the
peculiar nature of these two targets. A definitive confirmation has to come from the
kinematics, possibly associating the targets to known young moving groups in the solar
neighbourhood.

BRLT309 : it is the reddest object in the sample, and one of the two reddest brown
dwarfs known (depending on the colour considered). I assign a spectral type of L7 as
the corresponding standard provides the closest match to the separately normalized J,
H, and K band peaks. Its spectrum however diverges significantly from the standard
in the optical and in particular in the H and K band. The reduced flux at λ < 1.2
µm, the triangular shape of the H and K band peak and their enhancement, and
the very strong CO feature are all hallmarks of increased dust opacity. The general
shape of the spectrum shows a significant resemblance to that of the proposed very
low gravity L7 standard (plotted in green in Figure 3.34). The Allers & Liu (2013)
gravity classification for BRLT309 however is FLD-G. A more detailed description of
the characteristics of this object, and a more in-depth analysis of its properties can be
found in Chapter 5.
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Fig. 3.34: The spectra of the peculiar red L dwarfs. Overplotted in red and green I show the best fit
field standard and the best fit low gravity standard
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3.5 Spectral indices and equivalent width

A way to quantify the evolution of spectral features across the spectral sequence is to
use spectral indices to measure their strength. The spectral indices calculated for the
targets are presented in Table 3.2, and plotted in Figure 3.35 and 3.36. The peculiar
objects identified in the previous section are plotted in colour.

In Figure 3.35 one can see how the indices measuring the relative strength of the
water absorption bands (the three plots on the left hand side) correlate very well with
spectral types. Blue L dwarfs tend to have stronger water absorption bands and their
indices therefore are typical of later type objects (as late as T0−T1 in some cases),
lying below the “main sequence”. A purely index-based classification for these objects
could therefore lead to systematically later types. The sub-dwarf candidate on the
other hand is above the sequence, not because it has shallower water bands (see Figure
3.28), but because the flux in the H and K band is suppressed by the CIA and therefore
the relative depth of those bands is shallower.

The right hand side of Figure 3.35 shows the indices measuring the relative depth of
the methane absorption bands. Not surprisingly, the correlation between those indices
and spectral type is valid only in the T dwarf range, as there is no methane absorption
in L dwarfs.

In Figure 3.36 I present a series of index-index plots. It is easy to spot the “main
sequence”, from the late-Ms and early-Ls on the top-right to the mid-Ts in the bottom-
left corner of each plot. Once again, the methane indices do not correlate in the L dwarfs
regime, with all of the L dwarfs clustered in the 0.8−1.0 range for each methane index.
When looking at the left hand side of the figure, blue L dwarfs tend to be clustered
below the sequence, further stressing the unusual strength of their water absorption
bands, while blue T dwarfs sit above it. In particular the two blue T dwarfs have very
high values of the H2O-K index, which is the effect of their extreme flux suppression in
the K band. With very little flux left, their K band spectra are almost flat, and their
corresponding indices tend to one. The extremely red L dwarf is also slightly above
the sequence, but its position is not as extreme as suggested by its photometry. This
is in agreement with its FLD-G classification.

While these indices give an indication of the evolution of broad molecular absorption
bands, to measure the strength of narrow atomic lines I calculated their equivalent
width. As discussed in Section 1.5 the main atomic lines in the spectra of brown
dwarfs are Na I and K I. I calculated the equivalent width of the Na I doublet at 1.139
µm, and the K I lines at 1.169, 1.177, 1.244, and 1.253 µm, as these are the strongest
and best detected lines.

To measure the equivalent width, I fit each doublet and the region of the spectrum
around it using a double gaussian profile. I decided to fit the doublets together since
the lines are too close to allow for a separate fit, as one would have to restrict the
region to fit too much, leading to a more uncertain determination of the continuum.
The continuum is a parameter of the fit, and is assumed to be changing linearly as
a function of wavelength. This is to take into account that, especially in late type
objects, some of the lines considered do not fall in regions of flat continuum. The
centre of the lines is also a parameter of the fit, but the separation between them is
fixed and assumed to be equal to the tabulated separation. The equation describing
each doublet is therefore:

F (λ) = F0 + λ× C + a1e
(λ−λ1)2/2σ2

1 + a2e
(λ−(λ1+∆λ))2/2σ2

2 (3.1)
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Fig. 3.35: The spectral indices as a function of spectral type. Peculiar objects are plotted in colours.
The spectral indices calculated for a series of known L and T dwarfs from the literature are overplotted
for reference.
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Fig. 3.36: Index-index plots. Peculiar objects are plotted in colours. The spectral indices calculated
for a series of known L and T dwarfs from the literature are overplottedfor reference. The “main
sequence” is clearly visible from the top-right to the bottom-left corner of each plot.
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where F0 and C are the two parameters describing the continuum, λ1 is the centre
of the first line in the doublet, ∆λ is the separation between the two lines, σ1 and σ2

are the width of the two lines, and a1 and a2 are intensity of the two lines, i.e. the
minimum flux at the centre of the lines. F0, C, λ1, a1, a2, σ1 and σ2 are all parameters
of the fit.

The equivalent width measured for the targets are presented in Table 3.6 and plotted
as a function of effective temperature in Figure 3.37. Since the Na I doublet at 1.139
µm is partly blended, the values presented are the total equivalent width of the doublet.
The effective temperature of an object was determined from its spectral type using the
type-to-temperature conversion presented in Chapter 2. Objects with very low signal
to noise, or with dubious detection of the lines have been omitted. Measurements with
relative errors larger than 0.33 are plotted as open circles, while those with relative
errors better than 0.33 are plotted as filled circles. Overplotted for reference are the
equivalent width calculated for the BT-Settl atmospheric models (Allard et al., 2011)
for solar metallicity, and three different values of surface gravity. The equivalent widths
show a large scatter, and there is no clear separation between blue/red L and T dwarfs
and the rest of the sample.

The models suggest that the lines should reach their maximum strength at Teff ∼
2000 K, and then slowly get weaker towards lower temperature. Looking at the values
from the sample, only the K I lines at 1.244 and 1.253 µm follow the expected trend,
while the Na I doublet and the K I lines at 1.169 and 1.177 µm remain strong even
at temperatures as low as ∼1200 K. However the discrepant measurements tend to
have very large associated errors. This is because the mentioned lines fall in regions of
growing H2O and CH4 absorption, so in late type (i.e. low Teff) objects the signal-to-
noise ratio in those areas decreases sharply, and the fit to the doublet get less reliable.
This would not be a problem in the atmospheric models, nor for the K I lines at 1.244
and 1.253 µm since they fall in a region where water and methane absorption is less
prominent, and therefore follow the expected trend.

Name Spectral type
Equivalent width (Å)

Na I K I K I K I K I

1.139µm 1.169µm 1.177µm 1.244µm 1.253µm
BRLT1 L9.0 ± 0.5 0.90 8.52 3.83 2.50 2.73
BRLT2 L1.0 ± 1.0 6.79 5.23 4.77 9.27 2.38
BRLT3 L9.0 ± 1.0 1.33 3.95 4.72 0.57 3.87
BRLT6 L3.0 ± 1.0 6.88 2.15 2.70 9.36 2.58
BRLT7 M8.0 ± 1.0 6.41 1.26 5.69 3.04 4.95
BRLT8 L8.5 ± 0.5 3.50 5.46 1.92 1.68 3.89
BRLT9 L1.0 ± 1.0 7.38 4.97 8.39 5.20 6.09
BRLT10 L9.0 ± 0.5 2.41 2.42 3.52 0.67 1.32
BRLT12 L3.0 ± 1.0 4.24 2.82 8.70 5.39 5.61
BRLT14 L0.0 ± 0.5 . . . . . . . . . . . . . . .
BRLT15 T2.0 ± 2.0 . . . 4.29 2.20 1.57 2.66
BRLT16 L2.0 ± 1.0 6.92 6.76 4.91 5.89 2.72
BRLT18 L0.0 ± 1.0 . . . . . . . . . . . . . . .
BRLT20 L1.0 ± 1.0 5.90 5.08 8.69 5.77 2.06
BRLT21 L3.5 ± 0.5 8.09 4.08 9.37 7.41 8.32
BRLT22 M8.0 ± 0.5 4.41 6.26 5.04 6.27 . . .
BRLT24 L3.5 ± 0.5 12.53 3.42 6.94 5.96 6.70

Continued on the next page.
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Continued from the previous page.

Name Spectral type
Equivalent width (Å)

Na I K I K I K I K I

1.139µm 1.169µm 1.177µm 1.244µm 1.253µm
BRLT26 L5.5 ± 0.5 8.97 5.77 5.57 4.03 2.66
BRLT27 T0.0 ± 0.5 3.55 5.59 3.87 5.78 1.67
BRLT28 L6.0 ± 0.5 . . . 5.62 5.65 . . . . . .
BRLT30 L5.0 ± 0.5 . . . . . . . . . 4.72 . . .
BRLT31 L4.0 ± 1.0 3.32 4.61 6.50 5.72 4.59
BRLT32 L1.5 ± 0.5 7.89 3.63 9.26 9.26 6.69
BRLT33 L3.5 ± 0.5 4.41 0.87 9.33 9.04 4.65
BRLT35 M9.5 ± 0.5 9.89 4.11 7.79 5.19 3.75
BRLT37 L5.0 ± 0.5 8.38 3.00 6.83 6.46 5.72
BRLT38 T0.0 ± 0.5 5.33 2.69 3.04 1.36 2.95
BRLT39 L5.0 ± 1.0 3.29 6.08 7.12 5.18 7.94
BRLT42 M9.0 ± 0.5 8.58 0.81 5.57 1.68 3.40
BRLT44 L5.0 ± 1.0 2.02 7.24 7.71 3.34 3.00
BRLT45 T1.0 ± 0.5 1.07 0.73 2.63 1.88 3.14
BRLT46 L0.5 ± 0.5 9.54 8.13 7.45 10.87 3.50
BRLT48 L4.5 ± 0.5 . . . . . . . . . . . . . . .
BRLT49 M9.0 ± 0.5 . . . 2.72 5.23 3.95 5.04
BRLT50 T6.0 ± 0.5 . . . . . . . . . . . . . . .
BRLT51 L3.0 ± 1.0 11.88 4.20 4.86 9.75 2.31
BRLT52 L5.5 ± 0.5 . . . 6.53 7.08 1.24 3.51
BRLT56 L1.5 ± 1.0 5.34 4.89 9.50 7.13 4.33
BRLT57 L0.0 ± 1.0 5.53 4.35 4.29 7.53 3.09
BRLT58 L4.0 ± 1.0 5.26 4.51 11.05 9.47 4.71
BRLT60 L1.0 ± 1.0 12.12 5.83 2.94 9.67 2.43
BRLT62 L5.0 ± 1.0 9.46 4.39 6.54 7.42 3.37
BRLT63 L1.0 ± 0.5 6.03 3.11 5.03 6.67 6.96
BRLT64 L4.0 ± 0.5 10.78 2.56 6.51 . . . 5.02
BRLT65 M9.0 ± 0.5 . . . . . . 5.44 4.58 5.82
BRLT66 L5.0 ± 0.5 7.67 3.95 5.28 6.04 4.49
BRLT67 L1.0 ± 0.5 8.17 4.98 3.20 7.99 8.89
BRLT68 L5.0 ± 0.5 14.65 4.99 . . . . . . 3.22
BRLT69 L1.0 ± 0.5 9.03 2.97 5.19 5.65 5.35
BRLT71 L1.5 ± 0.5 9.86 7.50 8.03 6.84 2.80
BRLT72 M9.0 ± 0.5 7.66 2.06 7.81 4.20 4.75
BRLT73 L1.0 ± 0.5 9.70 6.78 9.71 12.73 6.47
BRLT74 L9.5 ± 1.0 3.04 8.25 2.12 3.74 3.16
BRLT75 M9.0 ± 1.0 5.80 5.32 4.95 4.26 0.29
BRLT76 L5.5 ± 0.5 9.98 7.26 6.58 9.89 2.55
BRLT78 L1.0 ± 0.5 15.59 8.53 14.00 8.82 . . .
BRLT81 M9.0 ± 0.5 4.43 2.52 4.94 7.57 . . .
BRLT82 L1.0 ± 0.5 7.93 3.65 7.38 7.66 3.86
BRLT83 M8.0 ± 1.0 7.97 6.65 5.46 5.51 5.07
BRLT84 L3.5 ± 0.5 7.73 . . . 4.77 2.07 1.93
BRLT85 M8.0 ± 0.5 5.84 5.77 4.03 5.36 . . .

Continued on the next page.
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Continued from the previous page.

