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Abstract

This thesis present new results on the nature of brown dwarf atmospheres revealed by the analysis based
on the spectra taken by the infrared astronomical satellite AKARI and a brown dwarf atmosphere model.

The main results of this thesis are summarized as follows.

1. We construct a spectral data set of brown dwarfs that continuously covers a new wavelength range,
2.5-5.0 um,

2. we verify a generality of the molecular abundances deviating from a thermo-chemical equilibrium

state for T dwarfs,

3. we show that L5 dwarfs with or without the CH4 3.3 um band in their spectra differ in dust presence
and mass (surface gravity) in addition to Ty,

4. we verify the theoretical prediction of radius inversion observationally for the first time,

5. we argue that the dust contribution to the atmospheric structure is larger than that in the current
models, and

6. we suggest a possibility that relative C and O elemental abundances with respect to H are different

in every objects.

Brown dwarfs are objects that are too light to maintain the hydrogen fusion in their cores. Their
effective temperatures are very low as 2200-600 K. They are classified into newly introduced spectral
types L and T. L dwarfs are warmer than T dwarfs. The study of brown dwarfs has been actively carried
out since 1995, when the first genuine brown dwarf, Gl 229B, was discovered by Nakajima et al. Brown
dwarfs are important as a bridge between stars and planets. With intermediate masses and temperatures,
brown dwarfs are expected to have the blended properties of star and planet. However, their properties
are actually quite unique, for example dusty photosphere, and it is not straightforward to understand
their internal physical and chemical processes from our knowledges of stars and planets. Studies of
brown dwarf atmosphere will lead us to understand the comprehensive nature of “atmospheres” of various
objects from stars to planets.

Atmospheres of brown dwarfs are so cool and are dominated by molecules. When temperature de-
creases below the condensation temperature, dust forms in the photosphere. Dust affects the spectra of
brown dwarfs by changing the photospheric structure and by extinction. The effects of dust are observed
most apparently in the near-infrared spectra of L dwarfs. On the other hand, the spectra of T dwarfs show
little sign of dust. This indicates that the dust in the photosphere disappears somewhere between L and
T types. Since the mechanism of dust disappearance is not yet clear, current brown dwarf photosphere
models implement dust segregation effect empirically through a model parameter. Such models can ex-
plain the observed SED more or less satisfactory. On the other hand, the models still have problems to
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explain some molecular absorption bands especially in the spectra of late-L to T dwarfs. It is not clear
whether the deviation of molecular abundance from theoretical prediction is general characteristics or
not. This inconsistency is one of the essential problems in the study of brown dwarf atmospheres.

Spectroscopic observations in the infrared regime are the most powerful tools to obtain physical
and chemical information of brown dwarf atmospheres through various molecular bands. So far, brown
dwarf spectra shorter than 2.5 um have been obtained by ground-based observations. The brown dwarf
atmospheres have been investigated with the data, but it is difficult to discuss molecular abundances
in detail and systematically because of weak and blended molecular overtone absorption bands. The
wavelength range between 2.5 and 5.0 um is the most suitable for this purpose as it contains features of
major molecular spices, including the CHy v3 fundamental band at 3.3 um, CO, v3 fundamental band
at 4.2 um, CO fundamental band at 4.6 um and H,O v; and v3 absorption bands around 2.7 pum. Since
these fundamental bands of important molecules are non-blended each other, we can investigate these
molecular bands in detail. However, observations in the wavelength range from the ground is always
challenging. Severe absorption due to the Earth’s atmosphere and limited wavelength coverage make the
precise analysis difficult.

The Japanese infrared astronomical satellite AKARI was launched in February 2006. The InfraRed
Camera (IRC) on-board AKARI is capable of yielding moderate-resolution (R~120) spectra in this im-
portant wavelength range devoid of any degradation by telluric features. We have conducted an observing
program using the IRC to obtain continuous spectra of brown dwarfs in 2.5-5.0 um wavelengths aiming
to carry out systematic studies of physical and chemical processes in their atmospheres.

Twenty seven brown dwarfs, sixteen L dwarfs and eleven T dwarfs, were successfully observed by
AKARI. The standard software toolkit IRC_SPEC_TOOLKIT was used for the data reduction. Wave-
length and flux calibrations were all done in the toolkit. Spectral data are derived from two dimensional
spectral image. We applied the following three additional processing to obtain better quality data. (1)
derivation of appropriate sky background, (2) stacking of multiple observation data, and (3) correction
of contaminated light from nearby objects. As a result, we obtain 18 continuous spectra of brown dwarfs
from 2.5 to 5.0 um for the first time. We validate the absolute flux calibration of the obtained AKARI
spectra by comparing the integrated flux measured in the spectra with (i) the AKARI photometry data
obtained simultaneously during the observation, and (ii) past photometry data in literatures. We find
that absolute flux of the spectra is consistent with the both AKARI photometry and past photometry data
within 30 % and 10 %, respectively.

As a first step, we investigate the behavior of various non-blended molecular fundamental bands in
brown dwarf spectra, the CHy at 3.3 um, CO at 4.6 um and CO, at 4.2 um, relative to their spectral
types systematically with the 18 AKARI observed spectra. Carbon resides mostly in CHy rather than
in CO in very cool (e.g. T < 1000K) and high density environment. The temperature of brown dwarf
atmospheres is just around the boundary that CH4 molecule starts appearing. The behavior of the CHy
3.3 um fundamental band has not been investigated in detail because of fragmented and small number
of data samples. It is also difficult to observe the CO 4.6 um fundamental band. In the past study, two
observed data of T6 and T8 dwarfs show that the CO absorption band strength is stronger than theoretical
prediction, but its generality has not been ensured. We find that the CHy 3.3 um fundamental band
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appears in the spectra of dwarfs later than L5 and CO 4.6 um band appears in the spectra of all spectral
types until late-T dwarfs. Investigation of the CO; absorption band is the first attempt for the brown dwarf
atmosphere. We detected CO; absorption band at 4.2 um in the spectra of late-L. and T type dwarfs. The
result for the non-blended CO molecular band is very important because of the fact that CO generally
exists in all brown dwarf atmospheres, which is against theoretical predictions. We also find that the CO,
molecule is generally in the atmosphere of T dwarfs.

To understand the atmospheres of brown dwarfs better, we analyze the AKARI spectra using the
Unified Cloudy Model (UCM) developed by Tsuji et al., which is one of the brown dwarf atmosphere
models. We derive the physical parameters, effective temperature T.¢r, surface gravity log g and critical
temperature T¢;, of AKARI samples by model fitting. We investigate how the parameters correlate with
the spectral type. We confirm that the spectral types of late-L. dwarfs are not a sequence of T, but a
sequence of the decreasing of dust effect.

We investigate the property of the objects in which the CHy4 3.3 um band starts to appear. We find
that the band is seen in two of four L5 dwarfs. We evaluate the physical condition of the photosphere of
the objects by applying the UCM. We find that the model parameters of the sources with and without the
CH4 3.3 um band are systematically different, except for the effective temperature. Surface gravity and
critical temperature, which is an additional parameter to determine the upper limit of the dust layer, of
the objects with the CHy 3.3 um band are higher than those of the objects without the band. Our model
fitting analysis confirms that the appearance of the CH,4 absorption band at 3.3 um in L5 type spectra
depends on not only their effective temperatures but also dust presences and surface gravities. We suggest
that the two groups are different in their masses.

Theoretical models of brown dwarf evolution predict that the radius of a young object follows a
monotonically increasing function of mass and a decreasing function of age. On the other hand, for old
object (>10% yrs) the dependency of radius on mass inverts, i.e. the radii of less massive objects become
larger because the less massive objects reach the terminal radii early. We derive the radii of the 18 AKARI
objects using their parallaxes and the ratio of observed to model fluxes, and observationally verify this
radius changes for the first time.

In this thesis we use the archived near-infrared spectra (IRTF/SpeX and UKIRT/CGS4, hereafter
SpeX/CGS4) covering the shorter wavelength range (1.0-2.5 um) along with AKARI to derive the phys-
ical parameters of the AKARI objects. With the additional short wavelength data we can constraint the
model fitting better. However, a concern is that we could not determine a unique model that explains
the entire wavelength range perfectly, and there are always some deviation. This has been pointed out in
previous studies. In order to investigate this problem further, we fit the AKARI and SpeX/CGS4 spectra
separately. We find that the AKARI spectra is more sensitive to the effective temperature, while the dust
presence is better determined by the SpeX/CGS4 data. When the SpeX/CGS4 spectra show the pres-
ence of large amount of dust, the effective temperatures derived only from AKARI spectra show a higher
value than those determined using the AKARI+SpeX/CGS4 data. The AKARI spectra also show higher
effective temperatures when the SpeX/CGS4 spectra show a small amount of dust. These results imply
that the warming up effect due to the dust in the photosphere is always underestimated in the model than
that in the actual photosphere. Dust opacity is sensitive to the grain size distribution, their amount and
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composition. We propose that a self-consistent, more realistic theory of condensation and sedimentation
in the atmospheres is the most essential in the future brown dwarf atmosphere models.

The observed CO, absorption band in some objects is stronger or weaker than the prediction by the
model. We discuss possible metallicity variation among brown dwarfs using the model atmosphere and
the AKARI data. We construct a set of models with various elemental abundances as a first trial. We
investigate the variation of the molecular composition and atmospheric structure. From the results, we
suggest a possible reason of CO; 4.2 um absorption feature in the late-L and T type spectra is the higher
or lower C and O elemental abundances than the solar values used in the previous studies.
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Chapter 1

Introduction

1.1 What Are Brown Dwarfs?

Brown dwarfs play an important role as a bridge between stars and planets. They are intermediate
mass objects in between them, and are expected to own blended properties of star and planet (includ-
ing exoplanet). However their property is quite unique such as owing dusty photosphere, and it is not
straightforward to understand their internal physical and chemical processes from our knowledges on
stars and planets. Study of brown dwarf atmosphere will lead us to understand comprehensive nature of

“atmospheres” of various objects from star to planet.

1.1.1 Definition of Brown Dwarfs

Brown dwarfs are generally defined as the objects that are too light to maintain hydrogen fusion in their
cores. For the solar metallicity, the upper limit of their mass is 0.08 My, (M, means solar mass), i.e. is the
hydrogen-burning main sequence edge mass. On the other hand, the lower limit of the mass is not defined
clearly. The lower edge of mass range of brown dwarfs overlaps with that of planet, so the lightest brown
dwarfs are not able to be distinguished from planets from their aspects. Instead they are defined by their
formation process. Brown dwarfs are born in the interstellar medium similar to the processes by which
stars arise. Objects that are born in protoplanetary disks by the processes different from those of stars
should be referred to as planets. On the other hand, some researchers who are studying exoplanets define
the lower mass limit of brown dwarfs as 0.0123 M, i.e. the deuterium-burning limit. In this thesis, we
refer to the mass between 0.0123 M., and 0.08 M., as “brown dwarf mass”, and to lower mass below
0.0123 M., as “planet mass”, but both are called as brown dwarfs.