Name Spectral type
Equivalent width (Å)

Na I K I K I K I K I

1.139µm 1.169µm 1.177µm 1.244µm 1.253µm
BRLT87 T0.0 ± 0.5 1.96 2.74 6.58 . . . . . .
BRLT88 L4.0 ± 1.0 5.57 7.69 7.89 4.77 3.30
BRLT91 T3.0 ± 0.5 4.00 6.22 2.96 0.62 4.17
BRLT92 L1.0 ± 0.5 6.48 3.16 6.49 7.47 3.77
BRLT97 L0.0 ± 1.0 2.60 5.46 6.33 6.02 2.30
BRLT98 T4.0 ± 0.5 . . . 8.21 5.37 . . . . . .
BRLT99 L5.0 ± 0.5 . . . 8.47 6.21 5.50 . . .
BRLT101 L3.0 ± 0.5 18.71 7.25 13.16 12.27 . . .
BRLT102 L0.0 ± 0.5 14.15 6.53 12.87 . . . . . .
BRLT103 L5.5 ± 0.5 10.30 9.66 7.30 6.31 4.27
BRLT104 M9.0 ± 0.5 21.60 9.47 1.81 12.72 6.38
BRLT105 L5.0 ± 0.5 7.70 6.49 6.97 6.64 3.53
BRLT106 M9.0 ± 0.5 7.32 8.73 8.72 17.21 . . .
BRLT108 L6.5 ± 0.5 . . . . . . 2.14 11.95 . . .
BRLT111 L2.0 ± 0.5 5.89 5.12 11.27 . . . 11.96
BRLT112 L1.0 ± 0.5 6.48 . . . 9.63 15.86 4.92
BRLT113 M9.0 ± 0.5 . . . 7.86 15.20 11.86 6.69
BRLT114 L6.0 ± 0.5 6.29 . . . 14.17 . . . 5.59
BRLT116 T2.5 ± 0.5 . . . 4.81 . . . . . . . . .
BRLT117 L5.0 ± 0.5 2.56 13.99 13.90 9.77 8.93
BRLT119 L4.0 ± 0.5 19.11 5.58 5.31 10.97 16.48
BRLT121 L1.0 ± 0.5 29.10 8.06 12.60 8.68 . . .
BRLT122 L1.0 ± 0.5 10.63 4.97 9.10 6.53 1.04
BRLT123 L2.0 ± 0.5 18.71 . . . 11.03 . . . 1.89
BRLT129 L5.0 ± 1.0 3.13 7.27 6.11 3.19 3.86
BRLT130 L3.0 ± 0.5 20.06 10.64 8.77 3.99 . . .
BRLT131 T3.0 ± 0.5 4.47 4.07 3.07 3.79 3.09
BRLT133 M9.0 ± 0.5 10.02 3.52 5.27 8.43 . . .
BRLT135 T2.5 ± 0.5 1.87 3.86 3.57 . . . 1.32
BRLT136 L1.0 ± 1.0 6.10 5.32 12.74 5.37 . . .
BRLT137 L4.5 ± 0.5 8.36 7.98 6.09 1.71 4.66
BRLT138 L2.0 ± 1.0 8.16 3.67 4.97 4.23 2.98
BRLT139 L5.0 ± 0.5 7.14 7.92 12.15 13.20 7.34
BRLT140 L0.0 ± 0.5 15.30 3.56 10.37 . . . 1.69
BRLT142 L2.5 ± 0.5 4.49 6.25 5.65 4.64 3.15
BRLT144 L5.0 ± 0.5 . . . 10.26 4.40 13.78 6.10
BRLT145 L1.0 ± 0.5 7.44 5.15 9.39 15.89 . . .
BRLT147 T3.0 ± 0.5 . . . 5.72 5.02 1.82 2.28
BRLT149 L6.0 ± 0.5 12.64 4.46 . . . . . . 13.19
BRLT152 L0.0 ± 0.5 13.29 3.42 10.16 . . . 8.06
BRLT153 L1.0 ± 0.5 3.69 3.85 10.86 12.93 . . .
BRLT155 L3.0 ± 1.0 11.26 2.45 5.72 8.17 . . .
BRLT159 L9.0 ± 0.5 . . . 4.61 9.62 . . . . . .
BRLT162 L0.5 ± 0.5 7.51 2.79 5.51 5.62 3.77

Continued on the next page.
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Name Spectral type
Equivalent width (Å)

Na I K I K I K I K I

1.139µm 1.169µm 1.177µm 1.244µm 1.253µm
BRLT163 L1.0 ± 0.5 19.13 5.04 5.45 7.36 6.29
BRLT164 T3.0 ± 0.5 3.14 . . . 6.96 2.72 . . .
BRLT165 L2.0 ± 0.5 1.63 . . . . . . 14.47 5.52
BRLT168 L4.0 ± 0.5 6.73 4.78 9.16 12.21 12.93
BRLT171 L5.0 ± 0.5 7.22 5.79 5.95 4.61 3.26
BRLT176 L4.0 ± 1.0 . . . . . . . . . . . . . . .
BRLT179 T4.5 ± 0.5 . . . . . . . . . . . . . . .
BRLT181 L1.0 ± 1.0 7.28 7.31 6.98 4.58 3.60
BRLT182 T3.0 ± 0.5 3.02 2.93 5.61 3.18 7.41
BRLT186 L1.0 ± 1.0 7.48 2.24 5.39 4.51 2.92
BRLT190 T4.0 ± 0.5 . . . . . . . . . . . . . . .
BRLT197 T2.0 ± 1.0 2.84 4.87 3.53 6.65 2.85
BRLT198 L3.0 ± 0.5 2.07 5.90 16.15 8.15 8.87
BRLT202 T2.5 ± 0.5 4.49 4.41 3.57 1.82 2.02
BRLT203 T3.0 ± 1.0 4.15 3.20 3.63 4.05 1.01
BRLT206 L2.0 ± 0.5 16.86 4.89 8.94 7.47 3.43
BRLT207 L7.0 ± 0.5 6.14 4.55 3.75 2.88 2.19
BRLT210 L4.5 ± 0.5 4.74 3.75 8.24 6.16 2.32
BRLT212 L6.0 ± 2.0 4.46 . . . . . . 3.52 . . .
BRLT216 M9.0 ± 0.5 . . . 6.66 6.84 3.07 . . .
BRLT217 T0.0 ± 0.5 . . . . . . 4.93 3.43 . . .
BRLT218 L6.0 ± 0.5 6.97 6.01 11.66 3.17 5.89
BRLT219 T3.0 ± 0.5 . . . . . . . . . . . . . . .
BRLT220 L2.0 ± 0.5 4.01 7.71 7.76 . . . 8.67
BRLT227 L3.0 ± 0.5 8.12 5.75 16.46 7.24 6.59
BRLT229 M8.0 ± 0.5 5.02 . . . 11.39 4.85 2.87
BRLT231 L5.0 ± 0.5 6.58 12.85 9.54 15.08 10.09
BRLT232 T2.5 ± 0.5 2.74 4.51 2.32 3.42 1.71
BRLT234 L4.0 ± 1.0 9.44 7.80 12.22 7.10 4.57
BRLT236 L3.5 ± 0.5 . . . . . . . . . . . . . . .
BRLT237 L4.0 ± 1.0 6.12 4.88 14.21 6.18 . . .
BRLT240 L3.0 ± 0.5 13.35 7.40 11.84 . . . 2.69
BRLT243 T0.0 ± 0.5 6.55 . . . . . . 7.99 4.86
BRLT247 M9.0 ± 0.5 16.42 3.70 16.27 9.29 . . .
BRLT249 L5.0 ± 0.5 4.02 7.47 . . . . . . . . .
BRLT250 L1.0 ± 0.5 5.99 9.14 8.69 6.73 6.40
BRLT251 L1.0 ± 0.5 4.05 . . . 3.27 . . . 6.88
BRLT253 L1.0 ± 0.5 1.03 5.08 13.56 5.89 . . .
BRLT254 L5.0 ± 0.5 9.96 . . . 13.09 . . . . . .
BRLT258 L5.0 ± 1.0 . . . . . . . . . . . . . . .
BRLT260 L2.0 ± 0.5 15.49 4.18 8.72 3.77 . . .
BRLT262 L0.0 ± 0.5 5.80 3.06 10.26 10.55 7.30
BRLT265 L2.0 ± 0.5 8.94 2.86 8.95 11.27 8.38
BRLT269 L7.0 ± 0.5 14.63 . . . 5.99 7.25 . . .

Continued on the next page.
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Name Spectral type
Equivalent width (Å)

Na I K I K I K I K I

1.139µm 1.169µm 1.177µm 1.244µm 1.253µm
BRLT270 L2.0 ± 0.5 12.43 6.30 8.25 15.34 . . .
BRLT274 L2.0 ± 0.5 . . . 2.74 5.22 13.52 6.16
BRLT275 T2.0 ± 2.0 4.64 2.16 3.69 6.13 4.94
BRLT276 L0.0 ± 0.5 . . . . . . 7.91 2.96 . . .
BRLT279 L1.0 ± 0.5 8.03 4.44 7.97 5.10 . . .
BRLT281 T0.0 ± 1.0 7.44 . . . 5.68 . . . . . .
BRLT283 L5.0 ± 0.5 8.11 5.03 13.08 9.28 7.37
BRLT285 L5.0 ± 0.5 3.25 7.24 . . . . . . 8.77
BRLT286 L4.0 ± 0.5 . . . . . . 5.61 5.37 . . .
BRLT287 T3.0 ± 0.5 3.48 3.73 3.63 3.09 3.58
BRLT290 T2.0 ± 0.5 10.65 3.05 5.31 . . . . . .
BRLT295 L4.0 ± 2.0 . . . . . . . . . 5.07 . . .
BRLT296 L4.0 ± 0.5 4.88 4.97 3.42 16.10 3.07
BRLT297 L4.5 ± 0.5 22.31 7.22 5.03 . . . 10.87
BRLT299 L4.0 ± 1.0 7.06 5.02 5.73 5.28 3.10
BRLT301 L1.0 ± 0.5 9.14 8.24 18.21 11.62 . . .
BRLT302 L4.0 ± 0.5 2.08 7.14 16.35 3.20 . . .
BRLT305 L5.5 ± 1.0 . . . . . . . . . . . . . . .
BRLT306 L4.5 ± 1.0 . . . . . . . . . . . . . . .
BRLT307 L1.0 ± 0.5 9.93 0.99 2.40 8.40 3.16
BRLT308 L5.0 ± 0.5 7.27 . . . 5.15 . . . . . .
BRLT309 L7.0 ± 0.5 6.11 6.35 2.00 . . . . . .
BRLT311 T3.0 ± 0.5 4.25 0.55 1.36 1.09 2.25
BRLT312 T0.0 ± 0.5 6.46 2.57 4.47 7.28 4.52
BRLT313 L3.5 ± 0.5 8.72 10.48 6.12 4.73 1.41
BRLT314 L7.5 ± 0.5 6.82 7.46 6.24 3.20 2.73
BRLT315 L1.0 ± 1.0 5.33 1.56 8.78 6.81 5.95
BRLT316 L1.0 ± 0.5 12.46 2.74 3.19 2.69 5.79
BRLT317 L3.0 ± 1.0 9.77 6.95 9.81 4.57 8.67
BRLT318 L1.0 ± 0.5 14.36 6.33 6.22 6.20 6.10
BRLT319 T3.0 ± 0.5 4.19 7.52 3.21 . . . 5.84
BRLT320 L1.0 ± 0.5 4.90 0.90 8.12 6.34 1.88
BRLT321 T4.0 ± 0.5 2.85 5.28 4.99 5.73 2.26
BRLT322 L5.0 ± 0.5 3.48 4.19 4.20 6.66 5.10
BRLT323 L5.0 ± 1.0 7.97 7.54 6.30 6.35 7.85
BRLT325 T2.0 ± 1.0 3.35 8.20 5.85 7.34 4.93
BRLT328 L3.0 ± 1.0 7.78 9.25 8.12 7.30 2.85
BRLT330 L2.0 ± 1.0 7.53 2.97 7.51 4.76 4.40
BRLT331 L3.0 ± 1.0 11.68 4.10 7.02 3.56 8.74
BRLT332 L2.0 ± 1.0 6.67 7.44 6.96 4.92 6.05
BRLT333 T2.0 ± 0.5 2.92 5.06 3.55 . . . 5.24
BRLT334 L3.5 ± 0.5 7.51 5.26 6.19 6.27 4.74
BRLT335 L4.0 ± 1.0 8.62 4.56 6.62 7.05 5.50
BRLT338 L1.0 ± 1.0 13.70 8.90 10.46 6.94 2.44

Continued on the next page.
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Name Spectral type
Equivalent width (Å)

Na I K I K I K I K I

1.139µm 1.169µm 1.177µm 1.244µm 1.253µm
BRLT340 L4.0 ± 0.5 11.60 . . . 6.78 7.30 6.37
BRLT343 L9.0 ± 1.0 2.24 7.31 0.62 4.02 1.53
BRLT344 T0.0 ± 1.0 5.87 4.36 . . . 2.80 2.73

Table 3.6: The equivalent width obtained from the spectra. Missing entries indicate the non detection
of the line, due either to the line being too weak or the spectrum being too noisy. Numbers in italics
indicate measurements with relative errors larger than 0.33.
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Fig. 3.37: The equivalent width of Na I and K I lines as a function of spectral type. Measurements
with relative errors larger than 0.33 are plotted as filled circles. Peculiar objects are labelled following
the same colour scheme of Figure 3.35 and 3.36. Overplotted for comparison are the equivalent width
measured from the BT-Settl atmospheric models (Allard et al., 2011) for solar metallicity. The red
line corresponds to a surface gravity log(g) = 3.5, the black line to log(g) = 5.0 and the blue line to
log(g) = 5.5.



Chapter 4: Constraining the
sub-stellar birthrate

Part of the work presented in this chapter has been published in “The sub-stellar birth
rate from UKIDSS”, A. C. Day-Jones, F. Marocco, D. J. Pinfield, Z. H. Zhang, B.
Burningham, N. Deacon, M. T. Ruiz, J. Gallardo, H. R. A. Jones, P. W. Lucas, J. S.
Jenkins, J. I. Gomes, S. L. Folkes, and J. R. A. Clarke, Monthly Notices of the Royal
Astronomical Society, Volume 430, Issue 2, p.1171-1187 (2013) and is reproduced by
permission of the RAS.

The co-authors of the paper contributed partly to Section 4.2.1 and partly to Section
4.3. Everything else is my own original work.

4.1 Introduction

Extending the Salpeter mass function (Salpeter, 1955) to sub-stellar objects one would
expect many more brown dwarfs than stars, which are not seen by observations of late
M and L dwarfs (e.g. Reid et al., 2002a). As discussed in Section 1.4, the formation
mechanism of brown dwarfs and giant planets is not well understood. To distinguish
between the competing/complementing scenarios proposed it is fundamental to con-
strain the mass function and formation history in the sub-stellar regime.

Young clusters and associations have been the target of many campaigns measur-
ing the sub-stellar IMF, since their known ages and metallicities allow the use of a
mass-luminosity relation based on the cluster age (e.g. Lodieu et al., 2011, 2009, 2007;
Caballero, 2009; Luhman et al., 2009; Alves de Oliveira et al., 2013, 2012). Although
these clusters allow a relatively direct measurement of the sub-stellar IMF, they still
present some problems, since the initial conditions and accretion histories of individual
objects introduce uncertainties regarding the ages, and hence masses, of such young
objects (e.g. Baraffe, 2010). Moreover, very high and variable extinction increases con-
tamination by reddening field stars. Evolutionary models are also very uncertain at
young ages, and the effect of magnetic activity or episodic accretion on the determina-
tion of luminosity are not yet fully understood. Finally, some of these regions are still
forming stars, introducing further uncertainties and possible biases (see e.g. Alves de
Oliveira, 2013).

Studying the IMF of the field populations has significant advantages, since there is a
larger number of benchmark systems, and therefore the evolutionary and atmospheric
models are more mature. Reddening is not an issue, given that even the deepest
surveys can only probe the solar neighbourhood. On the other hand, as it is difficult to
determine the age of field brown dwarfs, unless they have fiducial constraints on their
age as binaries (e.g. Burningham et al., 2011, 2010a, 2009; Zhang et al., 2010; Day-Jones
et al., 2011; Scholz et al., 2003; Gomes et al., 2013; Delorme et al., 2013) or as members
of moving groups (e.g. Gagné et al., 2014; Malo et al., 2014, 2013; Clarke et al., 2010;
Gálvez-Ortiz et al., 2010), estimating the mass function of field brown dwarfs requires
knowledge of their formation history. This is often assumed to be the same as that for
stars (i.e. constant with time Miller & Scalo, 1979), but is unconstrained in the sub-
stellar regime. The assessment of completeness, contamination, and other observational
biases can introduce further uncertainties.
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Several groups have made measurements of the sub-stellar mass function in the
field. These have all generally been with small sample sizes or cover only L dwarfs
(e.g Cruz et al., 2007) or only T dwarfs (e.g. Metchev et al., 2008; Burningham et al.,
2013; Kirkpatrick et al., 2012; Reylé et al., 2010). Those that have considered the full
temperature regime across the L and T dwarf spectral types (e.g. Reylé et al., 2010)
suffer from large associated errors and large bin sizes in order to get large enough
sampling.

In order to characterize the form of the sub-stellar formation history, a large sample
of brown dwarfs is required. With modern large-scale near- and mid-infrared surveys,
such as the DENIS (Epchtein et al., 1999), SDSS (York et al., 2000), 2MASS (Skrutskie
et al., 2006), UKIDSS (Lawrence et al., 2007), VISTA (Emerson & Sutherland, 2002),
and WISE (Wright et al., 2010), which have identified large numbers of brown dwarfs it
is now possible to provide the necessary sample of such objects. However, surveys such
as 2MASS and SDSS were more sensitive to the detection of L dwarfs and produced
only a few tens of early T dwarfs. As such they could not provide the population needed
to study and constrain the birth rate. The ULAS probes to greater depth across the
L and T dwarf spectral types and can provide a statistically robust sample spanning
the mid-L to mid-T region, which is most sensitive to the effects of the form of the
formation history.

This chapter outlines the efforts to use the sample of mid-L−mid-T dwarfs described
in Chapter 3 to empirically constrain the Galactic brown dwarf formation history. This
sample is an obvious choice because it covers a large spectral type range (crucially
focused on the L-T transition) with a good sampling of each spectral type bin, and it
is complete (see Section 4.2.1), unbiased (see Section 3.2) and uncontaminated, since
its members have been followed up with spectroscopy. These qualities allow me to
attempt for the first time to constrain the sub-stellar formation history.

4.2 Determining the space density of L/T transi-

tion dwarfs

The spectroscopic follow-up of the full sample is incomplete, with only 196 objects
observed out of 324. However, there are area of sky where the follow-up is been
completed: between RA = 15h50m to 9h20m the follow-up is complete down to the
limit of J = 18.1; between RA = 9h20m to 12h20m the follow-up is complete down to
J = 17.87; finally between RA = 12h20m to 15h50m the follow-up is complete down to
J = 17.7. These RA ranges correspond to an area of ∼620, 375 and 712 deg2 in ULAS
DR7, and account for 88, 29, and 50 objects respectively. So in order to determine the
space density of brown dwarfs avoiding contamination into the sample, I considered
only the three sub-samples above.

To determine the volume sampled I calculated the maximum distance at which
an objects of a given spectral type could have been detected (assuming the given
magnitude limit), using the MJ-NIR spectral type relation from Marocco et al. (2010).
With this distance limit I then calculated the volume sampled by each spectral type
bin, and the corresponding space density of objects.

The derived space densities were then corrected for the Malmquist and Eddington
biases following the approach described in Pinfield et al. (2008). The Eddington bias is
caused by the photometric uncertainties on the magnitudes of objects near our cut (i.e.
J < 18.1). However, since the magnitude cut imposed is bright (it corresponds to a
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∼12σ detection in the ULAS), the uncertainties at the J = 18.1 limit are typically less
than σ = 0.05 and therefore the Eddington bias correction is less than 1 per cent. This
is negligible compared to the other sources of uncertainty. I estimated the Malmquist
bias correction considering the mean scatter of the sample of known L and T dwarfs
around the adopted MJ-NIR spectral type relation. This represents an increase in the
volume sampled of 22 per cent.

To increase the number of object per bin, and therefore reduce the poissonian errors,
I binned up the sample in four spectral type bins: L0-L3, L4-L6, L7-T0, and T1-T4.
These bins correspond roughly to effective temperature ranges of ∼150 K.

4.2.1 Completeness

In order to calculate the completeness of the sample,first we need to estimate the num-
ber of objects lost due to missed detections. As stated above, the imposed magnitude
limit (J < 18.1) is bright compared to the limit of the ULAS, and therefore I do not
expect to lose any object because of missed detections. This is well demonstrated by
Figure 4.1 where I show the number of objects detected in the original ULAS images as
a function of MKO J magnitude. The number of faint sources increases ∝ 10nJ (note
that the y axis is in logarithmic scale), where J is the apparent magnitude and n ≤ 0.6,
from J ∼ 14 up to J ∼ 19 (as a consequence of the larger volume probed at fainter
magnitudes, Mihalas & Binney, 1981), where it sharply drops. The dotted line is my
fit to the bright tail of the distribution, i.e. for 14 <J< 17. Extrapolating the fit up to
J=18.1 and comparing the “expected” number of objects with the measured one gives
a completeness of > 99%. The number of objects lost due to incomplete detection in
therefore negligible.

Another possible issue, especially when searching for faint objects, is the possible
blending with bright sources. However the typical object density in the fields considered
is very low, because I am probing regions outside the galactic plane, therefore blending
should not be an issue. To quantitatively assess its impact I adopted the following
approach. I used the ULAS J band images containing the selected objects. I run
the Cambridge Astronomy Survey Unit (CASU) pipeline on the images to detect and
extract all the sources in the field. I then doubled the number of objects in every image
by taking a 20×20 pixels cut out around every object and copying it into a random
position in the image, re-scaling it appropriately to blend the background level and
avoid artefacts. I then re-run the CASU pipeline on the images and compared the
number of sources identified (as a function of their J magnitude) with the number of
sources in the original images. One would obviously expect to detect twice as many
objects in the new synthetic images, with no dependence on the objects magnitude.
This is indeed the case, as can be seen in Figure 4.1, where the number of detected
objects in the synthetic images is plotted in red. With an average number of sources
detected in the synthetic images of ∼1.987 times the number of sources detected in the
original images, and no clear dependence on the J magnitude, the incompleteness due
to objects blending is 0.3%, which is again negligible compared to the other causes of
incompleteness considered below.

To assess the completeness of the photometric selection criteria, the sample it was
compared to a control sample of known L and T dwarfs taken from www.DwarfArchives.org,
for a magnitude limit of J ≤ 16, removing any objects that are known to be members
of unresolved binary systems. The control sample was cross-matched with the ULAS
and SDSS in order to obtain photometry on the same colour system as the selection
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Fig. 4.1: The number of objects detected as a function of the J magnitude in the images used for
the sample selection. The black histogram shows the results for the original images, while the red
histogram shows the results in the synthetic images created by duplicating the number of objects.
The dotted lines represent a fit to the bright tail of the distribution, i.e. for 14 < J < 17.
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criteria used. The same set of colour cuts described in Section 3.2 was imposed to
reveal the level of completeness of the sample selection. We retain all of the L4 dwarfs
from the control sample, but only some of the L0-L3 dwarfs, indicating that the sample
selection is complete for L4 spectral types and later. Similarly, the selection is largely
incomplete beyond spectral types of T5. I therefore only consider the three spectral
type bins covering the L4−T4 range.

The loss of objects due to photometric scattering of colours was also considered.
For L4-L6 types one would expect to lose 3.7 dwarfs, this corresponds to a completeness
level of 88%. The L7-T0 range would lose 0.55 dwarfs, corresponding to a 94% com-
pleteness; for T1-T4 the expected loss is 0.05 dwarfs, corresponding to a completeness
of 99%.

Pixel-noise correlation is not an issue, as demonstrated by Andrews et al. (2014),
who estimated the randomness of background noise in the ULAS images by visually
selecting 11 empty 7×7 pixel regions from the mosaics. They computed the standard
deviation of the mean pixel value of each region (calling it q) and compared it against
a similar calculation after randomly swapping pixels between regions. A q/qswapped of
1 indicates perfectly uncorrelated noise while q/qswapped � 1 is due to non-pixel scale
systematic variations. For ULAS images they found q/qswapped ∼ 1.

4.2.2 Correction for unresolved binarity

I also corrected the results for the presence of binaries by first considering objects
identified as possible binaries (Section 3.4.2) for which the spectral deconvolution gives
a statistically better fit. I derived the J magnitude of the two components given the
unresolved photometry and the two spectral types determined with the deconvolution,
and removed from the sample all companions and those primaries that would fall
beyond the magnitude limit.

To assess the completeness of this correction I performed numerical simulations,
using the spectra templates taken from the SpeX-Prism library. The spectra were
combined to create a sample of synthetic unresolved binaries, following the procedure
described in Day-Jones et al. (2013) and in Section 3.4.2 of this work. The synthetic
templates were “degraded” to the typical SNR of the observed spectra by adding
gaussian noise. I then run the binary identification process on each of the synthetic
binaries to calculate the rate of successful detections. To avoid false positive detections
in low mass ratio binaries, when fitting a given synthetic binary I removed from the
template list all the synthetic binaries that had the same primary as the “target”
one. For example, when fitting the synthetic binary SDSS J165329.69+623136.5 +
2MASSI J0415195−093506 (L1.0 + T8.0) I removed from the set of templates all the
synthetic binaries that had SDSS J165329.69+623136.5 as a primary. This is because
one can expect that the synthetic L1.0 + T8.0 SDSS J165329.69+623136.5 + HD 3651B
would fit better the target than an L1.0 template alone, not because the synthetic
binary genuinely fits better, but because the contribution from the T8.0 component is
negligible and I would essentially be fitting the L1.0 component with itself.

The results are shown in Figure 4.2, where I plot the fraction of synthetic bina-
ries retrieved as a function of the spectral type of the two components. Interpolated
contour level are overplotted to ease the reading of the figure. As expected, the tech-
nique is most efficient at the L/T transition, and the fraction of detected binaries
steeply declines when moving towards very low mass ratios and early type binaries.
Equal spectral type binaries are also not detectable with this method. Overplotted as
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Spectral q <1 q =1
type range Binary fraction Binaries Binary fraction Binaries

L4−L6 11% 5.8 13% 7.0
L7−T0 34% 7.1 40% 8.5
T1−T4 19% 4.7 23% 5.6

Table 4.1: The derived binary fraction. For each spectral type range I indicate the binary fraction
and the expected number of binaries in the sample.

black circles are the binary candidates identified in Section 3.4.2. Not surprisingly the
candidates are concentrated mostly in the high detection fraction area.

The sample of binary candidates is probably contaminated by peculiar objects, and
therefore the derived binary fraction is somewhat higher than the “true” one. To assess
the level of contamination I run the binary identification method on a sample of L and
T dwarfs that have been previously targeted by high-resolution imaging campaigns,
and have not showed evidences of binarity. The control sample consists of 40 objects
covering the L0.0 to T7.5 spectral range, and includes objects taken from Bouy et al.
(2003), Gizis et al. (2003), and Burgasser et al. (2003c). Two out of 40 objects are
flagged as binaries by the detection method, implying a level of contamination of 5%.

I can now use the detected binaries to constrain the binary fraction. To do that
I combine the detection probability from Figure 4.2 with the mass-ratio distribution
of sub-stellar binaries from Figure 1.12. First of all I correct the observed number of
binaries for contamination using the fraction derived above, and then for completeness
using the detection probability; all these binaries have mass ratio q <1, if not they
would have equal spectral type; using the distribution from Figure 1.12 I could estimate
the number of undetected equal mass/equal spectral type binaries and therefore derive
the binary fraction, however the exact mass ratio of a system depends on its age, which
is unconstrained. So I can only correct the number of observed binaries using the ratio
between the number of q=1 binaries over the number of q <1 binaries, which is ∼1.2.

The numbers derived are presented in Table 4.1. I calculated the binary fraction
in the three spectral types ranges considered above (i.e. L4-L6, L7-T0, and T1-T4).
The fraction is 24% in the L4-L6 range but rises to ∼70% in the L7-T0 range, before
dropping down to ∼40% in the early T regime. This could be partly due to an un-
derestimate of the number of equal spectral type binaries in the early L regime, due
to the fact that the detected binary candidates lie in the q �1 range, and the ratio of
(q = 1)/(q � 1) binaries is higher than the assumed value of ∼1.2.

On the other hand, the binary fraction obtained for the L-T transition is much
higher than measured by high-resolution imaging and radial velocity surveys (see Sec-
tion 1.7.1), typically detecting a binary fraction of ∼10-20%. The reason for this
discrepancy could be in a higher false positive ratio than estimated here. The con-
trol sample used to determine the contamination is in fact limited (only 40 objects)
and the L-T transition in particular is poorly sampled. When correcting my derived
space densities for unresolved binarity I will therefore use both the binary fraction I
measured, and the values published in the literature.

To take into account the presence of the undetected equal spectral type binaries,
which would fall beyond the J limit if they were single objects, I used the definition of



138 Constraining the sub-stellar birthrate

0 20 40 60 80 100

Detection probability

L0  L2  L4  L6  L8  T0  T2  T4  T6  T8
Primary SpT

 

 

L2

 

L4

 

L6

 

L8

 

T0

 

T2

 

T4

 

T6

 

T8

S
ec

on
da

ry
 S

pT

10

10

30

30

30

50

50

50

70

70

90

Fig. 4.2: The detection probability for unresolved binaries as a function of the spectral types of the two
components, using the detection and deconvolution technique described in Section 3.4.2. Interpolated
contour level are overplotted to ease the reading of the figure. Overplotted as black circles are the
binary candidates identified in Section 3.4.2.
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“observed binary fraction” given by Burgasser et al. (2003c),

NB

Nm

=
γ

γ + (1/BF)− 1
(4.1)

where NB and Nm are the observed binaries and the total number of objects, respec-
tively, BF is the “true” binary fraction, and γ is the fractional increase in volume due
to inclusion of binaries in the sample. The number of binaries that fall within the
magnitude limit (ND) is

ND

NB

=
γ − 1

γ
(4.2)

Therefore, the fraction of objects to be excluded from the sample (fexcl) is

fexcl =
NB

Nm

ND

NB

=
γ − 1

γ + (1/BF)− 1
(4.3)

For equal spectral type binaries γ = 2
√

2. This can be derived by writing the
volume probed by a magnitude limited sample (V ) as

V =
4

3
π 10

3
5

(m−M+5) (4.4)

where m is the magnitude limit and M is the absolute magnitude of the target consid-
ered. The absolute magnitude of an unresolved binary is

Mbin = Msingle −
5

2
log10(2) (4.5)

so given the magnitude limit m the volume probed by binaries is

Vbin =
4

3
π 10

3
5

(m−Msingle+ 5
2
log10(2)+5) = Vsingle × 10

3
2
log10(2) (4.6)

and the fractional increase in volume γ is therefore Vbin/Vsingle = 2
√

2.

As stated above, the final correction applied was derived assuming BF= 26± 13%,
i.e. the mid point between the upper and lower limit derived in this work, and BF=
14 ± 10%, i.e. the weighted average of the values presented in Section 1.7.1. The
corrections applied are therefore fexcl = 0.30± 0.10 and fexcl = 0.18± 0.12.