The effective temperatures (7¢¢) of brown dwarfs are as low as 2200-600 K. They are classified into
two spectral types L and T (Kirkpatrick et al. 1999, 2000; Geballe et al. 2002). We show the L and T
spectral classification defined by Geballe et al. (2002) in Table 1.1 as an example. L dwarfs adjacent to
the hydrogen-burning main sequence, and warmer than T dwarfs. Recently, brown dwarfs much cooler
than T dwarfs (< 500 K) are discovered (Leggett et al. 2009; Eisenhardt et al. 2010; Cushing et al.
2011; Kirkpatrick et al. 2011), and yet new spectral type, Y, is being considered. In August 2011, the
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Table 1.1: Values of Indices for L and T subtyping

PC3 Color-d H,O12um HO15um CHy 1.6um CHs2.2um
0.823-0.827/ 0.96-0.98/  1.26-1.29/ 1.57-1.59/ 1.56-1.60/  2.08-2.12/
Name 0.754-0.758 0.735-0.755 1.13-1.16 1.46-1.48  1.635-1.675 2.215-2.255

LO...... 24-2.6 4.5-5.5 1.20-1.27

L1... 2.6-2.85 5.5-6.5 1.27-1.35

L2..... 2.85-3.25 6.5-7.5 1.35-1.43
L3..... 3.25-4.25 7.5-10 1.43-1.50 0.91-0.94
L4.... 4.25-6.0 10-17 1.50-1.55 0.94-0.98
L5...... 17-23 1.55-1.60 0.98-1.025
Lé6...... 23-25 1.60-1.65 1.025-1.075
L7... 1.65-1.70 1.075-1.125
L8...... 1.70-1.80 1.125-1.175
Lo..... 1.80-1.95 1.175-1.25
TO...... 1.5-1.7 1.95-2.2 1.02-1.07 1.25-1.40
T1...... 1.7-1.9 22-25 1.07-1.15 1.40-1.60
T2...... 1.9-2.15 2.5-3.0 1.15-1.30 1.60-1.95
T3...... 2.15-2.5 3.0-3.5 1.30-1.50 1.95-2.75
T4...... 2.5-3.0 3.5-4.5 1.50-1.80 2.75-3.8
T5..... 3.0-4.5 4.5-5.5 1.80-2.50 3.8-5.5
T6...... 4.5-6.5 5.5-7.0 2.5-4.0 5.5-8.5
T7...... 6.5-10 7.0-9.0 4.0-6.0 8.5-12
TS...... 10-15(7) 9.0-12(?) 6.0-9.0(7) 12-18(?)

The spectral classification of L and T dwarfs. Each index is derived by calculating index = fl 2 frdA/ [, /{; 4 f,dA, where 4; is
the wavelength, which intervals in the numerator and denominator have the same length. (Geballe et al. 2002)

coolest brown dwarfs with temperatures as cool as the human body are detected from NASA’s Wide-field
Infrared Survey Explorer (WISE). The atmosphere temperature of WISE 182842650 are cooler than
room temperature, or less than 298 K. Their spectral classification is not yet well defined.

1.1.2 The History of Brown Dwarf Studies

Astronomers had already conceived the presence of substellar objects, brown dwarfs, in 1960s (Hayashi
& Nakano, 1963; Kumar, 1963). Theoretical works of brown dwarfs have been extensively studied by
Burrows et al. (1997, 2001). However, it is so difficult to detect such a faint objects in the optical
wavelength, and efforts of researchers are fruitless for long time. In 1988, an infrared detection of a faint
companion around the white dwarf GD165 (Becklin & Zuckerman 1988) opened up a new field of brown
dwarfs. The color of GD165B was very red and needed to be classified as much cooler object than M
dwarfs (Zuckerman & Becklin 1992). Cooler brown dwarfs classified as T-dwarfs, were more difficult to
find. The first genuine brown dwarf, Gl 229B, was discovered by Nakajima et al. (1995), and the study
of brown dwarfs are dramatically evolved by this discovery thanks to the development of instruments.
Recently, many brown dwarfs were detected with the Deep Near-Infrared Survey (DENIS, Delfosse et al.
1997; Martin et al. 1999), the Two Micron All Sky Survey (2MASS, Kirkpatrick et al. 1999, 2000) and
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the Sloan Digital Sky Survey (SDSS, Fan et al. 2000). About 100 T dwarfs and much cooler Y dwarfs

have been detected from WISE. So far, more than 800 brown dwarfs have been detected.

1.1.3 L Dwarfs

L dwarfs have relatively higher effective temperature than T dwarfs. The first possible was GD165B
discovered by Becklin & Zuckerman (1988). GDI165B is a companion of the white dwarf GD165A.
Kirkpatrick et al. (1993) obtained an optical spectrum of GD165B and showed that it was quite different
from those of M dwarfs and of planets. The spectrum of GD165B lacks TiO bands at 8432 and 8859 A,
which are usually seen in M-type stars. Figure 1.1 shows the lacking of these band features in the spectra
of GD165B.

L dwarfs are characterized by red J — Ks colors, which have been generally attributed to dust ex-
tinction (Leggett et al. 1998). The reddest colors of L dwarfs are J — Kis ~ 2.1 (Kirkpatrick et al. 1999,
2000). Their near infrared spectra between 0.8 and 2.5 um are dominated by H,O and CO absorption
bands (Leggett et al. 2001; Reid et al. 2001; Testi et al. 2001; Wilson et al. 2001) as shown in Figure
1.3, while in the optical and J band spectra, several features attributed to K I, Na I, and FeH (McLean
et al. 2000) present. In the later spectral types, these features are generally weaken, while both H,O
and CO bands get strenger (Leggett et al. 2001; Reid et al. 2001). Due to these changes, J — Ks color
changes slightly toward blue from L6 to L8 (Kirkpatrick et al. 2000). Most radiation from these objects

are emitted in the 1- 2.5 um range.

1.1.4 T Dwarfs

The first ultra cool dwarf, Gliese 229B, was discovered by Nakajima et al. (1995) in the image obtained
with the 200-inch Hale telescope at Palomar with coronagraph. Figure 1.2 shows the image taken by
NASA’s Hubble Space Telescope wide field planetary camera. Gliese 229B is a companion of the M1
V dwarf Gliese 229A. The follow up spectroscopic observation by Oppenheimer et al. (1995) confirmed
that this object is bona fide brown dwarf with presence of CHy4 absorption in its near infrared spectrum
as Jupiter. J — K color is bluer than L-type due to CH4 absorption band at Ks band. CH4 and CIA H,
opacity dominates K band flux in T dwarfs. The presence of CHy in T dwarfs distinguishes them from
the L dwarfs (Kirkpatrick et al. 1999). Figure 1.3 shows the CH4 absorption at 2.2 um. We can see the
CHy absorption in the spectra of T dwarf GL 229B. The CIA H; in K band also plays an important role
in shaping the peak of this band (Tokunaga & Kobayashi 1999).

1.1.5 Photospheres of Brown Dwarfs

Photospheres of brown dwarfs are so cool (Tefr = 600 — 2200 K) and dense (log P, ~ 6.0), thus dominated
by molecules and dust. The condensation of dust under the thermochemical equilibrium photosphere
has been discussed already in 1960s (e.g. Lord, 1965; Larimer, 1967; Larimer & Anders, 1967). The
elements that construct dust grains are Fe, Mg, Si, O, and Al. When temperature decreases below a
certain threshold (~2000K), condensation starts in the photosphere. For L. dwarfs the dust exists in the
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Figure 1.1: Optical spectra of GD 165B and three late-M dwarfs, LHS 2924 (M9 V), LHS 2065 (M9
V), and PC 0025+0447 (M9.5 V). Molecular, atomic, and telluric features are showed in the spectrum of
LHS 2924. (Kirkpatrick et al. 1993)

Palomar Observatory
Discovery Image

QOctobe

Brown Dwarf Gliese 229B

' Hu_bble Space Telescope
Wide Field Planetary Camera 2
November 17, 1995

wski (JHU), NASA

Figure 1.2: Image of Gliese 229B. Gliese 229B was detected as the genuine brown dwarfs by Nakajima
et al. (1995) for the first time. (NASA, http://starchild.gsfc.nasa.gov/Images/StarChild/questions/)
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1.2. RADIATION FROM BROWN DWARFS 5
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Figure 1.3: 1.7-2.5 yum spectra for two late-L dwarfs and Gliese 229B. The CHy4 absorption band at 2.2
um, which is a key feature for T classification, are indicated (Kirkpatrick et al. 1993).

upper photosphere that contributes to its spectral features. On the other hand, for T dwarfs with lower
T the dust disappears in the photosphere and does not play any role on the spectral features.

Chemistry in the photosphere and resulted molecular abundances determine the spectra of brown
dwarfs. Hydrogen is predominantly in the form of H,. The dominant equilibrium form of carbon is CO
and CHy, oxygen is H,O, and nitrogen is N> and NH3. Silicates, TiO and VO are found at temperatures
To¢ above 1600-2000 K. Neutral alkali metals are found at Ty above ~ 1000 K (Fegley & Lodders
1996). These have been derived by solving the thermo-chemical equilibrium in theory. Now, these data

can be obtained from various sources.

1.2 Radiation from Brown Dwarfs

Cores of brown dwarfs are convective hydrogen and helium. No nuclear fusion takes place in the core.
Instead, heavier brown dwarfs maintain deuterium burning in their cores when they are young (~ 10° yrs).
Hence, they simply cool off after the deuterium burning, and thermonuclear processes do not dominate
their evolution (see Figure 1.4 from Burrows et al. 2001). They radiate mostly in the near infrared regime.
In addition, the radiation from inner photosphere become weaker by the effect of dust extinction which
is different between spectral types, L and T.

1.3 Spectral Features of Brown Dwarfs

Spectroscopic observations in the infrared regime are the most powerful tools to obtain physical and
chemical information of brown dwarf photospheres, since brown dwarf emits majority of energy in these
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Figure 1.4: Evolution of the luminosity (in L) of isolated solar-metallicity substellar mass objects versus
age (in years). Stars above 73M; are shown in blue, brown dwarfs above 13M; are shown in green, and
brown dwarfs/giant planets equal to or below 13 M; are shown in red. The object with the mass heavy
enough for hydrogen burning are shown in blue, that with deuterium are shown in green, and another
mass are shown in red. The gold dots show the age when 50 % of the deuterium has burned and the
magenta dots mark when 50 % of the lithium has burned. The masses of the substellar objects/stars
portrayed are 0.3, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0 11.0, 12.0, 13.0, and 15.0M; and 0.02,
0.025, 0.03, 0.035, 0.04, 0.045, 0.05, 0.055, 0.06, 0.065, 0.07, 0.075, 0.08, 0.085, 0.09, 0.095, 0.1, 0.15,
and 0.2M, (=211My). (Burrows et al. 2001)
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Figure 1.5: J, H, K band spectra of 2MASS J1439+1929 (L1), 2MASS J1506+1321 (L.3), 2MASS J1507—
1627 (LS), DENIS J0255-4700 (L8), SDSS J1254-0122 (T2), and 2MASS J0559-1404 (T5). The most
prominent molecular and atomic features are indicated. (Cushing et al. 2005)

wavelengths and various molecular and dust features present in the range. Dust in the photosphere con-
tributes to the spectra directly by filling in the molecular absorption bands and by dust extinction as
well as indirectly by changing the structure of the photosphere. The effect of dust appears mainly in
the near infrared spectra of L dwarfs (Tsuji et al. 1996b; Nakajima et al. 2001). Meanwhile, the spectra
of T dwarfs are less affected by the dust. This indicate that the dust disappears somewhere in the L-T
boundary.

1.3.1 Wavelength Range between (0.7 and 2.5 um

Many photometric/spectral observations have been made in the near-infrared wavelength range between
0.7 and 2.5 um for studying the brown dwarf photosphere, since this wavelength range contains the
spectral peaks for L dwarfs and is relatively easy to observe. This wavelength range contains features of
various molecular spices (e.g. TiO, VO, FeH, H,O and CHy). These molecular bands in the J, H and K
bands have been used for classification of brown dwarfs in a wide range of spectral types (Geballe et al.
2002, hereafter GO2). L dwarfs are characterized by the disappearance of gas-phase TiO (0.82, 0.84um)
and VO (0.79um). T dwarfs are characterized by CH4 absorption band at 1.6(m and 2.2um (Martin
1997; Martin et al. 1999; Kirkpatrick et al. 1999, 2000; Strauss et al. 1999; Leggett et al. 2000, 2002b;
Geballe et al. 2002; Burgasser et al. 2002; Hawley et al. 2002). In addition, J and H band wavelengths

are sensitive to dust extinction, and enable us to understand dust contribution to the brown dwarf spectra.