4.3 Comparison with numerical simulations

I compared the space densities obtained above with the results of numerical simulations
computed assuming different IMFs and birth rates. Details of the simulations are
presented in Deacon & Hambly (2006) and are briefly summarized here.

They assume an exponential IMF in the form

Ψ(M) ∝M−α (pc−3M−1
�

)
(4.7)

where is the number of objects per unit volume in a given mass interval. They also
assumed an exponential birth rate of the form

b(t) ∝ e−βt (4.8)
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where t is in Gyr and β is the inverse of the scale time τ (in Gyr, since the galaxy
was formed). Each simulated object was assigned an age based on the birth rate and
a mass based on the IMF, giving a final creation function C given by the equation

C(M, t) = Ψ(M)
b(t)

TG
(4.9)

where TG is the age of the Galaxy. C is therefore the number of objects created per
unit time per unit mass. The evolution of each object and its parameters (i.e. Teff and
absolute magnitudes) were calculated using the evolutionary models from Baraffe et al.
(1998). Any model-dependent systematics would be introduced, but these should not
affect the overall trend. The Teff of an object was then converted into a spectral type
using the Teff-NIR spectral type relation presented in (Stephens et al., 2009, equation
3). The number densities obtained for each bin were finally normalized to 0.0024 pc−3

in the 0.1-0.09 M� mass range, according to Deacon et al. (2008). I must point out
at this point that all objects in these simulations are assumed to be single objects
and therefore the derived space densities are for primary brown dwarfs. I consider the
simulations for five different values of β (-0.2, -0.1, 0.0, +0.1, +0.2 corresponding to
τ = -5, -10, ∞, +10, +5 Gyr, respectively) and five values of α (0.0, -0.5, -1.0, -1.5,
-2.0). The results obtained for α = 0.0, -1.0, -2.0 and β = 0.0, 0.2, 0.5 are shown
in Figure 4.3, where different colours represent different values of α and different line
styles represent different values of β.

I compare the calculated space densities, taking into account the completeness and
contribution from unresolved binaries, with those presented by various authors in the
literature. I considered five different studies: Cruz et al. (2007), Metchev et al. (2008),
Reylé et al. (2010), Kirkpatrick et al. (2012), Burningham et al. (2013), and Day-Jones
et al. (2013).

The Cruz et al. (2007) space densities probe down to the 2MASS limit (J = ∼16)
and cover the M9-L8 dwarfs, likely suffering from incompleteness at the later types
due to colour scattering. The binary correction uses the observed binary fraction of
∼ 17% derived via high-resolution imaging of their sample. Metchev et al. (2008)
cross-matched 2MASS with SDSS DR1 and used a series of colour selection criteria
to select a sample of L and T dwarfs down to z ≤21. The correction for binarity
accounts only for equal mass/ equal spectral type binaries in reason of the strong peak
in the q distribution (see Figure 1.12). The adopted binary fraction is assumed to
decline from 50% in the T0-T2.5 range, down to 21% in the T3-T5.5 range, to 13%
in the T6-T8 range, and is therefore comparable to the numbers derived here. Reylé
et al. (2010) used CFBDS to select and classify a sample of ∼100 >L5 dwarfs down to
z′ <22.5, a comparable depth to this sample. They chose not make any correction for
binarity, given the large uncertainty in the measured binary fraction. Kirkpatrick et al.
(2012) focused on the late T and Y dwarfs, using the WISE-selected sample of nearby
objects. Assuming a binary fraction of 30% and correcting for the incompleteness at
the faint end of their sample, they derive the space density in the T6 to Y0.5 range.
The Burningham et al. (2013) space densities use the same MJ-spectral type relations
I adopted. They correct for binarity assuming an upper limit on the binary fraction
of 45% (Maxted & Jeffries, 2005) and a lower limit of 5% Burgasser et al. (2003c),
hence deriving two values of the space density in each spectral type bin. They also
probe down to a magnitude limit comparable to this sample. Finally, the Day-Jones
et al. (2013) represent an early result from this sample, obtained from the sub-sample
falling in the RA = 22h to 4h range. The only difference in the treatment of the data
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Reference Spectral type range Space density (×10−3 pc−3)

Cruz et al. (2007)
L0-L3 1.7 ± 0.4

L3.5-L8 2.2 ± 0.4

Metchev et al. (2008)
T0-T2.5 0.86+0.48

−0.44

T3-T5.5 1.4+0.8
−0.8

T6-T8 4.7+3.1
−2.8

Reylé et al. (2010)
L5-T0 2.0+0.8

−0.7

T0.5-T5.5 1.4+0.3
−0.2

T6-T8 5.3+3.1
−2.2

Kirkpatrick et al. (2012)

T6-T6.5 1.1
T7-T7.5 0.93
T8-T8.5 1.4
T9-T9.5 1.6

Burningham et al. (2013)
T6-T6.5 0.39 ± 0.22 − 0.71 ± 0.40
T7-T7.5 0.56 ± 0.32 − 1.02 ± 0.64
T8-T8.5 2.05 ± 1.21 − 3.79 ± 2.24

Day-Jones et al. (2013)
L4-L6.5 0.53 ± 0.10 − 0.88 ± 0.16
L7-T0.5 0.56 ± 0.10 − 0.94 ± 0.16
T1-T4.5 0.42 ± 0.16 − 0.71 ± 0.27

This thesis, BF = 26 ± 13
L4-L6.5 0.85 ± 0.55
L7-T0.5 0.73 ± 0.47
T1-T4.5 0.74 ± 0.48

This thesis, BF = 14 ± 10
L4-L6.5 1.00 ± 0.64
L7-T0.5 0.85 ± 0.55
T1-T4.5 0.88 ± 0.56

Table 4.2: The space density derived here compared to values presented in the literature. The numbers
are integrated over the spectral range quoted in the second column.

is in the binary correction, since in Day-Jones et al. (2013) we followed the approach
of Burningham et al. (2013) and derived two values for each spectral type range.

My results and those listed above are summarized in Table 4.2, and in Figure
4.3. It is important to notice that the numbers in Table 4.2 are integrated over the
spectral range quoted, while those plotted in Figure 4.3 are per spectral type, to allow
a direct comparison with the simulations. A first look at the plot shows that my
space densities do not differ drastically (within uncertainties) from those previously
measured and discussed earlier. The differences between my derived densities and
those previously published are mostly due to the use of different MJ-SpT conversions
and different binary fractions by the various groups.

The most prominent feature is the apparent absence of a significant drop in the
number of objects between L7 and T4. The number of L-T transition dwarfs decreases,
but not as much as expected. For the predicted theoretical deficit to be realised a higher
binary fraction than assumed for the L-T transition would be necessary. That would
lead to a larger correction and therefore to lower space densities. Conversely, a lower
binary fraction at early types would bring up the density of objects in the L4-L6 range
increasing the drop.

However, this second scenario would lead to a preference for α > 0, which would
be inconsistent with the results for late type objects, that consistently point towards
α < 0. On the other hand, α > 0 is found also in nearby young clusters (e.g. Casewell
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Fig. 4.3: A comparison between measured space densities of L and T dwarfs with simulations from
Deacon & Hambly (2006) with α = +1.0, 0.0, -1.0 and β = 0.0, 0.2, 0.5. On the top axis I show an
indicative temperature scale.

et al., 2007; Bastian et al., 2010) and by microlensing surveys (α = 0.49+0.24
−0.27 Sumi

et al., 2011).
Either the binary fraction in the L-T transition is much higher than currently

estimated, reconciling the results in the two mass regimes, or objects in the high-mass
end and low-mass end form in different environments, with the high mass L dwarfs
forming predominantly in dense clusters (i.e. resulting in an α > 0 IMF) and the low
mass T dwarfs forming in low density environments, leading to a α < 0 IMF. Another
possibility, as suggested by Burningham et al. (2013) is that the cooling times assumed
to transform the IMF into field luminosity function are affected by systematic errors.

As regards the formation history, it is not currently possible to place robust con-
straints on the birth rate with this sub-sample. One of the largest sources of uncertain-
ties is the binary fraction. This could be resolved with the follow-up of the unresolved
binary candidates, by either AO imaging or radial velocity.

The other main source of uncertainty is the absolute magnitude−spectral type
calibration. Although based on an increasing number of objects with well measured
parallaxes, the scatter around the current polynomial relation is still large, with typical
rms of 0.4 magnitudes (Dupuy & Liu, 2012), and this propagates into a factor of ∼1.5
in the volume sampled. In this respect, the final results for PARSEC (see Chapter 2)
will help to further improve the current calibration, reducing the uncertainty to the
intrinsic scatter of the brown dwarf population.



Chapter 5: The extremely red L
dwarf ULAS J222711−004547 -
dominated by dust.

This chapter is a version of “The extremely red L dwarf ULAS J222711−004547 -
dominated by dust”, F. Marocco, A. C. Day-Jones, P. W. Lucas, H. R. A. Jones, R.
L. Smart, Z. H. Zhang, J. I. Gomes, B. Burningham, D. J. Pinfield, R. Raddi, and
L. Smith, Monthly Notices of the Royal Astronomical Society, Volume 439, Issue 1,
p.372-386 (2014), and is reproduced by permission of the RAS.

The co-authors of the paper contributed partly to Section 5.5.2. Everything else is
my own original work.

5.1 Introduction

As described in Chapter 1, there is no unique mass − spectral type relation for sub-
stellar objects. For example, an L spectral class bin might be populated by an old
low-mass star, a young high mass brown dwarfs, or even a very young planetary mass
object.

Spectroscopy can provide useful insights to break this age-mass-luminosity degener-
acy. Young brown dwarfs have in fact low surface gravity, as they have not contracted
to their final radii, and some spectral features have been found to be sensitive to varia-
tions in the surface gravity. In particular, L dwarfs in young clusters show weak CaH,
K I, and Na I absorption, and strong VO bands in their optical spectra (Cruz et al.,
2009, and references therein). Near-infrared spectra show peaked H-band and a gen-
eral flux excess towards longer wavelength (e.g. Lucas et al., 2001; Lodieu et al., 2008).
As a result, young brown dwarfs appear very red in terms of infrared colours.

Recent kinematic studies however have suggested that field objects showing signs of
youth in their spectra could instead be relatively old (Kirkpatrick et al., 2010; Faherty
et al., 2012). The peculiar morphology of their spectra therefore is not an effect of low
surface gravity, but could instead be caused by an excess of dust in their photosphere
(Cushing et al., 2008) due to an higher-than-average metallicity (e.g. Leggett et al.,
2007; Looper et al., 2008b; Stephens et al., 2009). The nature of these objects, generally
referred to as “unusually red L dwarfs” (hereafter URLs, e.g. Gizis et al., 2012) is not
fully understood yet, in part because of the lack of such objects discovered so far. There
are indeed only nine identified URLs: the L1pec 2MASS J13313310+3407583 (Reid
et al., 2008b; Kirkpatrick et al., 2010); the L5pec 2MASS J18212815+1414010 (Looper
et al., 2008b) and 2MASS J23512200+3010540 (Kirkpatrick et al., 2010); the L6.5pec
2MASS J21481628+4003593 (Looper et al., 2008b) and 2MASS J23174712−4838501
(Reid et al., 2008b; Kirkpatrick et al., 2010); the L7.5pec WISEP J004701.06+680352.1
(Gizis et al., 2012); the recently discovered L7.5 WISE J104915.57−531906.1A (Luh-
man, 2013; Burgasser et al., 2013); finally the L9pec WISEPA J020625.26+264023.6
and WISEPA J164715.59+563208.2 (Kirkpatrick et al., 2011).

Planetary-mass objects show similar near-infrared colours, like 2M1207b (J−Ks =
3.1, Chauvin et al., 2004), PSO J318.5338−22.8603 (J −Ks = 2.84, Liu et al., 2013)
and the HR8799 planets (Marois et al., 2008), and their photometric and spectroscopic
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properties are believed to be heavily influenced by the atmospheric condensates (e.g.
Madhusudhan et al., 2011). URLs can therefore be considered a “bridge” between
brown dwarfs and giant planets atmospheres, thus a useful test-bed for the atmospheric
models. Also, these objects can be used as probes to understand the physics of dust
clouds, and to disentangle the effects of surface gravity and metallicity in the L type
temperature regime.

In this contribution we present a new example of this class of objects, discovered in
the United Kingdom Infrared Deep Sky Survey (UKIDSS) Large Area Survey (LAS):
ULAS J222711−004547. With a spectral type of L7pec (see Section 5.2), this ob-
ject marks an extreme in the L/T transition, where the role of dust and condensates
clouds becomes fundamental (e.g. Burrows et al., 2011, 2006; Allard et al., 2001). The
processes leading to the formation and subsequent disruption of said clouds, which
determine the transition from L to T class objects, are still poorly understood. Con-
straining the effect of surface gravity and metallicity in these processes is an open
challenge, with the different assumptions adopted in modern atmospheric models lead-
ing to significantly different results (especially for peculiar objects, see Section 5.6).
ULAS J222711−004547 represents a new opportunity to investigate this interesting
stage in the evolution of sub-stellar objects.

In Section 5.2 we present the spectrum obtained for our target, and discuss its
peculiarities. In Section 5.3 we compare the photometry of ULAS J222711−004547
with the population of known brown dwarfs. In Section 5.4 we calculate the target’s
proper motion, using the data available in the literature. In Section 5.5 we de-redden
the spectrum of ULAS J222711−004547 using extinction laws for different dust species,
and we derive a typical grain size for the dust particles. In Section 5.6 we compare its
spectrum with atmospheric models. Finally in Section 5.7 we summarize and discuss
the results obtained.

5.2 Spectroscopic follow-up

5.2.1 Observations & data reduction

ULAS J222711−004547 was selected from DR7 of the UKIDSS LAS, as part of the large
spectroscopic campaign to constrain the sub-stellar birth rate presented in Chapter 3
and 4. The candidate selection process is described in details in Section 3.2, where the
reader can find details on the colour cuts and the quality criteria applied.

We obtained a medium resolution spectrum of ULAS J222711−004547 using XSHOOTER
on UT2 at the VLT. The target was observed on the night of 2011-10-03 under the
ESO program 088.C-0048 (P.I. A. C. Day-Jones), using a slit width of 1.0” in the UVB
arm and 0.9” in the VIS and NIR arms. These correspond to a resolution of 5100 in
the UVB arm, 8800 in the VIS arm and 5100 in the NIR arm. The object was visible
in the 20 s acquisition image, and was placed on the centre of the slit. We took eight
exposures in an ABBA nodded sequence, with individual exposure times of 230 s, 300
s and 390 s in the three arms. To allow for telluric correction, we observed the B7V
star HIP014143 immediately after the target, matching the airmass of the observation.
The data have been reduced following the procedure described in Section 3.3

The spectrum obtained for ULAS J222711−004547 is plotted in Figure 5.1. We
only show the 0.55-2.5 µm range, as we do not detect any flux at shorter wavelengths.
The median SNR in the four main wavelength ranges (red-optical, z-band, J-band, H-
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Fig. 5.1: The spectrum of ULAS J222711−004547. At the top of the Figure we indicate the median
SNR in each wavelength range.

band, and K-band) is indicated above the spectrum. Unlike normal L and T dwarfs,
the spectrum peaks in the H-band, with the K-band reaching almost the same flux
level. The optical and J-band are very smooth, and the CO absorption at 2.3 µm
appears weaker than in other L/T transition dwarfs. The flux level at 2.2 to 2.28 µm
is higher than in normal late-L dwarfs, an indication of a reduced Collision Induced
Absorption (CIA) of H2 or a reduced absorption from CH4, the two major sources of
opacity at these wavelengths (e.g. Tokunaga & Kobayashi, 1999; McLean et al., 2003).
A more detailed description of the spectral features of ULAS J222711−004547 is given
in the following sections.

5.2.2 Spectral typing

Given the peculiarity of the spectrum of ULAS J222711−004547, we cannot apply the
standard spectral typing systems developed for L and T dwarfs (Kirkpatrick et al.,
1999; Burgasser et al., 2006a). To assign a spectral type to our target we therefore
split its spectrum into three separate portions: optical+J-band (0.7-1.35 µm), H-
band (1.45-1.8 µm), and K-band (2.0-2.5 µm). We normalized the three portions
separately to remove the steep red slope, and we compared them to the spectra of
standard L and T dwarfs, treated the same way1. In all three portions, the best fit is
given by the L7 standard 2MASSI J0103320+193536, but the match between the two
spectra remains poor. We show the three portions of the spectrum with the best fit

1All the spectra were taken from the Spex-Prism online library:
http://pono.ucsd.edu/∼adam/browndwarfs/spexprism
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Fig. 5.2: The spectrum of ULAS J222711−004547 (black) compared to the L7 standard
2MASSI J0103320+193536 (red). Left: both spectra are normalized to 1 in each portion. Right:
both spectra are normalized to 1 at 1.28 µm.

standard template on the left panel of Figure 5.2. If we compare directly the spectrum
of ULAS J222711−004547 with 2MASSI J0103320+193536 (normalizing the complete
spectra to 1 at 1.28 µm) we note immediately that our target is much redder than the
standard, with an increased flux level in the H and K bands, as we can see in the right
panel of Figure 5.2. We therefore classify ULAS J222711−004547 as L7pec, following
the notation described in Kirkpatrick et al. (2010, Section 5.2).

A way to confirm its spectral type is to compare ULAS J222711−004547 directly
with known peculiar red L dwarfs. Figure 5.3 shows a comparison of its spectrum
with the red L dwarfs 2MASS J035523.37+113343.7, 2MASS J21481628+4003593,
WISEP J004701.06−680352.1, and 2MASSW J2244316+204343. The main absorp-
tion features are marked on the plot to ease the interpretation. Our target ap-
pears redder than all of the other peculiar L dwarfs. Its MKO J − K is 2.79±0.06,
thus is the reddest measured of any field brown dwarf (see Section 4). The L5γ
2MASS J035523.37+113343.7 looks very similar to our target in the optical and J-
band, but has weaker water absorption bands at ∼1.4 and 1.9 µm, as expected in a
earlier type dwarf. The H-band of ULAS J222711−004547 looks less peaked than that
of the L5γ, which could be an indication of higher surface gravity, but as pointed out
by Allers & Liu (2013) the “peakiness” of the H-band is not a wholly reliable indicator
because it has been seen in dusty L dwarfs that are not young. Our target also appears
much brighter than the L5γ in the K-band, which is again expected in a later type
dwarf. The L6.5pec 2MASS J21481628+4003593 reproduces very well the shape and
flux level of the optical and J-band of ULAS J222711−004547. It also matches the
relative depth of the water absorption bands, not surprisingly given the very small dif-
ference in spectral type. On the other hand, our target appears significantly redder in
the H and K-band, and with a weaker FeH absorption feature at∼ 1.6 µm. These could
be evidence for an enhanced dust content in the photosphere of ULAS J222711−004547.
The L7.5pec WISEP J004701.06−680352.1 and 2MASSW J2244316+204343 look sim-
ilar to our target in the optical and J-band, but with less pronounced FeH absorption
bands, a generally smoother continuum, and a slight flux excess between ∼0.9 and 1.1
µm. Both objects also show stronger H2O absorption at ∼ 1.1 µm. All these differ-
ences are consistent with their slightly later spectral types. The H-band is well fitted,
but ULAS J222711−004547 presents a slight flux excess at the peak of the band. Our
target is also brighter than both L7.5pec in the K-band, with a plateau in flux between
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∼2.1 µm and the CO band head. An enhanced dust content of the photosphere and
a slightly suppressed molecular hydrogen CIA in ULAS J222711−004547 could be the
cause of these discrepancies. An enhanced dust content would result in a higher opacity
in the red-optical portion of the spectrum, suppressing the emergent flux. A reduced
CIA on the other hand would reduce the opacity in the H and K band, allowing more
flux to emerge. Overall, the combined effect would be a general strong reddening of
the spectrum, like what we observe in ULAS J222711−004547 (see Section 5.5).

Using the XSHOOTER spectrum we also determined spectral indices for our target.
The indices are those used for spectral classification, as defined in Geballe et al. (2002)
and Burgasser et al. (2006a), and the gravity-sensitive indices defined in Allers & Liu
(2013). The values obtained for ULAS J222711−004547 are listed in Table 5.1, along
with reference values for “field” and low gravity L7s (where available). Some of those
indices are outside the defined ranges for spectral typing, except the H2O 1.5 µm index
which indicates a spectral type of L8, the CH4 2.2 µm which indicates a spectral type of
L5, and the H2O−H which indicates a spectral type of T0. We then applied the gravity
classification method defined in Allers & Liu (2013, Table 9 and 10). The method is
based on assigning “scores” of 0, 1 or 2 to different spectral features based on their
strength. Specifically, the features considered are the FeH absorption bands at 0.998
and 1.2 µm (whose strength is measured by the FeHz and FeHJ indices respectively),
the VO absorption band at 1.058 µm (measured by the VOz index), the alkali lines
(measuring the equivalent width of the Na I line at 1.1396 µm and of the K I lines
at 1.1692, 1.1778, and 1.2529 µm), and the “peakiness” of the H-band (measured by
the H-cont index). The criteria to assign the scores are defined only for given spectral
type ranges, and for some features do not extend down to L7. In those cases we assign
a qualitative score based on a direct comparison of our target indices with the values
plotted in Allers & Liu (2013) for known low-gravity objects. We assign a score of 1
to the FeH absorption features based on the FeHJ index only, as the FeHz feature falls
in the very noisy region of the spectrum, at the edge of the VIS and NIR arms, where
the flux calibration of our spectrum is less reliable. We assign a score of 0 to the VO
feature as its index falls exactly on the line defining the average value for normal field
dwarfs (see Allers & Liu, 2013, Figure 20). Finally, the alkali lines give an average
score of 0 while the H-cont index gives a score of 2 (based on the criteria defined in
Table 9 and 10 of Allers & Liu, 2013). The median score for ULAS J222711−004547 is
therefore 0.5, and so we classify it as a field-gravity dwarf (hereafter FLD-G), i.e. the
surface gravity is consistent with normal field dwarfs. This finding is in agreement with
the results of Allers & Liu (2013), where they classified all the URLs in their sample
as FLD-G dwarfs.
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Fig. 5.3: The spectrum of ULAS J222711−004547 compared to the known red L
dwarfs 2MASS J035523.37+113343.7 (L5γ), 2MASS J21481628+4003593 (L6.5pec),
WISEP J004701.06−680352.1 (L7.5pec), and 2MASSW J2244316+204343 (L7.5pec). All the
spectra are normalized to 1 at 1.28 µm.
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Index Value
Target Field L7 Low gravity L7

H2O−J 0.58±0.14 & 0.70 . . .
H2O−H 0.66±0.08 & 0.70 . . .
H2O 1.5 µm 1.71±0.23 1.65-1.70 . . .
H2O−K 0.95±0.12 & 0.70 . . .
CH4 2.2 µm 0.98±0.13 1.075-1.125 . . .
FeHJ 1.00±0.17 ∼1.1 . . .
VOz 0.97±0.15 ∼0.97-1.00 > 1.00
K IJ 1.02±0.10 1.01-1.07 < 1.01
H-cont 0.97±0.07 < 0.888 ≥ 0.888

Spectral Equivalent Width (Å)
Feature Target Field L7 Low gravity L7
Na I 1.138 µm 8.12±0.44 > 3.175 ≤ 3.175
K I 1.169 µm 12.65±0.87 > 6.496 ≤ 6.496
K I 1.177 µm 11.21±0.88 > 8.154 ≤ 8.154
K I 1.253 µm 7.78±0.69 > 4.545 ≤ 4.545

Table 5.1: Spectral indices and equivalent widths for ULAS J222711−004547. The indices are defined
in Geballe et al. (2002), Burgasser et al. (2006a), and Allers & Liu (2013). Where available, comparison
values for “field” and low gravity L7s are given.

5.3 Photometric properties

We obtained the photometry of ULAS J222711−004547 from the UKIDSS LAS (Lawrence
et al., 2007), the 2MASS Point Source Catalogue (Skrutskie et al., 2006), the WISE
All-Sky Data Release (Wright et al., 2010), and the NEOWISE Post-Cryo Data Re-
lease (Mainzer et al., 2012). The object is undetected in 2MASS J-band, so we
determined its synthetic magnitude in that band from the measured spectrum. We
checked the accuracy of our synthetic value by comparing it with the magnitude ob-
tained converting its UKIDSS MKO J-band magnitude using the equations presented
in Stephens & Leggett (2004). The two values are in good agreement with each other
(18.27±0.06 vs. 18.25±0.04) and we therefore assume as our final 2MASS J-band
magnitude 18.26±0.05.

We also obtained a NTT/SOFI J-band image of ULAS J222711−004547. The
observations were made on the night of 2013-06-22 as part of the NPARSEC program
(ESO 186.C-0756 P.I. R. L. Smart) and the observing strategy is fully described in
Smart et al. (2013). Briefly we observed with a nine point dither pattern of 4 × 30 s
exposures (i.e. NDIT=4, DIT=30 s) for a total integration time of 18 minutes. This
was coadded using the jitter software, and centroids and instrumental magnitudes were
found from the resulting coadded image using the SExtractor barycenter and psf fitting
procedures (Bertin & Arnouts, 1996). We calculated the zero point of the field using
the measured 2MASS J-band magnitudes from the 2MASS Point Source Catalogue
(hereafter PSC) of the reference stars in the field, converting them in ESO/SOFI
magnitudes using the equations presented in Carpenter (2001). The SOFI J-band
magnitude for ULAS J222711−004547 is 18.13 ± 0.05. This value agrees with the
2MASS synthetic value, although only at the 2σ level. This slight discrepancy could
be due to the NTT/SOFI J-band filter bandpass including the telluric absorption
bands, whose variability affects differently the early type stars used for photometric
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calibration and the brown dwarf.
There is no clear evidence for variability in the WISE single exposures in W 1 and

W 2, nor in the NEOWISE single exposures in W 1 and W 2.
In Figure 5.4 and 5.5 we compare the photometry of ULAS J222711−004547 with

known “normal”, low-gravity, and unusually red L dwarfs from the literature. We note
that our target appears much redder than any of the known late-L dwarfs, and it is
still redder than most of the other known low-gravity and unusually red L dwarfs (see
Figure 5.4). It is particularly interesting to notice in Figure 5.5, that our target marks
the end of the L-dwarf sequence (running from bottom-left to top-right in the four
panels) further stressing its extreme nature, and that its photometry is very similar to
the recently discovered free-floating planetary-mass L7 PSO J318.5338−22.8603 (Liu
et al., 2013).
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Fig. 5.4: Colour − spectral type diagrams comparing the photometry of ULAS J222711−004547 with
other known L and T dwarfs. “Normal” field objects are plotted as crosses, known low-gravity dwarfs
as circles, and unusually red L dwarfs (URLs) as triangles. ULAS J222711−004547 is plotted as a red
diamond.
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Fig. 5.5: Colour − colour diagrams comparing the photometry of ULAS J222711−004547 with other
known L and T dwarfs. L dwarfs form a sequence running from bottom-left to top-right in each panel.
Plotting symbols follow the same convention of Figure 5.4.
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5.4 Astrometry

Other than in UKIDSS Y JHK bands, ULAS J222711−004547 is detected in 2MASS H
and K-band, and in WISE W1-W2-W3. In Figure 5.6 we present the 2MASS K-band,
UKIDSS K-band, and WISE W2-band images of our target. We also show the SDSS
z-band image of the field, but we note that ULAS J222711−004547 is undetected. The
object just outside the edge of the circle marking the expected position of the target is
a different source, and its very faint counterpart can be seen in the UKIDSS K band as
well. With a total baseline of more than 11 yr between the 2MASS and WISE images,
we can estimate the proper motion of our target. A linear fit to the measured positions
in 2MASS, UKIDSS and WISE gives a proper motion of µα cos δ = 100 ± 16 mas yr−1

and µδ = -30 ± 16 mas yr−1.

We tried to estimate the photometric distance to our target using the calibration
published in Dupuy & Liu (2012). However, the peculiarity of ULAS J222711−004547
makes the estimation unreliable, as the calibrations presented in the literature are
applicable only to standard objects. It has indeed been pointed out by Faherty et al.
(2012) that unusually red L dwarfs tend to be underluminous compared to the average
absolute magnitude of their spectral type by up to 1.0 mag. Moreover, their non-
standard colours cause them to “move” up and down in an absolute magnitude −
spectral type plot. This results in the photometric distances given by the different
magnitudes to be inconsistent with each other, spanning from 68 ± 12 pc if using
MKO MY to 31 ± 5 pc when using WISE MW2. The value obtained using WISE MW2

should be the most accurate, as the flux at 4.6 µm should be much less impacted by
dust.