1.3.2 Wavelength Range between 2.5 and 5.0 um

The wavelength range between 2.5 and 5.0 gm contains molecular features of CH4, CO,, CO and H;O.
The fundamental bands of CO (4.6 um) and CHy (3.3 um) are strong and rather isolated from other
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Figure 1.6: L band spectra of same objects shown in Figure 1.5. The absorption features seen in the
spectra of DENIS J0255-4700 and 2MASS J0559-1404 centered at ~3.9 um are due to incomplete
removal of the N, O telluric feature. (Cushing et al. 2005)

molecular bands. This wavelength range is especially important for investigating structures of brown
dwarf photosphere by measuring the fundamental bands of two major carbon-containing molecule, CO
and CHy. CO is the most abundant molecule after H in the atmosphere of cool stars (M-type). As the
temperature decreases, carbon is transferred from CO to CHy4, then carbon resides mostly in CHy rather
than in CO in the very cool (e.g. T < 1000K and high density) environment (Tsuji 1964). In addition,
there is CO;, fundamental absorption band at 4.2 um. However, these molecular absorption bands are
hardly observed from the ground due to H,O and CO; in the telluric atmosphere except for M and L’
band. CO and CHy4 absorption bands are presented in the M and L’ band respectively, but it is difficult
to obtain high quality spectral data. Since observation of these bands is an ideal tool for studying brown

dwarf atmosphere, we have to observe this wavelength range from space based telescopes.

1.3.3 Wavelength Range beyond 5.0 um

In the wavelength range longer than 5.0um, there are absorption bands of H,O centered at 6.27um, CHy4
V4 at 7.65um, and NH3 at 10.5 um. The presence of the v, fundamental band of NH3 at 10.5 um is one of

This document is provided by fo

W 871-7-24.indd 20 $ 12/08/19 20:‘2




| T T | —— (. [ |

1.4. THE PURPOSE OF THIS THESIS STUDY 9

N T T T N T T T N T T T N T T T N L [ T T T [ T T T [ T T T [ T T T [ ]

f, / f, (12um) + Constant
f, / f, (12um) + Constant

Figure 1.7: The 5.5-14.5 um spectra of SDSS J0423-0414 (T0), SDSS J1254-0122 (T2), 2MASS
J0559-1404 (T4.5), SDSS J1624+0029 (T6), and Gl 570D (T7.5). The spectra have been normalized
at 12 um and offset by constants (dotted lines). (Cushing et al. 2006)

the most important features for understanding the atmosphere structure of brown dwarf. For example, the
abundance of NHj3 is found to depart from chemical equilibrium (Saumon et al. 2006, see section 1.4),
and the investigation of NH3 may lead us to understand the non-equilibrium chemical abundances in
brown dwarf atmospheres. Saumon et al. (2006) attempt to solve this problem considering the kinetics of
nitrogen chemistry in the presence of vertical mixing using the NH3 absorption detected by IRS onboard

Spitzer Space Telescope, which is launched in 2003.

1.4 The Purpose of This Thesis Study

Possible Non-Equilibrium Effects on the Molecular Abundances

Since almost all carbon atoms are transferred from CO to CH4 in the photosphere of T-type dwarfs with
Tfr less than about 1300K under thermochemical equilibrium, we had expected that CO absorption band
did not appear in the spectra of these coldest dwarfs. However strong CO absorption band at 4.6 um was
unexpectedly observed in GI1 229B (Oppenheimer et al. 1998; Noll et al. 1997; Geballe et al. 2009). Figure
1.8 shows the strong CO absorption in the T8 dwarf Gl 570D. Another example of deviation from the
thermal equilibrium chemistry was found in the nitrogen containing molecule. NH3 absorption band at
10.5 um was also inconsistent with that expected by an atmosphere model (Saumon et al. 2006). Further,
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Figure 1.8: The M-band spectrum of Gl 570D. The data are the black histogram. The red curve is
the local thermodynamic equilibrium (LTE) model and the blue curve is the non-equilibrium (vertical
mixing) model. While the LTE model does not explain the observed spectra, the vertical mixing model
explain the observation. (Geballe et al. 2009)

CO; absorption band at 4.2 um detected by AKARI, the Japanese infrared astronomical satellite, was also
stronger than expected (Yamamura et al. 2010). These discrepancy between observed and model spectra
are a critical problem for the study of brown dwarf atmospheres. To interpret the unusual abundance of
these molecules, Griffith & Yelle (1999) suggested the vertical mixing that CO are dredged up from inner
area to surface region. Yamamura et al. (2010) attempted to explain the discrepancy of CO band strength
in late-L to late-T dwarfs by vertical mixing effect. They argue that the CO band in late-T dwarfs could
be reproduced by this effect, but earlier brown dwarfs between late-L. and mid-T dwarfs can not be. The
excess of CO, abundance can not be also explained by the vertical mixing. Thus alternative ideas are

required to solve these problems.

Presence of CH4 in L-Dwarfs

The presence of CHy absorption in near-infrared spectrum (J, H, K bands) is one of the key features to
define the T-type brown dwarf (Oppenheimer et al. 1995) On the other hand, Noll et al. (2000) reported
detections of CH4 3.3 um fundamental band in L8 (2MASSI J0825+2115) and L5 (2MASSW J1507—
1627) dwarfs (Figure 1.9). This result indicated that CH4 molecule could be present in the photosphere
of mid-L dwarfs. They argued that the effective temperature gave little influence on the appearance
of methane 3.3 um band in the model spectra with T.¢ ranging 1400-2000K, but did not know which
physical parameters concern the spectral feature. Nakajima et al. (2001) confirmed “non” detection of the
CH4 band in the H and K band of the same object 2MASSW J1507-1627) reported by Noll et al. (2000).
They analyzed the observed data with “dusty model* by Tsuji (2000) and concluded that the dust veils
the molecular bands in H and K band. To understand the behavior of CH4 molecule in the photospheres
of L-type brown dwarfs, we have to study the 3.3 um band, which are less affected by the dust than H
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Figure 1.9: Spectra of three brown dwarfs, 2MASS J1506+1321(L3), 2MASS J1507-1627(L5), and
2MASS J0825+2115(L7). (a) The spectra have been rebind, normalized, and offset. The broad absorption
feature at 3.3 um is the vz Q-branch of CHy. It presents in both the LS5 and L7 objects but the spectrum of
2MASS J0825+2115 is difficult for precise analysis. (b) Spectra of 2MASS J1507-1627 and two model
spectra of effective temperature 1800 K. One of these model spectra is with only water vapor and other
is with water and methane.

and K band. However, spectroscopic observation of the CH,4 band in the L band from the ground for faint
brown dwarfs are always challenging. Severe atmospheric absorption and limited wavelength coverage

make the precise analysis difficult. High quality data taken from the space have been desired.

Fitting the Spectra of Brown Dwarfs

Cushing et al. (2008) reported that their model spectra result only poorly fits the observed spectra in
the 0.95-14.5 um for the mid- to late-L dwarfs and the early-T dwarfs (Figure 1.10). They used data
observed by IRTF (0.9-2.5 um and 3.0-4.0 um) and Spitzer (5.0-14.5 um). They also concluded that
the relatively poor fits at the L/T boundary, where dust give the largest contribution on the SED of brown
dwarfs, is most likely due to the limitations of their simple cloud model (Marley et al. 2002). Especially,
3.0—4.0 um range spectra of the L/T boundary objects, DENIS 0255-4700 (L8) and SDSS 1254-0122
(T?2), resulted in the poorest fits. To understand the cause of the poor fits at the L/T boundary, we have to
observe 3.0—4.0 um spectra of more objects.

1.5 Significance of Wavelength Range between 2.5 to 5.0 um

In the wavelength range of 2.5 to 5.0 um, there are several prominent molecular absorption bands; CHy4
v3 fundamental band at 3.3 um, CO, v3 fundamental band at 4.2 yum, CO fundamental band at 4.6 um
and H,O v; and v3 absorption bands around 2.7 um (see Figure 1.11). The CO and CH,4 absorption
bands also present in the shorter wavelength range (< 2.5 pm) as shown in Figure 1.11 and these bands
have been used in the previous studies. However, it is impossible to analyze these molecular bands in-
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Figure 1.10: The 0.95-14.5 um spectra of 2MASS 1439+1929(L.1), 2MASS 0036+1821(L3.5), 2MASS
1507-1627(L5), DENIS 0255-4700(L8), SDSS 1254-0122 ( T2), and 2MASS 0559-1404 (T4.5) (black
lines). The data have been normalized to unity at 1.27 um and offset (dotted lines) for clarity. The best-
fitting models are shown in gray and are normalized and offset with the same constants as the data. The
models were multiplied by the constant value before normalization to preserve the relative flux levels
between the data and models. Regions not included in the fits are shown in light gray (Cushing et al.

2008).
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Figure 1.11: Major absorption bands present in 1.0 to 5.0 ym. Fundamental bands of CO, CO, and CH4
in 2.5 to 5.0 um and overtone bands in 1.0 to 2.5 um.

dependently because they are blended especially in the spectra of late-L to T-type dwarfs. In addition,
almost all absorption bands present in the wavelength shorter than 2.5 yum, for example CO at 2.3 yum and
CHy4 at 1.6 and 2.2 um, are overtones, and are about 10 ~ 100 times weaker than the fundamental bands,
which exist between 2.5 and 5.0 um. These fundamental bands are mostly non-blended and suitable
for the detailed analysis. Thus, the wavelength of 2.5-5.0 um is important to understand brown dwarf
atmospheres. However, observations in this wavelength range from the ground is always challenging.
Severe absorption due to the Earth’s atmosphere and limited wavelength coverage make the precise anal-
ysis difficult. Continuous spectra of brown dwarfs in 2.5-5.0 um wavelengths were obtained by AKARI
for the first time, which opened the door to the new insight into the brown dwarf atmosphere.

1.6 Outline of This Thesis

Throughout this thesis, we will study brown dwarf atmosphere based on the AKARI near-infrared spectra.
So far, a great deal of observation and theoretical works have been done, and these studies have given
us many information about physics and chemistry in the photosphere of brown dwarfs and its evolution.
However many questions about brown dwarfs remain unanswered yet. For example, the deviation of
molecular abundance from the thermal equilibrium, mechanism of dust formation and disappearance, the
mixing in the photosphere, and the difficulties in modeling spectra in broad wavelength range. These
questions are our motivation for studying brown dwarfs with AKARI. We attempt to understand the pho-
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tosphere of brown dwarfs better by analyzing molecular absorption bands in the spectral data taken by
AKARI. The outline of this thesis is as follows.