We tested the possibility of the object being a member of one of the known young
moving groups (hereafter MG) using the convergent-point method (e.g. Clarke et al.,
2010; de Bruijne, 1999, and references therein). We de-composed the proper motion of
ULAS J222711−004547 into a component towards the convergent point of the MG (µ‖)
and one perpendicular to that direction (µ⊥). For a MG member µ‖ must be positive
while µ⊥ should ideally be zero. However, given the measurement errors on the proper
motion of the target, and the intrinsic velocity dispersion of the MG, one should expect
non-zero µ⊥. We calculated µ‖ and µ⊥ for our target relative to 13 known MGs, whose
convergent points were taken from Mamajek (2013). The results obtained are listed
in Table 5.2. The large uncertainties on the proper motion components and the weak
constraint on the distance to ULAS J222711−004547 prevent us from drawing any
firm conclusion. It appears however unlikely for the target to be member of any of the
MGs considered, given its significant µ⊥. Even assuming the smaller distance estimate
(31 ± 5 pc) the µ⊥ obtained corresponds in fact to peculiar velocities larger than 3
km s−1, and generally above the 3σ velocity dispersion of the MGs. Our results are
in agreement with the Bayesian Analysis for Nearby Young AssociatioNs (BANYAN,
Malo et al., 2013) online tool, that returns a probability of 97% of the object being a
field “old” dwarf.

Finally, we searched for common proper motion companions to ULAS J222711−004547.
We assumed the shortest distance estimate (31 ± 5 pc) and we looked for objects within
25000 AU from our target, with proper motion components within 2σ from those of
ULAS J222711−004547. We used the PPMXL, LSPM, rNLTT, HIPPARCOS, TY-
CHO2 and UCAC4 catalogues, and we did not find any common proper motion com-
panion to our target.

A summary of the properties of ULAS J222711−004547 is given in Table 5.3, where
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Fig. 5.6: Finder charts for ULAS J222711−004547. The object position in each frame is marked with
a circle. All images are oriented with north up and east left and are 5×5 arcmin, except the WISE
W 2 image which is 5×4.3 arcmin. The target is undetected in the SDSS z-band.
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Table 5.2: Convergent point calculations for ULAS J222711−004547.

Group µ‖ µ⊥
(mas yr−1) (mas yr−1)

32 Ori 101 26
AB Dor 89 53
Alessi 13 102 23
Argus 100 -28
β Pic 100 27
Carina-Near 102 -21
Columba 101 25
Coma Ber 98 36
η Cha 97 37
Hyades 96 -42
Tucana 100 29
TW Hya 102 24
UMa (Sirius) -65 82
The uncertainty on µ‖ and µ⊥ is ±16 mas yr−1.

we present coordinates, the available photometry, spectral type, proper motion, and
the photometric distance range.
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Table 5.3: Summary of the properties of ULAS J222711−004547.

Parameter Value
RA (J2000) 22:27:10.8
Dec (J2000) -00:45:47.3

SDSS z > 20.8
MKO Y 19.50 ± 0.11
MKO J 18.11 ± 0.06
MKO H 16.61 ± 0.03
MKO K 15.32 ± 0.02

2MASS J 18.26 ± 0.05 a

ESO/SOFI J 18.13 ± 0.05
2MASS H 16.54 ± 0.26
2MASS K 15.22 ± 0.16
WISE W 1 14.295 ± 0.031

NEOWISE W 1 14.332 ± 0.020
WISE W 2 13.642 ± 0.041

NEOWISE W 2 13.599 ± 0.031
WISE W 3 12.283 ± 0.409
WISE W 4 > 8.592

Spectral type L7pec
µα cos δ (mas yr−1) 100 ± 16
µδ (mas yr−1) -30 ± 16
dphot (pc) 31 − 68

Note: (a) Synthetic value, derived
from the measured spectrum.
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5.5 De-reddening

The extremely red colours and spectra of red L dwarfs could be caused by thicker clouds
(Cushing et al., 2008). Such thicker condensate clouds are believed to be associated
with low surface gravity or high metallicity (e.g. Leggett et al., 2007; Looper et al.,
2008b; Stephens et al., 2009). We note that the extinction cross sections of condensate
clouds are very sensitive to the characteristic size of the particles so in this context
“thicker clouds” may mean a higher optical depth due to slightly larger particles rather
than a structural difference in a cloud layer.

Low surface gravity is a sign of youth, and in L dwarfs is marked by triangular-
shaped H-band spectra (e.g. Lucas et al., 2001). In the case of ULAS J222711−004547,
the H-band looks indeed slightly triangular compared to the standard L7 (see Fig-
ure 5.2). The effect is however not as strong as seen in known young objects like
2MASS J03552337+1133437 (Cruz et al., 2009) and 2MASS J01225093−2439505 (Bowler
et al., 2013) . Other signs of youth, like the Li I absorption doublet at 6708 Å and
the Hα emission at 6563 Å are not seen in the spectrum of our target. Their absence
however does not rule out the possibility that ULAS J222711−004547 is a young field
brown dwarf, as pointed out by Cruz et al. (2009) and Kirkpatrick et al. (2008). Also,
the kinematics of this object does not match any of the known young moving groups
(see Section 5.4), and it is therefore unlikely that ULAS J222711−004547 is very young.

5.5.1 Checking for interstellar reddening

A way to determine the effect of dust clouds and their role in the formation of the
spectra of peculiar red L dwarfs is to de-redden the spectra applying wavelength
dependent corrections (e.g. Gizis et al., 2012). We de-reddened the spectrum of
ULAS J222711−004547 using two different reddening curves: the Cardelli et al. (1989)
and the more recent Fitzpatrick (1999), assuming the standard value R(V ) = 3.1. For
each reddening curve we selected the best colour excess E(B-V) − standard template
combination via χ2 minimization. In both cases the best fit is given by the L7 stan-
dard with a colour excess of E(B-V)=1.1. The results are shown in Figure 5.7 where
we compare the normalized spectrum of ULAS J222711−004547 before and after the
de-reddening with the standard L7 dwarf 2MASSI J0103320+193536. Since there is
no significant difference between the results obtained with the two different extinction
laws, we only show the correction obtained with the Fitzpatrick (1999) curve. The de-
reddened version of the spectrum resembles closely to the L7 standard, but still shows
a more peaked H-band, due to its blue-wing being fainter, i.e. the water absorption
at 1.4 µm being stronger, than in 2MASSI J0103320+193536. The K-band flux is also
slightly enhanced, especially in its red end. We note in particular a “bump” between
2.1 and 2.3 µm, and a weaker CO absorption compared to the L7 standard. This result
is quite remarkable and surprising when considering how different the interstellar dust
and the atmospheric clouds of brown dwarfs are.

There is of course the possibility that the reddening of the spectrum is due to
interstellar dust clouds. However this is improbable as the object is at a distance of
less than 70 pc (see Section 5.4) and that the asymptotic reddening for the field is
E(B-V) = 0.068, which corresponds to an integrated extinction of approximately 0.061
mag, 0.039 mag, and 0.025 mag in the J , H, and K band respectively. Reddening
and extinction for the field were obtained using the Galactic Dust Reddening and
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Fig. 5.7: The spectrum of ULAS J222711−004547 (black) and its de-reddened version (green) com-
pared to the L7 standard 2MASSI J0103320+193536 (red). The spectrum has been de-reddened
applying the Fitzpatrick (1999) extinction curve with a colour excess of E(B-V)=1.1.
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Extinction service2, which is based on the results of Schlegel et al. (1998). We note
that the value of E(B-V) measured for the field is almost constant, with ∆ E(B-V)
= 0.01 over an area of 2×2 square degrees. This rules out peculiar properties of the
interstellar medium and the presence of molecular clouds along the line of sight, and
therefore justifies the use of R(V ) = 3.1.

5.5.2 De-reddening with dust typical of L dwarfs

The surprisingly good results given by the method described above, motivated us to
calculate more specific extinction curves, for the dust species that are typical of the at-
mospheres of brown dwarfs. In this contribution we have considered corundum (Al2O3),
enstatite (MgSiO3), and iron, as they are thought to be the most abundant in late-L
dwarfs (e.g. Morley et al., 2012, and references therein). For each dust species we
calculated the extinction cross section as a function of wavelength using an adapted
version of the Mie scattering code of Bohren & Huffman (1983). Following Seager et al.
(2000), optical constants were taken from Dorschner et al. (1995), for enstatite; Koike
et al. (1995), for corundum; and Ordal et al. (1985), for iron. For corundum we used
the “ISAS” particles given in Koike et al. (1995), since this yields a single scattering
albedo spectrum consistent with that shown by Seager et al. (2000).

We have calculated the extinction for a range of characteristic grain radii (hereafter
r) from 0.05 to 1.00 um. For each r we used a Gaussian size distribution with a width√

2σ = 0.1 × r. This size distribution is wide enough to smooth over the interference
effects that arise in Mie scattering. In reality, there is likely to be a broader distribution
of grain sizes but the extinction curve is dominated by grains close to r, so it is useful
to consider a characteristic size, even though it may not dominate the mass. For
example, the scattering cross section of particles much smaller then the wavelength is
proportional to the sixth power of the grain size (due to the Rayleigh-like fourth power
in efficiency, combined with the physical cross section increasing with the square of
radius). Therefore the size distribution would have to be very steep for the smaller
particles to contribute significantly.

The range of r that we consider is constrained by basic considerations of light
scattering physics and by the fact that particles larger than 1 µm are expected to drop
out of the photosphere. If the size parameter x = 2πr/λ of optically dominant grains
is much bigger than 1 in the wavelength range under consideration, then the extinction
is expected to be “grey”, with little or no reddening effect. If r < 0.05 µm then it
approaches the small grain limit, and no changes to the extinction curve would be
expected if the grains were smaller.

We then de-reddened the spectrum of ULAS J222711−004547 using the extinction
curves and fit it to the already mentioned L7 spectroscopic standard 2MASSI J0103320+193536.
The fit has two free parameters: other than the grain size r, the normalization of the
extinction curve at 2.20 µm (i.e. AK). In Figure 5.8 we show the best fit obtained for
each dust species. Corundum and enstatite (top-left and top-right panel of Figure 5.8)
give a very good fit for typical grain sizes of 0.45-0.50 µm. The de-reddened spectrum
matches almost perfectly the standard, with only slight discrepancies in the CO ab-
sorption band at 2.3 µm and in the CrH band at 0.86 µm. The best fit grain size for
iron is 0.20 µm (bottom-left panel of Figure 5.8), but the quality of the fit is signifi-
cantly poorer. While the NIR portion is quite well matched, the optical and J-band

2http://irsa.ipac.caltech.edu/applications/DUST/
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appear much fainter than in the standard. All the dust species give a best-fit AK of
0.20-0.22, which corresponds to τK = 0.18-0.20. The de-reddened WISE photometry
gives a W 1−W 2 = 0.62 (using the corundum or enstatite extinction curve), and 0.63
(using the iron extinction curve). The WISE colours are still redder than the average
even after de-reddening them, because the extinction curves we derived decline steeply
as a function of wavelength, and the difference between the extinctions at 3.4 and 4.6
µm is therefore negligible.

A complication is that there is a strong peak in the extinction cross section when
the grain size is a little smaller than the wavelength of observation (e.g. Figure 15 of
Lucas & Roche, 1998). The strength of this peak and the corresponding size parameter
depend on the shape and refractive index of the particles. This has the consequence
that grains that are a bit smaller than the maximum size can have a significant effect
at shorter wavelengths. For this reason we have attempted to de-redden with a power
law size distribution of iron grains, in order to determine whether the poor fit to iron
is due to the unusual optical properties of this metal or to the fact the large refractive
index of iron causes smaller grains in the distribution to have a more noticeable effect.
We determined extinction curves for exponents between 0 and -7.00 with steps of 0.25.
We assume a fixed minimum grain size of 0.05 µm, while the maximum grain size rmax

at which we truncate the power law is a parameter of the fit (as well as AK and the
exponent of the power law).

The best-fit obtained is shown in bottom-right panel of Figure 5.8. The maximum
grain size obtained is 0.30 µm with AK = 0.30 and a power law index of -2.50. The
quality of the fit obtained is equal to that obtained with corundum and enstatite, and
much better than the fit obtained assuming a narrow gaussian distribution around the
characteristic r. This indicates that given its large refractive index, the size distribution
of iron cannot be neglected when computing its extinction.

5.5.3 Testing the method on other Unusually Red L dwarfs

To test the reliability of our method, we applied it to the other URLs plotted in
Figure 5.3. An example of the fits obtained is shown in Figure 5.9 where we plot
2MASS J035523.37+113343.7, 2MASS J21481628+4003593, WISEP J004701.06−680352.1,
and 2MASSW J2244316+204343 (from top to bottom), dereddened with corundum.
Overplotted in red are the corresponding standard templates used. WISEP J004701.06−680352.1,
and 2MASSW J2244316+204343 give results that are very similar to those obtained for
ULAS J222711−004547. The best-fit grain size for corundum and enstatite is slightly
larger (r = 0.50-0.60 µm for AK ∼ 0.5) and the quality of the fit to the L7 standard
is surprisingly good. De-reddening using iron gives a best-fit grain size of 0.20 µm for
both objects (AK ∼ 0.3), but the quality of the fit to the red-optical part of the spec-
trum is again poorer. The best-fit parameters for 2MASS J21481628+4003593 against
the L6 standard are identical to those given by our target, i.e. r = 0.45-0.50 µm with
AK = 0.22-0.24 for corundum and enstatite, and r = 0.20 µm and AK = 0.20 using
iron. The quality of the fit to the standard in this case is very good also for the de-
reddening using iron, with a very good match to the entire spectrum. The consistency
of these results strengthens the validity and the significance of our approach, further
highlighting the importance of dust in the photosphere of URLs.

The fits obtained for 2MASS J035523.37+113343.7 against the L5 standard are
poorer. The best-fit grain sizes obtained for corundum, enstatite and iron are com-
parable to those obtained for the other URLs (0.40, 0.50, and 0.15 µm respectively,
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Fig. 5.8: The spectrum of ULAS J222711−004547 (black line) de-reddened using extinction curves
for corundum (top-left), enstatite (top-right) and iron assuming a typical grain size (bottom-left)
and iron assuming a power law grain size distribution (bottom right) compared to the L7 standard
2MASSI J0103320+193536 (red line). The best fit parameters are shown in the top left corner of each
panel.
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with AK = 0.26, 0.32, and 0.19). However, the de-reddened spectrum resembles closely
that of the standard in the red-optical and J-band, but the standard has stronger H2O
and CO absorption, a less peaked H-band, and it is brighter in the K-band. The
poorer results obtained for this object could be due to a combination of two factors.
First, 2MASS J035523.37+113343.7 is classified as very-low gravity in Allers & Liu
(2013), and it is likely to be a member of the AB Doradus moving group (Faherty
et al., 2013b). Therefore, to fully explain its spectral peculiarities low gravity cannot
be neglected, and a simple dust de-reddening is not sufficient. Second, this object is of
a slightly earlier spectral type compared to the other URLs considered, and the role of
dust clouds in its photosphere is intrinsically less dominant.

5.5.4 De-reddening using different templates

We have also de-reddened the spectrum of ULAS J222711−004547 using different com-
parison dwarfs. Instead of the L7 standard, we used the L7 2MASS J09153413+0422045,
which is slightly bluer than the standard, and the d/sdL7 2MASS J14162409+1348267,
which is a known slightly metal-poor dwarf (Bowler et al., 2010; Schmidt et al., 2010a).
The fit to 2MASS J09153413+0422045 gives typical grain sizes slightly larger but con-
sistent with those obtained with the fit against the L7 standard. We obtain r = 0.50,
0.60, and 0.20 µm for corundum, enstatite and iron respectively. The main difference
between the two fits is, not surprisingly, the larger AK given by the bluer template,
in the range 0.35 to 0.60. The quality of the fit is still extremely good for the entire
spectrum. When fitting the d/sdL7 2MASS J14162409+1348267 we obtain the same
typical grain sizes, but a higher extinction AK = 0.79, 0.95, and 0.56 for corundum,
enstatite and iron respectively. The quality of the fit remains quite good for corundum
and enstatite, except for the H-band peak that appears too triangular compared to
the d/sdL7. De-reddeing with iron gives a very poor fit at wavelengths shorter than
1.2 µm, and a good fit to the rest of the spectrum. The results are shown in Figure
5.10 where we show the spectrum of ULAS J222711−004547 de-reddened using the
corundum extinction curve. The two different standards that we used are overplotted
in red for comparison.

These surprisingly good results suggest that the differences in photometry and spec-
tra seen in objects of similar spectral types (especially at late-L type, e.g. Zhang et al.,
2013a) could be explained almost entirely by assuming differences in the optical thick-
ness and depth of the cloud deck.

The results of this de-reddening however have to be taken with caution. In fact we
do not use the extinction curves in a defined structure or medium but simply apply
them directly to the observed spectrum. This is equivalent to adding a layer of cold
dust at the top of the brown dwarf’s photosphere, neglecting the effect of scattering (i.e.
scattered photons are considered to disappear as if they were absorbed), and without
taking into account any effect that the extra dust would cause on the atmosphere of the
object (e.g. elements depletion, backwarming effect, etc.). Physically, the dust layer as
fitted here could be located anywhere above the photosphere, and the fitted extinction
AK represents the effect of this dust layer over and above the normal extinction effect
of dust in the spectroscopic standard. More realistically, at least some of the additional
dust in the red L dwarf is likely to be mixed in with the photosphere, which would
mean that the AK parameter is under-estimated. In fact, it is not necessary for the
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Fig. 5.9: The spectra of 2MASS J035523.37+113343.7, 2MASS J21481628+4003593,
WISEP J004701.06−680352.1, and 2MASSW J2244316+204343 (from top to bottom), de-
reddened with corundum. Overplotted in red are the corresponding standard templates used. The
best fit parameters for each object are indicated on the left-hand side.
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Fig. 5.10: The spectrum of ULAS J222711−004547 de-reddened with corundum, compared to the
slightly blue L7 2MASS J09153413+0422045 (top), and the d/sdL7 2MASS J14162409+1348267 (bot-
tom). The best fit parameters for each fit are indicated on the left-hand side.
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dust in red L dwarfs to be located at a different altitude than in normal L dwarfs. It
is only necessary for it to have higher optical depth, perhaps due to larger grain size,
or a higher space density of particles, rather than a physically thicker cloud layer.

A larger typical dust grain size in the photosphere can naturally arise from lower
gravity, which would increase the maximum grain size that can remain suspended in
the photosphere. However, in ULAS J222711−004547 there is no clear evidence for low
gravity (see Section 5.2.2), so the explanation could be a higher than solar metallicity.

5.6 Model fitting

We fit the spectrum of ULAS J222711−004547 with a set of atmospheric models to try
to understand the origin of its very red infrared colours. We used the BT-Settl and BT-
Dusty models from Allard et al. (2011), the A and AE models from Madhusudhan et al.
(2011), and the Unified Cloudy Models (hereafter UCM) from Tsuji (2002); Tsuji et al.
(2004); Tsuji (2005). For each set of models, we selected the best fit one via χ2 fitting.
The results are shown in Figure 5.11 where we present the fit to the entire spectrum,
and a zoom to the optical+J-band, H-band, and K-band respectively (separately
normalized to 1 at their peaks). At the top of each panel, we plot for comparison the
fit given by the L7 standard reddened using the extinction curve for corundum derived
in Section 5.5.

5.6.1 BT-Dusty and BT-Settl models

In the BT-Dusty and BT-Settl models dust species abundances are calculated assuming
chemical equilibrium. In the BT-Dusty models, no gravitational settling is considered,
and the clouds are homogeneously distributed in the atmosphere of the brown dwarf.
In the BT-Settl models instead, the dust grains sediment towards the lower layers of
the photosphere, slowly depleting the upper layers. The cloud coverage is still assumed
to be homogeneous. The dust grain size is determined by the equilibrium between the
growth of the grains and their mixing and sedimentation. For the typical atmospheric
parameters of late-L dwarfs, this results in grains with a diameter from ∼1 up to ∼10
µm. The mixing time scale is computed by extrapolating the results of hydrodynamical
simulations of late-M dwarfs by Ludwig et al. (2002) at lower temperatures. We can
see in Figure 5.11 (top-left panel) that the BT models fit quite well the overall slope of
the spectrum, with only the Dusty models appearing slightly bluer than the target in
the K-band. However, the main absorption features (i.e. the H2O and CO bands, see
Figure 5.11, bottom-right panel) are poorly reproduced. The best fit parameters are
very different: the Dusty models suggest Teff = 1800 K (typical of early L-dwarfs) and
log(g) = 5.0, while the Settl models give Teff = 1500 K (typical of L5−L6 dwarfs) and
log(g) = 3.5. This difference is a direct consequence of the different treatment of dust
in the photosphere: the Dusty models, neglecting by assumption the dust settling, do
not require low gravity to reach very red colours, while the Settl models do, to allow a
greater dust content and at a higher altitude.

5.6.2 A and AE models

Madhusudhan et al. (2011) describe the cloud decks in the atmosphere assuming that
the dust particle density follows the gas-phase pressure profile, with different “shape
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Fig. 5.11: The spectrum of ULAS J222711−004547 compared to atmospheric models. The models
used are the BT-Settl and BT-Dusty (Allard et al., 2011), the A and AE models (Madhusudhan
et al., 2011), and the UCM models (Tsuji, 2002; Tsuji et al., 2004; Tsuji, 2005). For each model
we indicate in bracket effective temperature, surface gravity and metallicity, following the scheme
[Teff/log(g)/[Fe/H]]. For comparison, we show at the top of each panel the fit given by the L7 standard
reddened with our corundum extinction curve. Top-left : the complete spectrum. Top-right : a zoom
into the optical+J-band portion of the spectrum. Bottom-left : a zoom into the H-band portion of
the spectrum. Bottom-right : a zoom into the K-band portion of the spectrum.
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functions” to modulate the top and bottom cut-off of the clouds. In the E models,
both cut-offs are very sharp; in the A models, the bottom cut-off is very sharp, while
there is no top cut-off (i.e. the clouds extend all the way to the top of the atmosphere);
the AE models represent an intermediate scenario, with a sharp cut-off at the bottom,
and a shallow exponential cut-off at the top. The authors assumed the Deirmendjian
size distribution for the dust particles (Sudarsky et al., 2000) with modal particle sizes
of 1, 30, 60, and 100 µm. In Figures 5.11 we show only the A and AE models, as
the E models provide a very poor fit. Both models tend to overestimate the flux in
the “blue” portion of the spectrum (at wavelengths shorter than 1.3 µm) and also do
not reproduce appropriately the shape of the H and K-band. The strength of the
CO absorption at 2.3 µm in this case is overestimated. The A model matches well
the strength of the water absorption at 1.4 and 1.9 µm, while the AE model tends
to overestimate the strength of both. We note that the best-fit Madhusudhan et al.
(2011) models consider only forsterite clouds. The opacity spectrum of forsterite is
very different from that of corundum and enstatite (whose extinction curves provide
an excellent fit to the standard), and this could partly explain the poor quality of the
fit at short wavelengths. Also, the modal grain sizes adopted vary between 1 and 100
µm, much larger than what is suggested by our de-reddening. Such large grains would
give a more “grey” extinction in the NIR range, resulting in less reddening. This could
explain the very low best-fit Teff (1200 K, typical of standard mid T-dwarfs), as this
lower temperature implies an intrinsically redder spectrum, which is needed to fit the
colours of ULAS J222711−004547.

5.6.3 Unified Cloudy Models

In the UCM dust grains are assumed to form at the condensation temperature (Tcond ≈2000
K) and then grow until they reach their critical radius (at the critical temperature Tcr),
at which point they precipitate below the photosphere. The dust clouds are therefore
segregated in the portion of the photosphere where Tcr . T . Tcond. In objects with
higher Teff (i.e. L dwarfs) the clouds are located higher in the photosphere, and there-
fore impact more the spectrum. The dust opacities are calculated assuming grains
with a fixed radius of 0.01 µm, and considering only corundum, enstatite and iron.
As we can see in Figure 5.11, the UCM fits properly the flux level in the H and K-
band, but as in the BT-Settl models, the strength of the CO absorption at 2.3 µm and
of the water band at 1.4 µm is underestimated. The H-band appears too triangular
compared to the observed one. Also, we can see in Figure 5.11 (top-right panel) that
the red-optical portion looks too smooth compared to the observed spectrum, and is
slightly over-luminous. The best-fit parameters are Teff = 1600 K and log(g) = 3.5, in
good agreement with the BT-Settl models. The best-fit Tcr is 1600 K, which means
that the cloud deck extends all the way to the top of the photosphere.

In summary, all the best-fit models imply a low gravity of log(g) ' 3.5−4.0 (with
the exception of the BT-Dusty models), in contrast with the index-based classification
as FLD-G. The temperature predicted varies significantly, from 1200 K up to 1800
K. This wide range of temperatures can be due to the different approaches to dust
treatment adopted by the models considered, further highlighting the importance of
condensates in the atmosphere of this red L dwarf. Another parameter that can play
a role is metallicity. We must note at this point that the model grids used here are
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largely incomplete in the sense that they generally offer only solar metallicity spec-
tra. A higher metallicity would facilitate the formation of dust, and could explain
the remaining differences between ULAS J222711−004547 and the synthetic spectra
shown here. As regards the dust cloud’s distribution, all the best fit models imply
a fully dusty photosphere, with the dust clouds extending all the way to the top of
the atmosphere, although their density is assumed to be modulated in different ways,
therefore resembling to our de-reddening scenario, where the dust is essentially added
on the top of the dwarf’s atmosphere (for a more complete review and comparison of
the different atmospheric models, and their dust cloud modelling, we refer the reader
to Helling et al., 2008, in particular their Figures 2 and 5).

5.7 Conclusions

We report the discovery of a new peculiar L dwarf, ULAS J222711−004547. This
object fits into the category of “unusually red L dwarfs”, showing very red infrared
colours while not displaying any particular sign of youth. Its kinematics in fact do not
point towards membership of any of the known young moving groups, and its spectrum
does not show the “trademarks” of young brown dwarfs. The index-based classification
developed by Allers & Liu (2013) suggests that the object has surface gravity consistent
with the field population of L dwarfs. Current atmospheric models however suggest
a low gravity nature for ULAS J222711−004547, but fail to reproduce properly its
spectrum. The most poorly reproduced feature are the water vapour absorption band
at 1.4 µm, the “peakiness” of the H-band, and the CO absorption band at 2.3 µm. It
is not excluded that a non-standard, higher-than-solar metallicity could explain these
discrepancies.

However, applying a simple de-reddening curve, the spectrum of ULAS J222711−004547
becomes remarkably similar to the spectra of the L7 spectroscopic standards. This re-
sult is rather surprising, as the atmospheric clouds of brown dwarfs are quite different
in terms of dust grain size and density compared to the interstellar dust. Refining our
de-reddening approach by using extinction curves for the most abundant dust species
in the atmospheres of L dwarfs (corundum, enstatite, and iron) allowed us to obtain
even higher quality fits, not only for our target but for other URLs as well. It appears
that the differences in NIR colours and spectra of late-L dwarfs could be almost en-
tirely explained by assuming a higher dust content in the photospheres of the redder
objects. If our simple model is taken at face value, the grain size in the atmosphere
would be typically ∼0.5 µm. An important point to stress is that the models that
better fit the spectrum and photometry of ULAS J222711−004547 are characterized
by fully dusty photospheres, with the clouds extending all the way to the top of the
atmosphere. This is to some extent similar to our simple de-reddening, where the dust
is essentially located above the atmosphere, and suggests that URLs and giant planets
are characterized by thick clouds in the uppermost layers of the atmosphere, probably
caused by a combination of slightly low gravity and high metallicity.

Further study of ULAS J222711−004547 and other red L dwarfs will help to un-
derstand better the role of dust clouds in ultracool atmospheres, their formation and
subsequent disruption, and will lead to a better understanding of the atmospheric dy-
namics of gas giant planets. Variability studies in particular can help to understand
the cloud dynamics in the atmosphere of these peculiar objects, highlighting the role
of dust in shaping the spectra of URLs. A more detailed and rigorous modeling of
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the reddening induced by the dust excess will be the key to understand the nature of
this objects, and could potentially lead to more robust observational constraints on the
grain size distribution and abundances in the atmospheres of brown dwarfs.



Chapter 6: Conclusions and
Future Work

The systematic and homogeneous parameterization of large samples of L and T dwarfs
is the only way forward in our understanding of the physics of sub-stellar objects. While
the initial efforts were devoted (and partially still are) to the discovery of new extreme
objects, pushing the boundary of our knowledge to colder and colder dwarfs, sub-stellar
astrophysics has now reached a more mature stage in which the facilities available allow
for a more systematic study of statistically significant samples. Large area surveys like
DENIS, SDSS, 2MASS, UKIDSS, WISE, and more recently VISTA and PANSTARRS,
have uncovered more than 1500 brown dwarfs at the time of writing, allowing a more
comprehensive analysis of the general properties of the sub-stellar population rather
than individual objects.

In this thesis I tried to address some of the open questions via spectroscopic analysis
of large samples of L and T dwarfs, combining the spectroscopic information with other
available data. The main goals I tried to achieve are a more robust calibration of
the magnitude and temperature sequence, and to place a constraint on the IMF and
formation history of brown dwarfs.