We explain observations and data reduction of AKARI spectral data in chapter 2. In chapter 3, we
analyze the AKARI spectral data. We investigate the behavior of various molecular absorption bands in
brown dwarf spectra relative to their spectral types systematically with 18 AKARI observed spectra. We
also evaluate colors from AKARI data, and confirm that the AKARI objects are normal brown dwarfs.
In chapter 4, we describe the analysis with one of the brown dwarf atmosphere models, Unified Cloudy
Models (UCM). We explain the method of deriving model parameters for each AKARI object, and discuss
two results; onset of the CH,4 absorption (in section 4.6.1) and radii of AKARI observed brown dwarfs
(in section 4.6.2). In chapter 5, we confirm the problem of fitting the broad wavelength range together by
investigating the best models fitted to each AKARI and SpeX/CGS4 spectral data, and discuss the results
toward solving this problem. Finally we introduce the possible improvement of the model in chapter 6.
We demonstrate effects of elemental abundance to the model spectra, and discuss the possible variation of
metallicity of brown dwarfs. We discuss a possible reason of CO; 4.2 um stronger or weaker absorption

feature in late-L. and T type spectra.
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Chapter 2
Observations and Data Reduction

To understand the photospheres of brown dwarfs better, we need to use spectral data including various
molecular band and effects of dust. Especially important are the data of the little observed wavelength
range, particularly continuous spectra between 2.5 and 5.0 um. AKARI has observed 35 brown dwarfs,
including with two binaries, in this valuable wavelength of 2.5-5.0 um. In this chapter, we explain

observations and data reductions of AKARI spectral data.

21 AKARI

The Japanese infrared astronomical satellite AKARI (Murakami et al. 2007) was launched in February 22
(JST) 2006. AKARI was in a sun-synchronous polar orbit with the altitude of about 700 km. AKARI’s
primary mission is to carry out an all-sky survey at six wavelength bands, with higher sensitivity and
spatial resolution than the previous survey by IRAS (Infrared Astronomical Satellite, a joint mission
by the United States, the United Kingdom and Netherlands, launched in 1983). Thousands of pointed
observation of specific targets were also carried out. The diameter of telescope on board AKARI is 68.5
cm (Figure 2.1). AKARI observed in the wavelength range from 1.7 to 180 um with two scientific
instruments; the Far-Infrared Surveyor (FIS; Kawada et al. 2007) and the Infrared Camera (IRC; Onaka
et al. 2007). These instruments carried out observations in the liquid-He cool holding period (Phasel,
2) until 2007 August. After that the observation continued with cryocooler only with for near-infrared
camera (NIR; one of the channels of IRC) only (Phase 3).

2.2 The InfraRed Camera (IRC)

The Infrared Camera (IRC; Onaka et al. 2007) onboard AKARI covers the wavelength range of 1.8-26.5
um with three independent cameras operated simultaneously, namely the NIR (near-infrared), MIR-S
(mid-infrared short), and MIR-L (mid-infrared long) channels. The IRC is capable of yielding moderate-
resolution (R~120) spectra in the near-infrared camera NIR devoid of any degradation by telluric atmo-
spheres. The grism mode of the NIR channel (NG) was used for the observations of our program (see
section 2.3). The source was placed in the 1x1 arcmin? aperture mask, referred to as ‘Np’, prepared
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Fig. 1. Illustration of AKARI in orbit (left panel) and a sectional view (right panel).

Table 1. Design features of the AKARI satellite.

Size diameter 2.0 m max., hight 3.7 m (launching configuration)
width 5.5 m, hight 3.3 m (observation configuration in orbit)

Mass 952 kg in the launch configuration

Orbit Sun-synchronous polar orbit, altitude 700 km

Downlink rate 4 Mbps for scientific data

Data generation rate approximately 2 GBytes d ™'
Data recorder capacity 2 GBytes

Figure 2.1: The overview of AKARI satellite. (Murakami et al. 2007)
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2.3. OBSERVATIONS AND DATA REDUCTION 17

for spectroscopy of point sources. The Np aperture prevents contamination of the spectra from nearby
sources. Our observations were all carried out in the AOT (Astronomical Observation Template) IRC04
for Phase 2 and IRCZ4 for Phase 3 with the observation parameter of ‘b;Np’ (Lorente et al. 2008). In
this mode, the entire 2.5-5.0 um wavelength range is covered with a dispersion of 0.0097 um/pixel or
an effective spectral resolution of R=A/AA =120 at 3.6 um for point sources (Ohyama et al. 2007). A

pointed observation by AKARI allowed about 10 minutes of exposure.

2.3 Observations and Data Reduction

2.3.1 The Mission Program NIRLT

The AKARI observation program is divided into three categories, Large-Area Surveys (LS) conducted by
the project, Mission Programs (MP) by the project members, and Open-Time programs (OT). We have
conducted a mission program using the IRC to obtain continuous spectra of brown dwarfs in the 2.5-5.0
um wavelengths. The program is titled “Near-InfraRed spectroscopy of L and T dwarfs” (NIRLT; P.I. L.
Yamamura). The program aimed to construct a set of legacy data for studies of physical and chemical
structure of brown dwarfs in wide range of spectral type from L to T. The initial results based on the
AKARI spectra of six brown dwarfs taken in phase 2 are reported in Yamamura et al. (2010) and Tsuji et
al. (2011).

Our target list included 40 objects selected by their expected fluxes (to be bright enough for the
AKARI/IRC instrument to provide high-quality spectra within the reasonable amount of exposures) and
their spectral types (to sample various types from M to T). Seventeen L dwarfs, fourteen T dwarfs, and
nine M dwarfs were included in the target list.

2.3.2 Observations

Thirty-five (15 L dwarfs, 11 T dwarfs and 9 M dwarfs) of 40 objects were actually observed, and thirty-
three objects (14 L dwarfs, 10 T dwarfs and 9 M dwarfs) are detected. There was a bonus data of the L.
dwarf GJ 1001B during the observation of its primary star, the M dwarf GJ1001A. We list 27 observed
objects except for 9 M dwarfs in Table2.1. Table 2.2 summarizes all NIRLT observation records. The
table lists the object name, their spectral types, observed date (year/month/date), observation ID, and
remarks. We observed 10 brown dwarfs in Phase 2; liquid-He cool holding period before 2007 August,
and 17 sources in Phase 3; the post liquid-He phase cooled by the onboard cryocooler.

Table 2.2: Summary of the Observation in the NIRLT pro-

gram
Object Name Sp. Type Date ObsID: remarks

2MASS J14392+1929 L1 2008.7.22  1770009-001  not detect!
2MASS J14392+1929 L1 2008.7.22  1770009-002  not detect

table continued on next page

Inot detect: observed with wrong coordinates
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Table 2.2 (continued)

Object Name Sp. Type Date ObsID: remarks
2MASS J14392+1929 L1 2010.1.19  1771009-001

2MASS J14392+1929 L1 2010.1.19  1771009-002

GD 165B L3 2007.7.24  1720074-001 Data lost?
GD 165B L3 2008.7.22  1770010-001
GD 165B L3 2008.7.22  1770010-002
GD 165B L3 2010.1.20  1771010-001 Too faint?
GD 165B L3 2010.1.20  1771010-002 Too faint
GD 165B L3 2010.1.20  1771010-003 Too faint
GD 165B L3 2010.1.20 1771010-004 Too faint
Kelu-1 L3 2008.7.16  1770018-001 not detect
Kelu-1 L3 2008.7.16  1770018-002  not detect
2MASS J0036+1821 L4 2008.7.6  1770024-001
2MASS J0036+1821 L4 2008.7.6  1770024-002
2MASS J0036+1821 L4 2010.1.5  1771024-001
2MASS J0036+1821 L4 2010.1.5  1771024-002

2MASS J2224-0158 L4.5 2009.5.29  1770019-001
2MASS J2224-0158 L4.5 2009.5.29  1770019-002

SDSS J0539-0059 L5 2006.9.17  1720009-001
SDSS J0539-0059 L5 2009.9.16  1770007-001
SDSS J1446+0024 L5 2007.8.2  1720072-001
2MASS J1507-1627 L5 2008.8.12  1770020-001
2MASS J1507-1627 L5 2009.2.7  1770120-001
GJ 1001B L5 2009.6.2  1770036-001
GJ 1001B L5 2009.6.2  1770036-002
2MASS J0825+2115 L6 2008.10.26  1770016-001
2MASS J0825+2115 L6 2009.4.23  1770016-002

2MASS J0825+42115 L6 2009.10.26  1771016-001
2MASS J0825+2115 L6 2009.10.26  1771016-002
2MASS J1711+42232 L6.5 2007.3.5  1720001-001
2MASS J1711+42232 L6.5 2008.9.5  1770001-001 Data lost
2MASS J1711+42232 L6.5 2008.9.5  1770001-002 Data lost
2MASS J1632+1904 L7.5 2009.2.21  1770025-001 Too faint
2MASS J1632+1904 L7.5 2009.2.21  1770025-002 Too faint
2MASS J1523+3014 L8 2007.1.26  1770002-001
2MASS J1523+43014 L8 2008.7.30  1770002-002

table continued on next page

Data lost: data downlink failed due to troubles in the ground system
3Too faint: The objects was too faint
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Object Name Sp. Type Date ObsID: remarks
SDSS J0830+4828 L9 2006.10.20  1720007-001

SDSS J0830+4828 L9 2006.10.21 1720007-002

SDSS J0830+4828 L9 2009.4.17  1770006-001

2MASS J0310+1648 L9 2008.8.12  1770011-001

2MASS J0310+1648 L9 2008.8.13  1770011-002

2MASS J0328+2302 L9.5 2009.8.19  1770027-001 Too faint
2MASS J0328+2302 L9.5 2010.2.14  1771027-001 Too faint
2MASS J0328+2302 L9.5 2010.2.14  1771027-002 Too faint
SDSS J0423-0414 TO 2008.8.25 1770015-001

SDSS J0423-0414 TO 2008.8.25  1770015-002

SDSS J1254-0122 T2 2008.7.3  1770012-001 not detect
SDSS J1254-0122 T2 2008.7.4  1770012-002  not detect
SDSS J1254-0122 T2 2010.1.2  1771012-001

SDSS J1254-0122 T2 2010.1.3  1771012-002

SIMP J0136+0933 T2.5 2008.7.17  1770031-001

SIMP J0136+0933 T2.5 2008.7.17  1770031-002

SIMP J0136+0933 T2.5 2010.1.16  1771031-001

SIMP J0136+0933 T2.5 2010.1.16  1771031-002

SDSS J1750+1759 T3.5 2007.3.17  1720050-001 Too faint
SDSS J1750+1759 T3.5 2007.3.17  1720050-002 Too faint
2MASS J0559-14044 T4.5 2006.9.22  1720006-001

2MASS J0559-14044 T4.5 2006.9.22  1720008-001

2MASS J0559-14044 T4.5 2008.9.22  1770005-001

2MASS J0559-14044 T4.5 2008.9.22  1770005-002

Gl 229B T6 2008.9.25 1770013-001  not resolve®
Gl 229B T6 2008.9.25 1770013-002  not resolve
2MASS J1553+1532 T7 2008.8.15 1770022-001

2MASS J1553+1532 T7 2008.8.15  1770022-002

2MASS J1553+1532 T7 2008.8.15  1770022-003

2MASS J1553+1532 T7 2009.2.9  1770022-004

2MASS J1553+1532 T7 2009.2.9  1771022-001 Too faint
2MASS J1553+1532 T7 2009.2.9  1771022-002 Too faint
2MASS J1217-0311 T7.5 2007.6.26  1720068-001 Too faint
Gl 570D T8 2009.8.10  1770023-001

Gl 570D T8 2009.8.10  1770023-002

Gl 570D T8 2009.8.10  1770023-003

W 871-7-24.indd 31

“This object was not resolved from primary star.
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Table 2.2 (continued)

Object Name Sp. Type Date ObsID: remarks
Gl 570D T8 2009.8.11  1770023-004

2MASS J0415-0935 T8 2007.2.18 1720005-001  Ghosting®
2MASS J0415-0935 T8 2007.2.18  1720005-002 Ghosting
2MASS J0415-0935 T8 2007.2.18 5125080-001 Re-observed®
2MASS J0415-0935 T8 2007.2.18 5125081-001 Re-observed
2MASS J0415-0935 T8 2008.8.21  1770004-001 Too faint
2MASS J0415-0935 T8 2008.8.21  1770004-002 Too faint
2MASS J0415-0935 T8 2008.8.21  1770004-003 Too faint
2MASS J0415-0935 T8 2008.8.21  1770004-004 Too faint
¢ Ind Ba+Bb T1+T6  2006.11.2  1720003-001

€ Ind Ba+Bb T1+T6  2006.11.2  1720004-001

¢ Ind Ba+Bb T1+T6  2008.11.1  1770003-001

€ Ind Ba+Bb T1+T6  2008.11.1 1770003-002

2.3.3 Data Reduction

The standard software toolkit /[RC_SPEC_TOOLKIT (Ohyama et al. 2007) was used for the data reduc-
tion. We used the toolkit version 20110301, released in 2011 March. Wavelength and flux calibrations
were all done automatically in the toolkit. Spectral data are extracted from two dimensional spectral
images. An example spectral image is shown in the lower panel of Figure 2.2. Two axes of this image
correspond to the spatial and wavelength directions respectively. Along the spatial direction the signal
is extended by the point spread function (PSF), and on the wavelength direction the signal extension is
determined by the spectral resolution and the PSE. The typical wavelength calibration error is 0.5 pixel
of the detector or ~0.005um (Ohyama et al. 2007), but could be larger for some data (see Table 2.3).
We applied a small correction (0.01-0.03um) to the data by comparing the position of the CH4 Q-branch
feature with other objects. The overall flux calibration error is 10 % in the middle of the wavelength
range, and 20 % at the short / long wavelength edges.