A better calibration of the absolute magnitude and temperature sequence is nec-
essary in order to determine the luminosity function of brown dwarfs and, therefore
the IMF and formation history. As seen in Chapter 4 one of the predominant sources
of uncertainty in measuring the space density of a magnitude limited sample is the
estimate of the volume probed, i.e. of the photometric distance limit. PARSEC, de-
scribed in Chapter 2 and in Marocco et al. (2013), will provide a better calibration
than the existing one, especially at early types, where the scatter in the absolute mag-
nitude sequence appears to be larger. It is worth mentioning at this point that a
significant contribution towards this goal will come from the ESA mission Gaia, that
will provide high precision parallaxes (and proper motions), for a few hundred early
L dwarfs. Combined with photometry and spectroscopy the astrometric information
becomes invaluable, as it can lead to measurements of bolometric luminosity and effec-
tive temperature (see Section 2.5), the identification of common proper motions pairs
(Section 2.6.4 and 2.6.5), unresolved binaries (Section 2.3.3), and members of young
moving groups (Section 2.4).

Similarly, a better calibration of the temperature sequence is necessary in order to
compare the results of observational efforts with numerical simulations, as one would
always have to convert somehow the observed spectral types into physical parameters,
primarily effective temperature, and possibly surface gravity and metallicity. The
preliminary results presented in this thesis and in Marocco et al. (2013) suggest that
the effective temperature sequence might become shallower at the transition between
M and L type dwarfs, possibly because the formation of dust in the photosphere causes
a more rapid evolution of the spectral features.

In this respect large spectroscopic campaigns like the one described in Chapter 3
are fundamental to build up statistical significant samples of homogeneously classified
objects, reducing the scatter in the calibration by identifying peculiar objects and bi-
naries. And this leads to the second point to be addressed if we wish to constrain
the IMF and formation history: the uncertainty in the binary fraction of sub-stellar
objects. The sample of potential binaries identified in Chapter 3 can be used to put
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stronger constraints on the binary fraction in the L-T transition. The binary candidates
presented here are in fact selected in an homogeneous way and from a photometrically
complete, magnitude limited, large sample. However we need to assess the contam-
ination from peculiar objects, and the only robust way to do it is to follow-up the
binary candidates. High-resolution imaging or radial velocity monitoring can reveal
whether these are real binaries or not. Multiple systems are not only important to
constrain the luminosity function, but are also precious benchmark systems, as they
can lead to dynamical mass measurements (via astrometric monitoring, e.g. Dupuy
et al., 2009) and radii measurements (if they form eclipsing pairs Stassun et al., 2006).
Direct measurements of both quantities are fundamental to test evolutionary models.

According to the proverb “it is the exception that proves the rule”, peculiar objects
like ULAS J2227114−004547 are often the key to improve our understanding of the
atmospheric physics of sub-stellar objects. While the preliminary constraints on the
grain size derived in Chapter 5 and Marocco et al. (2014) are still rough estimates and
potentially affected by a number of systematics, the important point to take away is
that variations in the dust opacity (i.e. in the dust content) can account almost entirely
for differences between red and blue extremes of a given spectral class. This somewhat
diminishes the role of CIA, traditionally retained as the primary responsible for the
suppression/enhancement of the H and K band flux in L and T dwarfs. Moreover,
the surprisingly good results obtained with the de-reddening method, suggest that the
dust clouds in peculiar red objects are predominantly located in the high layers of the
photosphere. Improved kinematics for ULAS J2227114−004547 could help understand
better its nature, by possibly placing it into one of the nearby young clusters. That
would determine whether the increased dust opacity is a consequence of reduced surface
gravity, or if the reason has to be found somewhere else, possibly in an enhanced metal
content of the photosphere.

With the full exploitation of present surveys, and new facilities like SPHERE and
GPI, sub-stellar astrophysics is constantly progressing towards the solution of its re-
maining open questions, by revealing larger and larger populations of L, T, and Y
dwarfs. New optical and near-infrared spectrographs like CARMENES, ESPRESSO,
and SPIRou will allow us to characterize the atmospheres of brown dwarf and giant
exoplanets in further details, allowing a more in-depth analysis of the complex physics
and chemistry in ultra-cool atmospheres. The already mentioned ESA/Gaia mission
will provide extremely precise astrometry for thousands of L dwarfs, allowing not only
for a better calibrations of the absolute magnitude sequence, but also finding literally
thousands of binaries and members of moving groups (i.e. benchmark systems) through
the comparison of stellar kinematics and those of brown dwarfs seen, and also not seen
by Gaia but observed in ground surveys.

On the theoretical side, atmospheric models are becoming more and more accurate,
and model grids are exploring a larger parameter space, partly thanks to the constant
progress in computer power, but also thanks to the inclusion in the calculations of new,
more complete molecular databases like ExoMol.

Further ahead in the future, LSST, E-ELT, GMT and JWST will constitute another
giant leap forward, probing the sky to deeper magnitudes and therefore pushing the
boundaries of our observations down to even fainter objects, allowing the direct imaging
of the coldest constituents of the brown dwarf and exoplanets population.
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J. A., Nickson, E., Zhang, Z. H., Clarke, J. R. A., Jenkins, J. S., & Tamura, M.
2011, MNRAS, 414, 575 [ADS]

Nakajima, T., Oppenheimer, B. R., Kulkarni, S. R., Golimowski, D. A., Matthews, K.,
& Durrance, S. T. 1995, Nature, 378, 463 [ADS]

Newton, I. 1705, Oticks: Or, A Treatise of the Reflections, Refractions, Inflections and
Colours of Light (London: Royal Society)

Nielsen, E. L., Liu, M. C., Wahhaj, Z., Biller, B. A., Hayward, T. L., Boss, A., Bowler,
B., Kraus, A., Shkolnik, E. L., Tecza, M., Chun, M., Clarke, F., Close, L. M.,
Ftaclas, C., Hartung, M., Males, J. R., Reid, I. N., Skemer, A. J., Alencar, S. H. P.,
Burrows, A., de Gouveia Dal Pino, E., Gregorio-Hetem, J., Kuchner, M., Thatte,
N., & Toomey, D. W. 2012, ApJ, 750, 53 [ADS]

Nissen, P. E. 2004, Origin and Evolution of the Elements, 154 [ADS]

Noll, K. S., Geballe, T. R., Leggett, S. K., & Marley, M. S. 2000, ApJ, 541, L75 [ADS]

Oppenheimer, B. R., Kulkarni, S. R., Matthews, K., & van Kerkwijk, M. H. 1998, ApJ,
502, 932 [ADS]

Ordal, M. A., Bell, R. J., Alexander, Jr., R. W., Long, L. L., & Querry, M. R. 1985,
Appl. Opt., 24, 4493 [ADS]

http://adsabs.harvard.edu/abs/2003Msngr.114...20M
http://adsabs.harvard.edu/abs/2003ApJ...596..561M
http://cdsads.u-strasbg.fr/abs/2008ApJ...676.1281M
http://adsabs.harvard.edu/abs/1981gask.book.....M
http://cdsads.u-strasbg.fr/abs/1979ApJS...41..513M
http://cdsads.u-strasbg.fr/abs/1943QB881.M6.......
http://adsabs.harvard.edu/abs/2012ApJ...756..172M
http://cdsads.u-strasbg.fr/abs/2011MNRAS.414..575M
http://cdsads.u-strasbg.fr/abs/1995Natur.378..463N
http://cdsads.u-strasbg.fr/abs/2012ApJ...750...53N
http://cdsads.u-strasbg.fr/abs/2004oee..symp..154N
http://cdsads.u-strasbg.fr/abs/2000ApJ...541L..75N
http://cdsads.u-strasbg.fr/abs/1998ApJ...502..932O
http://adsabs.harvard.edu/abs/1985ApOpt..24.4493O


186 REFERENCES
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Pietrzyński, G., Poleski, R., Ulaczyk, K., Pietrukowicz, P., Koz lowski, S., Skowron,
J., Wyrzykowski,  L., The OGLE Collaboration, Abe, F., Bennett, D. P., Bond, I. A.,
Botzler, C. S., Chote, P., Freeman, M., Fukui, A., Fukunaga, D., Harris, P., Itow,
Y., Koshimoto, N., Ling, C. H., Masuda, K., Matsubara, Y., Muraki, Y., Namba, S.,
Ohnishi, K., Rattenbury, N. J., Saito, T., Sullivan, D. J., Sweatman, W. L., Suzuki,
D., Tristram, P. J., Wada, K., Yamai, N., Yock, P. C. M., Yonehara, A., & The
MOA Collaboration. 2014, ApJ, 787, 71 [ADS]

Patience, J., King, R. R., de Rosa, R. J., & Marois, C. 2010, A&A, 517, A76 [ADS]

Pearson, K. 1895, Proceedings of the Royal Society of London, 58, 240

Pinfield, D. J., Burningham, B., Lodieu, N., Leggett, S. K., Tinney, C. G., van Spaan-
donk, L., Marocco, F., Smart, R., Gomes, J., Smith, L., Lucas, P. W., Day-Jones,
A. C., Murray, D. N., Katsiyannis, A. C., Catalan, S., Cardoso, C., Clarke, J. R. A.,
Folkes, S., Gálvez-Ortiz, M. C., Homeier, D., Jenkins, J. S., Jones, H. R. A., &
Zhang, Z. H. 2012, MNRAS, 422, 1922 [ADS]

Pinfield, D. J., Burningham, B., Tamura, M., Leggett, S. K., Lodieu, N., Lucas, P. W.,
Mortlock, D. J., Warren, S. J., Homeier, D., Ishii, M., Deacon, N. R., McMahon,
R. G., Hewett, P. C., Osori, M. R. Z., Martin, E. L., Jones, H. R. A., Venemans,
B. P., Day-Jones, A. C., Dobbie, P. D., Folkes, S. L., Dye, S., Allard, F., Baraffe,
I., Barrado Y Navascués, D., Casewell, S. L., Chiu, K., Chabrier, G., Clarke, F.,
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Skemer, A. J., Close, L. M., Szűcs, L., Apai, D., Pascucci, I., & Biller, B. A. 2011,
ApJ, 732, 107 [ADS]

Skrutskie, M. F., Cutri, R. M., Stiening, R., Weinberg, M. D., Schneider, S., Carpenter,
J. M., Beichman, C., Capps, R., Chester, T., Elias, J., Huchra, J., Liebert, J.,
Lonsdale, C., Monet, D. G., Price, S., Seitzer, P., Jarrett, T., Kirkpatrick, J. D.,
Gizis, J. E., Howard, E., Evans, T., Fowler, J., Fullmer, L., Hurt, R., Light, R.,
Kopan, E. L., Marsh, K. A., McCallon, H. L., Tam, R., Van Dyk, S., & Wheelock,
S. 2006, AJ, 131, 1163 [ADS]

Smart, R. L., Lattanzi, M. G., Bucciarelli, B., Massone, G., Casalegno, R., Chiumiento,
G., Drimmel, R., Lanteri, L., Marocco, F., & Spagna, A. 2003, A&A, 404, 317 [ADS]

Smart, R. L., Lattanzi, M. G., Jahreiß, H., Bucciarelli, B., & Massone, G. 2007, A&A,
464, 787 [ADS]

Smart, R. L., Tinney, C. G., Bucciarelli, B., Marocco, F., Abbas, U., Andrei, A.,
Bernardi, G., Burningham, B., Cardoso, C., Costa, E., Crosta, M. T., Daprá, M.,
Day-Jones, A., Goldman, B., Jones, H. R. A., Lattanzi, M. G., Leggett, S. K., Lucas,
P., Mendez, R., Penna, J. L., Pinfield, D., Smith, L., Sozzetti, A., & Vecchiato, A.
2013, MNRAS, 433, 2054 [ADS]

Stamatellos, D. 2013, in European Physical Journal Web of Conferences, Vol. 47, Eu-
ropean Physical Journal Web of Conferences, 8001 [ADS]

Stamatellos, D. & Whitworth, A. P. 2009, MNRAS, 400, 1563 [ADS]

Stassun, K. G., Mathieu, R. D., & Valenti, J. A. 2006, Nature, 440, 311 [ADS]

Stauffer, J. R., Hamilton, D., & Probst, R. G. 1994, AJ, 108, 155 [ADS]

Stephens, D. C. 2003, in IAU Symposium, Vol. 211, Brown Dwarfs, 355 [ADS]

http://adsabs.harvard.edu/abs/2010AJ....139.1045S
http://cdsads.u-strasbg.fr/abs/2010AJ....139.1808S
http://cdsads.u-strasbg.fr/abs/2010A%26A...510L...8S
http://cdsads.u-strasbg.fr/abs/2003A%26A...398L..29S
http://cdsads.u-strasbg.fr/abs/2005A%26A...430L..49S
http://cdsads.u-strasbg.fr/abs/2002MNRAS.336L..49S
http://adsabs.harvard.edu/abs/2000ApJ...540..504S
http://cdsads.u-strasbg.fr/abs/2005AN....326..974S
http://cdsads.u-strasbg.fr/abs/2013MNRAS.432.3320S
http://cdsads.u-strasbg.fr/abs/2011ApJ...732..107S
http://cdsads.u-strasbg.fr/abs/2006AJ....131.1163S
http://cdsads.u-strasbg.fr/abs/2003A%26A...404..317S
http://cdsads.u-strasbg.fr/abs/2007A%26A...464..787S
http://adsabs.harvard.edu/abs/2013MNRAS.433.2054S
http://cdsads.u-strasbg.fr/abs/2013EPJWC..4708001S
http://cdsads.u-strasbg.fr/abs/2009MNRAS.400.1563S
http://cdsads.u-strasbg.fr/abs/2006Natur.440..311S
http://cdsads.u-strasbg.fr/abs/1994AJ....108..155S
http://cdsads.u-strasbg.fr/abs/2003IAUS..211..355S


REFERENCES 189

Stephens, D. C. & Leggett, S. K. 2004, PASP, 116, 9 [ADS]

Stephens, D. C., Leggett, S. K., Cushing, M. C., Marley, M. S., Saumon, D., Geballe,
T. R., Golimowski, D. A., Fan, X., & Noll, K. S. 2009, ApJ, 702, 154 [ADS]

Sterzik, M. F. & Durisen, R. H. 2003, A&A, 400, 1031 [ADS]

Stone, R. C. 2002, PASP, 114, 1070 [ADS]

Straka, W. C. 1971, ApJ, 165, 109 [ADS]

Sudarsky, D., Burrows, A., & Pinto, P. 2000, ApJ, 538, 885 [ADS]

Sumi, T., Kamiya, K., Bennett, D. P., Bond, I. A., Abe, F., Botzler, C. S., Fukui, A.,
Furusawa, K., Hearnshaw, J. B., Itow, Y., Kilmartin, P. M., Korpela, A., Lin, W.,
Ling, C. H., Masuda, K., Matsubara, Y., Miyake, N., Motomura, M., Muraki, Y.,
Nagaya, M., Nakamura, S., Ohnishi, K., Okumura, T., Perrott, Y. C., Rattenbury,
N., Saito, T., Sako, T., Sullivan, D. J., Sweatman, W. L., Tristram, P. J., Udal-
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