We carry out the following three additional processing to obtain the better quality data. (1) derivation
of appropriate sky background, (2) stacking of multiple observations, and (3) correction of contaminated
light from nearby objects.

(1) Derivation of Probable Sky

We modified the /[RC_SPEC_TOOLKIT program to improve the sky subtraction. The original program
subtracts the sky derived from same pixel width with the signal (Figure 2.2). Since the Phase3 data are

>The data was not obtained by contamination of ghosting.
bobserved in the director’s time (DT).
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Object Name R.A. (J2000) Decl.(J2000) Sp. Type Distance[pc]
2MASS J14392837+1929150 14:39:28.400 +19:29:15 L1t 14.36%
GD 165B 14:24:39.09  +09:17:10.4 132 31.69¢
Kelu-1 13:05:40.200 -25:41:06  L32 18.74¢
2MASS J00361617+1821104  0:36:15.900 +18:21:10  L42 8.76“
2MASS J22244381-0158521 22:24:43.800 ~1:58:52  L4.5! 11.35°
2MASS J05395200-0059019  05:39:52.00 -00:59:01.9  L52 13.13°
SDSS J144600.60+002452.0  14:46:00.61  +00:24:51.9  L52 22.00°
2MASS J15074769-1627386  15:07:47.600 -16:27:38  L5! 7.33¢4
GJ 1001B 0:04:36.400 -40:44:03 L5! 9.55¢
2MASS J08251968+2115521  8:25:19.600 +21:15:52  L6% 10.46°
2MASS J1711457342232044  17:11:45.73  +22:32:04.4  L6.5! 30.34°
2MASS J16322911+1904407 16:32:29.100 +19:04:41  L7.52 15.730
2MASS J15232263+3014562  15:23:22.63  +30:14:56.2  L8§?2 17.45°
SDSS J083008.12+482847.4  08:30:08.25 +48:28:48.2  L9? 13.09?
2MASS J03105986+1648155  3:10:59.900 +16:48:16 19?2 25.00¢
2MASS J03284265+2302051  3:28:42.600 +23:02:05  L9.52 30.320
SDSS J042348.57-041403.5  4:23:48.600 —4:14:04  TO? 15.24%
SDSS J125453.90-012247.4  12:54:53.900 —1:22:47 T22 13.21°
SIMP J013656.5+093347.3 1:36:56.600 +09:33:47  T2.5° 6.44
SDSS J175032.96+175903.9  17:50:32.93  +17:59:04.2  T3.52 27.72b
2MASS J05591914-1404488  05:59:19.14  —14:04:48.8  T4.5> 10.47°
Gl 229B 6:10:34.700 ~21:51:49 T6> 5.8¢
2MASS J15530228+1532369  15:53:02.200 +15:32:36 T7° 12.0¢
2MASS J12171110-0311131  12:17:11.10  -03:11:13.1  T7.5> 9.1%
Gl 570D 14:57:15 -21:21:51 T82 5.9/
2MASS J04151954-0935066  04:15:19.54  -09:35:06.6 T8> 5.74b
¢ Ind Ba+Bb 22:04:10.52 -56:46:57.7 TI+T6> 3.628

I'Spectral type are referred from Kirkpatrick et al. (2000).
2Spectral type are referred from Geballe et al. (2002).
3Spectral type are referred from Burgasser et al. (2006).

—note: Distances are estimated based on trigonometric parallaxes.

The parallaxes are referred from (a) Dahn et al. (2002), (b) Vrba et al. (2004), (c) Stampf et al. (2010), (d) Artigau et al.
(2008), (e) Jameson et al. (2008), (f) Burgasser et al. (2000), (g) King et al. (2010)
The mean parallax error is about 4 mas.

—note: Object names are hereafter 2MASS J1439+1929, 2MASS J0036+1821, 2MASS J2224-0158, 2MASS J0539-
0059, SDSS J1446+0024, 2MASS J11507-1627, 2MASS J0825+2115, 2MASS J1711+2232, 2MASS J1632+1904, 2MASS
J1523+3014, SDSS J0830+4828, 2MASS J0310+1648, 2MASS J0328+2302, SDSS J04234-0414, SDSS J1254-0122, SIMP
JO136+0933, SDSS J1750+1759, 2MASS J0559-1404, 2MASS J1553+1532,2MASS J1217-0311, 2MASS J0415-0935.
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22 CHAPTER 2. OBSERVATIONS AND DATA REDUCTION

Figure 2.2: The range for deriving sky level of 2MASS J1523+3014(L8). The nominal range for deriving
sky level draws in yellow. We expand that to the area drawn in blue.

so noisy, sky level derived only from a few pixels (3-5 pixels) are not sufficient. We modify the program
to derive the probable sky level from larger area (~10 pixels).

(2) Stacking of multiple observations

Since brown dwarf are generally very faint (a few mJy < F,, < 25 mJy), one pointed observation is not
always enough to obtain good quality data. It is especially true for the Phase 3 observations, where noise
level is about a factor of 2.5 higher than that of Phase 2 (Figure 2.3). Seven or eight spectral data are
taken per single pointing. The toolkit stacks all available exposure frames within a pointing. However the
data of single pointing are insufficient for detailed analysis. We observed at least twice per object, unless
the observations failed by any reasons. To achieve as good quality data as possible, we stack the multi-
ple pointing data for Phase3 observations using the stack toolkit /RC_SPEC_TOOLKIT wSTACMULTI
version 201009187 The stack toolkit uses the original frames before stacking by IRC_SPEC_TOOLKIT .
The total number of frames used for stacking are 14 or 16 frames. The stacked data are better than single
pointing data in most cases. We show the effects of stacking in Figure 2.4, and list the stacked objects
in Table 2.3. When the quality of one of two pointing data is quite bad because of the worse observation
condition, the stacking effect is no longer significance.

(3) Subtraction of Signal from Nearby Object

This process is partially applied to GJ 1001B. GJ 1001 is the low-mass binary system, and GJ 1001B is
the companion of the M dwarf, GJ 1001A. The difference in the magnitude is about 3 mag at L’ band, e.g.
the flux of GJ 1001A is about 16 times larger than that of GJ 1001B. Since GJ 1001B is separated from
GJ 1001A by only 13 arcsec (11pix), the shoulder of spectra of GJ 1001B is contaminated by intense

7URL: http://komatta.astron.s.u-tokyo.ac.jp/~onaka/AKARI/IRC_SPEC_TOOLKIT_wSTACMULTI.20100918.tar.gz

This document is provided by J

W 871-7-24.indd 34 $ 12/08/19 20:(1‘2X




| T T | —— (. [ |

2.3. OBSERVATIONS AND DATA REDUCTION 23

Table 2.3: Summary of data reduction. Wavelength correction value (x shift) and with (Y) or without
(N) stacking of multiple pointings are shown. The total number of frames using for stacking are 14 or 16
frames (2 pointings).

Object Name Sp. Type x shiftfum] stack remarks
2MASS J1439+1929 L1 0.00 Y

GD 165B L3 0.00 Y too faint
Kelu-1 L3 10.78 - not detect
2MASS J0036+1821 L4 0.015 Y

2MASS J2224-0158 L4.5 -0.010 Y

SDSS J0539-0059 L5 0.00 N

SDSS J1446+0024 L5 0.00 N

2MASS J1507-1627 L5 -0.020 N

GJ 1001B L5 0.00 N

2MASS J0825+2115 L6 0.00 Y

2MASS J1711+42232 L6.5 0.00 N too faint
2MASS J1632+1904 L7.5 0.00 Y

2MASS J1523+3014 L8 -0.030 N

SDSS J0830+4828 L9 0.00 N

2MASS J0310+1648 L9 0.00 Y

2MASS J0328+2302 L9.5 - - too faint
SDSS J0423-0414 TO 0.00 N binary
SDSS J1254-0122 T2 0.00 N

SIMP J01365+0933 T2.5 0.010 Y

SDSS J1750+1759 T3.5 - - too faint
2MASS J0559-14044 T4.5 0.00 N

G1229B T6 12.28 - not detect
2MASS J1553+1532 T7 -0.010 Y

2MASS J1217-0311 T7.5 - - too faint
G1 570D T8 0.00 Y

2MASS J0415-0935 T8 -0.020 N

e Ind Ba+Bb T1+T6 0.00 N binary
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Figure 2.3: The comparison of noise level in Phase2 and Phase3 for SDSS 0539-0059 (L5).
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Figure 2.4: Stacking data and 2 pointing of 2MASS J0036+1821(L4) .
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Figure 2.5: The spectrum of GJ1001B without the effect of GJI001A. We can see the drop to a lower
value over all wavelength, especially shorter wavelength from 2.5 to 3.0um.

flux of GJ 1001A, within the PSF of IRC/NIR channel of FWHM ~ 3.2 pix (Figure 2.5). To measure the
signal of GJ 1001B accurately, we took account of the extended signal of GJ1001A. We assume that the
spectral image of GJ 1001A is symmetric in the spatial direction with respect to the flux peak pixels, and
measure the “background” level at the same distance from GJ 1001A to GJ 1001B in the opposite side.

2.3.4 Validation of Absolute Flux Calibration

We validate the absolute flux calibration for the obtained AKARI spectra by comparing the integrated
signal spectra (hereafter S3) with the photometry data N3 taken in the same pointing. In this analy-
sis we use the spectral data for the eighteen objects with S/N greater than 2.0. Two binary objects, €
Ind Ba+Bb (T1+T6) and SDSS J0423-0414(TO0), are excluded in our analysis. The NIR channel has 3

This document is provided by JfXL
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Figure 2.6: Observation sequences of the AOT IRC04. Large boxes labeled as “Exposure cycle (disperser
1)” indicate exposure frames for spectroscopy, and as “Exposure cycle (N3)” indicate that for imaging.
Dead time for a Filter Wheel change depends on the relative position of the elements. (from AKARI IRC
Data User Manual).

filters, N2, N3, N4. AOT:IRC04 used for NIRLT has an imaging observation using N3 filter inserted
between the spectroscopic observations as shown in Figure 2.6. The imaging observation is used to
determine the wavelength reference for slit-less spectroscopy. Basic data processing (dark subtraction
and flat-fielding) is applied to the imaging frame with IRC Imaging Toolkit (Phase 2 data: Version
110225 and Phase 3 data: Version 08924P3). Photometry was made with SExtractor (Version 2.8.6).
We applied aperture correction following the description in IRC Data Reduction Support Page (URL;
http://www.ir.isas.jaxa.jp/ AKARI/Observation/DataReduction/IRC/). The systematic error of the mea-
sured flux is about 10 % for photometry (H. Matsuhara private communication). We note that this uncer-
tainty, 10 %, is the standard deviation obtained by stacking multi photometric data in a single pointing.
Thus the error of N3 photometric data a single image from AOT:IRC04 should be larger than 10 %. Since
the error decreases as the square root of the number of images, 7 or 8 per pointing, the actual error for the

single observed data should be as large as 30 %. We calculate the integrated flux S3 from the spectra as

S5 FyR(A)dA

e B R(A)dA

S3 2.1)

where F), is the flux density of spectra, A, is the band center, 3.2um, and R(A) is the Relative Spectral
Response (RSR) function of the IRC N3 band (Tanabé et al. 2008). The integration range is A;; = 2.6 um
and A;, = 3.9 um. These are different from the values used in Tanabé et al. (2008), A;; 1.60 um and A;,
5.77 um. The values of 2.6 um is an edge of the AKARI spectra and 3.9 um is the shortest wavelength
at which RSR becomes less than 0.01. Figure 2.8 shows the RSR of the IRC camera. The comparison of
N3 photometry vs. S3 is shown in Figure 2.9, where S3 photometry is, actually, calculated by following

equation equivalent to eq. (2.1),
_ JER(v)dv

S3 = .
fvlcR(v)dv

(2.2)

The integrated flux $3 is almost consistent with N3 photometry within the random and systematic
error of about 30 % estimated for single image, except for SDSS J1446+0024 and 2MASS J1553+1532
(Figure 2.9 and Table 2.4). The difference of SDSS J1446+0024 and 2MASS J1553+1532 are 54 +
2 % and 36 £ 16 %, respectively. We also show the random errors of 1 o in Table 2.4. 2MASS
J0036+1821(L4), 2MASS J1507-1627(L5) and GJ 1001B(L5) are saturated on the image data, and SDSS
J1446+0024(L4) and 2MASS J1523+3014(LL8) images are affected by column-pull-down, therefor the
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target

€= column pulldown

Figure 2.7: A raw data of N3 photometry of SDSS J1446+0024. The source was placed in the 1x1
arcmin? aperture mask, referred to as ‘Np’ shown in a square. The column-pull-down from a bright star
at the center of the imaging area disturbs the target in the Np aperture.

photometry data are underestimated. Column-pull-down is caused by very bright neighborhood object.
When there are bright objects near the target, pixels on the same column of the bright object become
negative values (Figure 2.7). Although 2MASS J1553+1532 is not saturated and does not have column
pull-down, the difference is relatively large, 36%. This is because that this object is one of the noisiest
(S/N ~ 2) object in the analyzed AKARI samples, and the integrated flux may not be estimated correctly.

We also check the AKARI absolute flux calibration by comparing the past L' photometry data from
Leggett et al. (2002a,b) and Golimowski et al. (2004). The L' photometry are listed in Table 2.5. We
derive the integrated L' flux from AKARI spectral data using Mauna Kea Observatory (MKO) L' filter used
by Leggett et al. (2002a,b) and Golimowski et al. (2004) (see Figure 2.10). No previous L' photometry
data is available for SIMP J01365+0933 and 2MASS J1553+1532. The wavelength range of the filter
is between 3.43um and 4.11um (50 % cut-off wavelength). Figure 2.11 shows the comparison of L'
flux from AKARI and past L’ photometry values. We see that the L' flux from AKARI spectral data are
consistent with the past L' photometry within 10 %.
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Figure 2.8: The Relative  Spectral Response  (RSR)  function of the fil-
ters of the IRC camera (from IRC Data Reduction support page, URL;
http://www.ir.isas.jaxa.jp/AKARI/Observation/DataReduction/IRC/).
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Figure 2.9: The integrated flux S3 is consistent with N3 within 30 % except for SDSS J1446+0024 and
2MASS J1553+1532. The border of +30 % is shown in a dashed line. SDSS J1446+0024 is affected by
detector column pull-down. The large difference in 2MASS J1553+1532 may be caused by bad S/N (~

2).
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Table 2.4: Deviation of §3 to N3 of AKARI samples. The random error is also shown.

Object Name Sp. Type S3/N3 (error)
2MASS J1439+1929 L1 0.002(0.009)

2MASS J0036+1821 L4 0.243(0.006)
2MASS J2224-0158 L4.5 0.146(0.009)

SDSS J0539-0059 L5 0.040(0.006)
SDSS J1446+0024 L5 0.538(0.017)
2MASS J1507-1627 L5 0.203(0.006)
GJ 1001B L5 0.138(0.016)

2MASS J082542115 L6 0.121(0.017)
2MASS J1632+1904 L7.5 0.007(0.033)
2MASS J1523+3014 L8 0.239(0.018)

SDSS J0830+4828 L9 0.122(0.012)
2MASS J0310+1648 L9 0.004(0.043)
SDSS J1254-0122 T2 0.022(0.053)
SIMP J0136+0933 T2.5 0.208(0.014)

2MASS J0559-1404 T4.5 0.083(0.018)
2MASS J1553+1532 T7 0.364(0.159)
G1 570D T8 0.213(0.165)
2MASS J0415-0935 T8 0.247(0.076)

LI
100- T T T T T T T T T T T T

80 |
60 |

40}

Transmission
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Figure 2.10: The transmission profiles of the “Mauna Kea” L' band filter used by Leggett et al.
(2002a,b), Knapp et al. (2004) and Golimowski et al. (2004) (NSFCam Filter Transmission Profiles:
http://irtfweb.ifa.hawaii.edu/~nsfcam/filters.html).
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Table 2.5: L' magnitude of brown dwarfs. The error of photometry data is about 0.05 [mag].

Object Name Sp. Type L references
2MASS J1439+1929 L1 10.80 1
2MASS J0036+1821 L4 10.08 1
2MASS J2224-0158 L4.5 10.90 2
SDSS J0539-0059 L5 11.32 1
SDSS J1446+0024 L5 12.54 2
2MASS J1507-1627 L5 9.98 1
GJ 1001B L5 10.41 4
2MASS J0825+2115 L6 11.53 1
2MASS J1632+1904 L7.5 12.54 2
2MASS J1523+3014 L8 12.86 1
SDSS J0830+4828 L9 11.98 1
2MASS J0310+1648 L9 12.54 1
SDSS J1254-0122 T2 12.25 2
SIMP J0136+0933 T2.5 no data 3
2MASS J0559-1404 T4.5 12.14 1
2MASS J1553+1532 T7 no data 3
Gl 570D T8 12.98 2
2MASS J0415-0935 T8 13.28 2

1; Leggett et al. (2002a)

2; Golimowski et al. (2004)
3; derived from SpeX spectra
4; Leggett et al. (2002b)
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14 """"" Trr T T T Ty
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Estimated L' Photometry by AKARI

Past L' Photometry

Figure 2.11: The comparison of the L' flux from AKARI spectra and L’ photometry (Leggett et al.
2002a,b, Knapp et al. 2004 and Golimowski et al. 2004). We see that the L’ flux from AKARI data
are consistent with the past L' photometry within 10 %.
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Chapter 3

Analysis of the AKARI spectra of Brown
Dwarfs

In this chapter we present the results of an initial analysis of the AKARI spectral data. In section 3.1,
we overview the AKARI spectral dataset from early-L to late-T dwarfs. This is the first spectral dataset
continuously covering from 2.5 to 5.0 um for L and T dwarfs. We investigate the characteristics of the
spectral features along the spectral types using this dataset. We explain our results of investigation of
molecular absorption bands in the AKARI spectra to characterize the objects in section 3.2, and then

show the colors index measured in the AKARI spectra in section 3.3.

3.1 The 2.5 - 5.0 um Spectral Dataset from L to T Dwarfs

Among the observed 25 brown dwarfs (15 L dwarfs and 10 T dwarfs) by AKARI, we obtained high
quality spectra for 18 brown dwarfs (12 L. dwarfs and 6 T dwarfs) whose signal to noise ratio (S/N) per
data point averaged over the spectra is higher than 3.0. The highest value of S/N and mean of S/N for
AKARI spectra is about 18 and 8, respectively. The corresponding flux level is about 1 mJy for Phase2
data and 2.5 mJy for Phase3 data. We include 2MASS J1553+1532 (T7) in our sample, despite of its
relatively low quality (S/N ~ 2) to complete the T-type samples. Two known binary brown dwarfs, € Ind
Ba+Bb (T1+T6) and SDSS J0423-3014 (TO), are excluded. The dataset is summarized in Table 2.10.
Six objects taken in Phase 2 and 13 objects in Phase 3 are used for the analysis in this paper. Figure 3.1

shows the spectra of the brown dwarfs in the sequence of their spectral types from L (bottom) to T (top).

3.2 Molecular Absorption Bands in Brown Dwarfs

Following molecular absorption bands are clearly recognized in the AKARI data; H,O (broad absorption
bands around 2.7 yum and in longer than 4 um), CO (4.6um), CO, (4.2um), and CHy (3.3um). CO;,
is detected for the first time. Figure 3.2 shows identification of these bands in the AKARI spectra of
two objects. The AKARI spectra of L-type dwarfs are gently peaking at 3.8 um, and are rather smooth
and featureless with the current resolution throughout 2.5-5.0 um except for the positions of H,O and
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Figure 3.1: AKARI spectra of brown dwarfs. 12 L-dwarfs and 6 T-dwarfs are successfully observed.
Data taken in Phase2 are drawn in blue line and these in Phase3 are drawn in red. The Phase2 data are
generally in better quality than the Phase3 data. The spectra are normalized at 4.0 um flux values.
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SDSS J053952-0059 (L5)

y

N

Flux {muy)

Flux {my]

Wavelength (um)

Figure 3.2: The typical L-type and T-type spectra taken by the AKARI/IRC. The spectrum of L-type
dwarf is rather smooth and featureless in 2.5-5.0 um except for the broad absorption bands of HO and
CO. On the other hand, the spectrum of T-type dwarf exhibits deep molecular absorption features of CHy4
and CO; in addition to the broad bands of H,O and CO.

CO. CHy4 at 3.3um exists in the L-type brown dwarfs later than L5. On the other hand, the spectra of
T-type dwarfs exhibit deep molecular absorption features further to the broad H,O bands and CO band.
The bands get deeper toward to the late-type spectra. This variation of the feature can be explained
qualitatively by the molecular abundance in the photosphere changing according to the decreasing 7.
Profiles of molecular abundances along the position in the photosphere are shown in Figures 3.3 and 3.4.
The data are calculated using the unified cloudy model (UCM ; see chapter 4). In these figures the partial
pressure of the molecules is indicated against the total gas pressure. Two plots are typical cases for L. and
T dwarf, (Tor / log g)=(1900K/5.5) and (1200K/4.5), respectively. We can see that CO abundance in the
photosphere of the T-type brown dwarf is significantly less than that in the L-type brown dwarf, while
CH4 becomes more major ingredient than that in the L-type brown dwarf. We will show more detailed

behavior of each molecule in the following subsections.

3.2.1 CO Absorption Band at 4.6 um

Only few spectra have been taken in the M band wavelength range (Noll et al. 1997; Oppenheimer et al.
1998; Geballe et al. 2009). They reported the detection of the CO absorption band in middle- to late-T
spectra. This result was a very important problem for the physics and chemistry in the brown dwarf
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Figure 3.3: Partial pressure of major molecules in the photosphere of a brown dwarf is plotted against
total gas pressure. The model parameters are ( T¢; / log g / Tegr )=(1800/5.5/1900) corresponding to a L4

type.
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Figure 3.4: Partial pressure of major molecules in the photosphere of a brown dwarfs is plotted against
total gas pressure. The model parameters are ( T, / log g / Tegr )=(1700/4.5/1200) corresponding to a TS.
CO abundance is rapidly decreasing toward the surface (log P, < 6), and CHy takes over the position of
the most abundant carbon containing molecule.
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atmospheres. Because CO is expected to disappear from the spectra of middle- to late-T dwarfs, since
under the local thermodynamic equilibrium (LTE) carbon resides mostly in CH4 rather than in CO in
a very cool and high-density (T~1000 K, log P, ~6.0) environment (Tsuji 1964). However, due to
disturbance of the Earth’s atmosphere the quality of these data was not excellent and the wavelength
coverage was limited, then the detection was not confident (see Figure 1.9).

We have obtained much better spectra around the wavelength region by AKARI. The AKARI data
show that CO appears in the all observed brown dwarf spectra from L to T type. Especially, we confirm
that the spectra of our T-type brown dwarfs clearly exhibit CO absorption band, consistently with the
past studies (Noll et al. 1997, Oppenheimer et al. 1998, Geballe et al. 2009). It is now clear that the
presence of CO is a general characteristic of late-T dwarfs. Some researchers have argued that CO in
the photosphere of late-T dwarfs is maintained by vertical mixing (Griffith & Yelle 1999; Saumon et al.
2000; Yamamura et al. 2010). The vertical mixing transfers CO molecules from the inner region, where
CO is still abundant under LTE, to the surface. However the mechanism does not completely explain
all chemical abundances deviating from the thermochemical equilibrium. Especially, excess of CO in
late-L to early-T dwarfs is not explained by the vertical mixing (Yamamura et al. 2010). We need further
consideration on this problem.

3.2.2 CO; Absorption Band at 4.2 um

We detected CO, absorption band at 4.2 yum in the spectra of brown dwarfs for the first time. The band is
recognized in all T dwarfs and some late-L dwarfs. We see the band in the spectra of 2MASS J0825+2115
(L6) and SDSS J0830+4828 (L9) clearly, but not in the spectra of 2MASS J1523+3014(L8) and SDSS
J0423-0414 (TO) (Figure 3.6). We investigate which spectral types of objects show the CO; band. Figure
3.5(a) shows the variation of partial pressure of CO; for different effective temperatures in the models
under the LTE. We see that the partial pressure of CO; increases with decreasing temperature from 2600
to 1600K, then turns to decrease with decreasing temperature from 1600 to 700K. This indicates that
the CO; is most abundant in the photosphere of Tz ~1600 K dwarfs. Thus it is expected that the CO,
absorption band appears in the spectra from L6 to early T dwarfs. However, CO; 4.2 um absorption
band does not appear in some observed spectra of late-L to early-T despite of expecting abundant CO; in
the models. We find that the behavior of CO, absorption at late-L to early-T dwarfs is very complicated.
It may be caused by the effect of dust, or it may reflect the difference in the elemental abundances. We
discuss the CO, absorption further in section3.4.1 and chapter 6.

3.2.3 CH,4 Absorption Band at 3.3 um

It is known that CHy4 v3 absorption band at 3.3 um already appears in the spectra of mid-L dwarfs (Noll
et al. 2000), but the CH4 v; and v, absorption band at 2.2 um, which are used for classification of T-type
dwarfs, were not detected in the spectra of L dwarfs (Nakajima et al. 2004). The AKARI data including
3.3um region should push forward our understanding of the CH4 molecule behavior in the photosphere
of L dwarfs. We find that the CH4 3.3 um fundamental band appears in the spectra of brown dwarfs later
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Figure 3.5: Partial pressure of major molecules are plotted against total gas pressure for different 7.
(a)CO;, partial pressure increases with decreasing effective temperature to 1600K, and decreases for
lower temperature. (b)CO partial pressure decreases monotonically with decreasing effective tempera-
ture. (c)CHy partial pressure increases with decreasing effective temperature. This is complementary
with that of CO. (d)H,O partial pressure is generally high and slightly increases with decreasing temper-
ature.
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Figure 3.6: The CO, absorption band at 4.2 um in the spectra of late-L to early-T dwarfs. The area

painted in gray shows the position of the CO; fundamental absorption band.
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than L5. In addition, it is interesting that we see the band in only two sources out of four L5 dwarfs in
our AKARI sample. The band is seen in SDSS J0539-0059 and 2MASS J1507-1627, but not in the other
two LS5 sources, SDSS J1446+0024 and GJ 1001B (Figure 3.8).

Based on the AKARI spectra from L1 to L9 dwarfs, we investigate the appearance of the CH4 band
quantitatively to confirm this result in detail. We derive equivalent width at the position of the 3.3 um
CH4 Q-branch feature in each spectrum, and calculated the ratio between the equivalent width and the
standard deviation of the data points in the nearby off-feature wavelengths. We evaluate “CH, index”
Bcy, as below.

EW
T d x \/N—1>7

(3.1)

Bcn, =
where EW is the equivalent width, o is the standard deviation in the off-band wavelengths, Fiepeer 1S the
estimated flux at the wavelength of band center derived by linear interpolation from the off-feature region
flux, dA is the wavelength grid interval and N (~ 20) is the number of data points within the defined
region. We show the results in Table 3.1 and Figure 3.7. We regard that the detection is significant when
Bch, is larger than 5. We use “5” as a border of CH4 band detection, because the Bcy, of L7.5 dwarf that
the CHy4 band is confirmed by visual reference is 5.25 and L1 and L4 dwarfs that the band is not confirmed
are 4.19 and 4.24, respectively. We find that the CHy4 3.3 um Q-branch feature starts appearing at LS Type,
and the band appears in only two of four L5 dwarfs,SDSS J0539-0059 and 2MASS J1507-1627 (Figure
3.7 and Table 3.1). The detection of the CH4 absorption band in the spectra of 2MASS J1507-1627 is
consistent with the past result reported by Noll et al. (2000). The presence of CHy absorption band at 3.3
um in LS spectra is confirmed by AKARI spectral data, but there are L5 objects without the band. We
discuss these results more in detail in section 3.4.2 and 4.6.1.

Table 3.1: The CHy index for L5 dwarfs. The position of Bcy, based on the threshold of CH4 detection
are also shown in third column with “Y” or “N”.

object Bcn, CHy

2MASS J1439+1929  4.12
2MASS J0036+1821  4.24
2MASS J2224-0158 3.03
SDSS J0539-00590  9.95
SDSS J1446+0024 4.11
2MASS J1507-1627  6.26
GJ 1001B 3.86
2MASS J0825+2115  6.27
2MASS J1632+1904 5.25
2MASS J1523+3014  9.06
SDSS J0830+4828 19.78
2MASS J0310+1648  6.45
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Figure 3.7: CH4 index Bcp, measured on the AKARI spectra versus spectral type. Bcy, is ratio of
equivalent width of CH4 Q-branch to its uncertainty from the standard deviation of the data points in the
nearby off-band wavelengths. It is found that the onset of the CHy4 feature is L5-type dwarfs. The line
indicates the threshold of CH4 detection.

3.3 Infrared Colors in the AKARI Wavelength

We investigated the various colors extracted from the AKARI spectral data. Studies of brown dwarf colors
have been carried out mainly on J, H, K, L' and M’ band photometry data (e.g. Stephens et al. 2001;
Leggett et al. 2002a, 2007; Knapp et al. 2004; Golimowski et al. 2004). While photometry of L' band
has been made extensively in ground-based observations only few spectroscopic observations of the 3.3
um region have been carried out. Quality of the obtained spectra is not sufficient for detailed studies.
Therefor the CH4 v3 fundamental band data observed with AKARI are quite valuable. In section 2.3.4 we
extract L' flux from AKARI spectral data using Mauna Kea Observatory (MKO) L' filter transmission and
compare the results with previous L’ photometric data from Leggett et al. (2002a,b), Knapp et al. (2004)
and Golimowski et al. (2004). As a result, the L’ flux from the AKARI spectral are consistent with the
previously L’ photometric data within 10 %. In this section we also examine several infrared colors with
the AKARI spectral data. The wavelength range of MKO J, K, L', M’ band filters and the range of 3.3 um
band, [3.3], are shown in Figure 3.9.

331 K-L

First we discuss about K — L, color, where L, is the L’ flux estimated from the AKARI spectra (see section
2.3.4). We compare the previous measurements K — L' color to confirm validity of the AKARI samples.
We use MKO-NIR K photometry derived by Leggett et al. (2000, 2001, 2002a,b) and Knapp et al. (2004).
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Figure 3.8: The 2.5-5.0 um spectra of four LS dwarfs, 2MASS J1507-1627, SDSS J0539-0059, SDSS
J1446+0024 and GJ 1001B. 2MASS J1507-1627 and GJ 1001B are observed spectra taken in Phase
2 and the other two objects are observed in Phase 3. The CH4 vz absorption band is seen in SDSS
J0539-0059 and 2MASS J1507-1627, but not in the other two L5 sources, SDSS J1446+0024 and GJ

1001B
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Figure 3.9: The wavelength range of the MKO J,K,L'; M’ band filters and the averaging range of [3.3] .
We show the observed spectra of typical L dwarf SDSS 0539-0059(L5) and of typical T dwarf 2MASS
J0559-1404(T4.5). The wavelength range of [1.13—1.16] and [1.26—1.29] used for deriving “index 1.14”

by Geballe et al.

1.27/4.12” and “index 1.14/4.12” in section 3.4.3 are also shown.

used for “index 4.2 ” in section 3.4.1 is also shown.

(2002) and of [4.10—4.13] used for deriving “index 4.2” in section 3.4.1, “index

The wavelength range of [4.19-4.22]

We compare the K — L), with K — L’ color given by Golimowski et al. (2004) in Table 3.2. Two objects,
SIMP JO136+0933 and 2MASS J1553+1532 do not have previous K band photometry data. Therefor we
estimate their K band flux using 2MASS J band flux and IRTF/SpeX spectral data (see section 4.4.3).
We calibrate the absolute flux of their spectra by comparing the measured flux applying 2MASS J band

filter transmission and the 2MASS photometric data. After then,

the SpeX spectra with the MKO-NIR K band filter.

Figure 3.10 compares K — L' color of our AKARI brown dwarfs

we derive K band flux by integrating

(red square) and that from Golimowski

et al. (2004) (black square). The K — L;\ color from AKARI data are confirmed to be consistent with the
previous results. The plot tells that K — L stays almost unchanged between late-L. and mid-T type. It

is interpreted by the effects of growing CH4 absorption in 3.3-3.7 um (Leggett et al 2002) that start to

appear in the L5 spectra (section 1.4 and section 3.2.3).
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Figure 3.10: K — L' color as a function of spectral type. Previous results by Golimowski et al. (2004)
are drawn with black square and our results are with red square. Our colors from AKARI spectra are
consistent with the past result.

332 [33]-1,

Bcp, used in section 3.2.3 is only applicable for L-type dwarfs, because the CHy absorption band in
T-type spectra becomes broader and deeper, and P- and R- branches are not ignorable any more. In
order to understand the CH4 3.3 pum absorption in spectra of brown dwarfs including T-type, we define
a photometry band [3.3], which is measured by simply averaging the flux between 3.27 and 3.36 yum.
[3.3]-L/, for AKARI objects are listed in Table 3.2, and plotted against spectral types in Figure 3.11. The
large error of the color for late-T type sources are caused by lack of data points around 3.3 um in the
AKARI spectra due to the heavy absorption of CHy. The [3.3]-L/, color gets redder monotonically along
L to T sequence. This result indicates that the CH4 v3 absorption develops simply toward late spectral
types. This trend is consistent with the CHy4 index B¢y, derived in section 3.2.3.

333 J-1L

The trend of J — L’ color has not been investigated in the past study. While J band flux is the most
sensitive to dust extinction and molecular absorption, L’ band reflects the CHy4 absorption. Thus J — L
color would give us mixed information of dust condition and molecular abundance.

We show J — L, color of our AKARI brown dwarfs in Figure 3.12. We see a trend of being redder from
L1 to L6, then staying unchanged between L6 and L9. J — L, becomes bluer near the L/T boundary, and
gets redder again for the objects later than T5. This complicated trend is similar to J — K color (Leggett et
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Figure 3.11: [3.3]-L), color as a function of spectral class. Whereas the color of early type dwarfs do not
change, the color of later than L5 dwarfs tend to bluing. This indicate that the CH4 absorption band at
3.3 um become stronger toward late spectral types.

al. 2002b) except for the late-T part. Red color of early- to mid-L dwarfs is thought be due to increasing
dust extinction at J band. The red color of late-T dwarfs are seen with the AKARI data for the first time.

We discuss the cause of this red color in late-T dwarfs in section 3.4.3.
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Figure 3.12: J — L, color for objects observed by AKARI. The color becomes redder at early-L and late-L
dwarfs. The color from late-L to mid-T becomes slightly bluer, and gets redder again for the objects later
than T5.
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3.4 Discussion

3.4.1 CO; Absorption Band at 4.2 um in the Spectra of Late-L. Dwarfs

As noted above the behavior of the CO, 4.2 um absorption band is complicated. To confirm the pres-
ence of the 4.2 um band we evaluate [4.10—4.13]-[4.19-4.22] (hereafter “index 4.2”") color from the
AKARI spectra (Figure 3.13). [4.10-4.13] and [4.19-4.22] are measured by simply averaging the flux
between 4.10 and 4.13 um, and 4.19 and 4.22 um, respectively, and are converted to magnitude. [4.19—
4.22] represent the CO, absorption band, and [4.10—4.13] does not have any strong band. The “index
4.2” decreases slowly from L to T dwarfs. We see a scatter in late-L dwarfs. “index 4.2” of 2MASS
JO825+2115(L6) and SDSS J0830+4828(L9) are bluer than that of 2MASS J1632+1904(L7.5), 2MASS
J1523+3014(L8), and SDSS J0830+4828(L9) relative to SDSS J1254-0122(T2) that shows a prominent
blue color. One possible reason of the different behavior is the effect of the dust. If objects have large
dust effect, the J — Lf4 should show redder than that of little dust effect. However, J — LI’4 of the objects
with the 4.2 um absorption are redder than the objects without the absorption. This trend is opposite to
the result expected from the dust effects. This result indicates that the presence of 4.2 um absorption
band is not relative to the dust presence.

The other possible reason we suggest is that these difference of 4.2yum band in the spectra of late-
L to early-T dwarfs is caused by the difference of CO, abundance in their photosphere. Tsuji et al.
(2011) indicate that SDSS J0830+4828(L9) is possibly a high metallicity object. The effects of elemental

abundances to the brown dwarf spectra are argued in chapter 6.

3.4.2 CH4 v; Absorption Band at 3.3 um in the Spectra of Four LS Dwarfs

The CHy4 v3 absorption band is seen in SDSS J0539—0059 and 2MASS J1507-1627, but not in the other
two LS5 sources, SDSS J1446+0024 and GJ 1001B (Figures 3.7, 3.8 and Table 3.1). This result may
be distinguished by spectral classification. Their spectral types “L5” of 2MASS J1507-1627 and GJ
1001B are determined by Kirkpatrick et al. (2000), and for SDSS J0539-0059 and SDSS J1446+0024
by Geballe et al. (2002). They use optical or infrared (/, H and K band) color and molecular absorption
band strength for classification, and show that the results are different depending on the criteria used.
The study by Knapp et al. (2004) classified 2MASS J1507-1627 as L5.5. Martin et al. (1999) classified
GJ 1001B as L4 from molecular absorption band strengths in the optical region. Classifications of SDSS
J0539-0059 and SDSS J1446+0024 are different depending on the band used as shown in Table 3.3. We
see that the spectral types of SDSS J0539-0059 and SDSS J1446+0024 derived by CH4 at 2.2 um index
are L6 and L5 respectively, and consistent with our speculation. Our results indicate that the appearance
of the CHy4 absorption at 3.3 um reflect the spectral classification with CHy 2.2 um index. Contrary, our
analysis using AKARI spectral data proposes their spectral types are earlier side and later side of L5 for
SDSS J1446+0024 and SDSS J0539-0059, respectively.

We consider that the discrepancy in CH4 3.3 pum in the four LS dwarfs are caused by the effects of
dust. In section 3.3.3, we have mentioned that the red color in J — Lg at mid-L dwarfs shown in Figure
3.12 is due to by dust extinction. The larger effect of dust is the redder J — L, color. The color of SDSS
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J1446+0024 and GJ 1001B are redder than that of SDSS J0539-0059 and 2MASS J1507-1627, and thus

more affected by dust. We discuss this speculation in section 4.6.1 further.

Table 3.3: The spectral type determined from each molecular band, optical color, H,O in H band, CH4
in K band (Geballe et al. 2002).

object (0.95-0.98)/ H,O CH; mean
(0.735-0.755) 1.5um 22um Sp.T.

SDSS J0539-0059 L4.5 L5 L6 L5

SDSS J1446+0024 L5.5 L4.5 L5 L5

3.4.3 RedJ—L) Color of Late-T Dwarfs

In section 3.3.3 we find that J — L), becomes redder in the late-T dwarfs. Two possible reasons for this
phenomenon are considered; (1) evolving HyO absorption around 1.14 um towards late-T dwarfs (2)
the decreasing Te¢r that brings the J band wavelength to the Wien side of the spectral energy distribution
(SED). We carry out the following analyses to confirm these hypotheses.

The wavelength range of MKO J band filter is 1.16—1.32 um that includes a part of the H,O absorp-
tion band. The ratio of [1.26-1.29] to [1.13—1.16] (hereafter “index 1.14”) of 2MASS J0559-1404 (T4.5)
and GD 570D (T8) are defined by Geballe et al. (2002) to measure the 1.14 um H,O band strength

following as, N
2
index = f;;l“f—gd)u (3.2)
PR fadA
where A; (i = 1,2,3,4) is the wavelength, which are chosen so that intervals in the numerator and de-
nominator have the same length. Here, A;=1.26 um, A,=1.29 um, A3=1.13 um, and A4=1.16 um. While
[1.26-1.29] does not include any strong absorption band, [1.13—1.16] have strong H,O 1.14 um absorp-
tion band. Thus this “index 1.14” indicates the H,O absorption strength. The “index 1.14” values for
2MASS J0559-1404 and GD 570D are 3.1 and 13.3, respectively, indicating that the H,O absorption
band becomes greatly deeper from T4.5 to T8.

We also consider the other possible reason. If J band located in the Wien side of the spectrum the
flux drops down rapidly with the decreasing temperature, while the L' band flux does not change much
because the wavelength is near the peak of the black body for temperature of 1200 ~ 700 K. We derive
the [1.26—-1.29]-[4.10—-4.13] (hereafter “index 1.27/4.12”). [1.26—1.29] are measured with same method
as deriving [4.10—4.13] in section 3.4.1. Both wavelength range have no strong absorption band. [1.26—
1.29] is measured by simply averaging the SpeX spectral data between 1.25-1.29 um, and [4.10-4.13]
are derived from the AKARI spectra by the same method in 4.10-4.13 um. Figure 3.14 shows that “index
1.27/4.12” plotted against the spectral type. We see that “index 1.27/4.12” becomes also redder in the
late-T dwarfs.
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We derive the [1.13—-1.16]-[4.10-4.13] (hereafter “index 1.14/4.12") to confirm which of the two
reasons affects for the reddening of late-T dwarfs more. [1.13—1.16] are measured with same method
as deriving [4.10—4.13] in section 3.4.1. [1.13—1.16] represent H,O absorption strength and [1.26—1.29]
indicates continuum, then the two effects can be separated by comparing “index 1.14/4.12” and “index
1.27/4.12”. Figure 3.16 shows the plots. We see a significantly large reddening “index 1.14/4.12” of late-
T dwarfs, which is shown by a blue circle. It means that the effect of SED shift to the reddening in late-T
dwarfs is less than that of the 1.14 pm H,O absorption. We conclude that the redder colors in J — L,
appeared in late-T dwarfs are caused by the combination of the increasing H,O 1.14um absorption and
the effect of shift of the SED, but the effect of increasing H,O absorption is larger than that of the SED
shift.
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Figure 3.13: “index 4.2” color for objects observed by AKARI. 2MASS J0825+2115(L6) and SDSS

JO830+4828(L9), which are the objects with 4.2 um absorption band are -0.28 and -0.36, respectively.
They are shown in open circle.
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Figure 3.14: “index 1.27/4.12” for objects observed by AKARI. The “index 1.27/4.12” at the late-T dwarfs
become also redder.

This document is provided by JAXA.

W 871-7-24.indd 63 $ 12/08/19 ZOZGE»X




| T T | —— (. [ |

52 CHAPTER 3. ANALYSIS OF THE AKARI SPECTRA OF BROWN DWARFS
7 F T T T E
6F .

<l P

— S5F 3

< f i ]

\ -

< F

: 4;_ K3 % =

< x f i

S 3f z B

S °F 2 E
2E= E
'| : N B S

L1 L5 T0 T5 18

Spectral Type

Figure 3.15: “index 1.14/4.12” for objects observed by AKARI. The “index 1.14/4.12” at the late-T dwarfs
become also redder.
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Figure 3.16: “index 1.27/4.12” versus “index 1.14/4.12”. The The “index 1.14/4.12” at the late-T dwarfs
is redder than “index 1.27/4.12”. This result is shown by a blue circle.
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Chapter 4

Analysis with the Unified Cloudy Model

To understand the atmospheres of brown dwarfs better, we analyze the AKARI spectra using the Unified
Cloudy Model (UCM, Tsuji 2002, 2005). We introduce the general description of the modeling of brown
dwarf atmospheres in section 4.1. We explain the UCM in section 4.2, and its physical free parameters
in section 4.3. We describe the fitting evaluation method to derive the best parameter set (best model)
for each AKARI object in section 4.4. Then we show the results and the uncertainty of this analysis in
section 4.5. We discuss the results in section 4.6

4.1 Modeling of Brown Dwarf Atmospheres

So far various models of brown dwarf atmospheres have been developed by several groups: Tsuji et al.
(1996a) and Tsuji (2002, 2005), Allard et al. (2001, 2003), Ackerman & Marley (2001), Cooper et al.
(2003), Woitke & Helling (2003, 2004) and Helling et al. (2001, 2008) etc. These models all assume
hydrostatic equilibrium, gas-phase chemical equilibrium under local-thermodynamic equilibrium (LTE),
and mixing length theory for treating the convective energy transport. In a dense environment like brown
dwarf photospheres, LTE can be justified (Hauschildt et al. 1997; Schweitzer et al. 2000). The largest
difference of these brown dwarf atmosphere models from stellar model is incorporation of dust formation
in the photosphere. Generally, stellar spectra can be interpreted in terms of effective temperature Tgg,
surface gravity log g, chemical composition, and micro-turbulent velocity. However it is difficult to
explain the brown dwarf spectra by only these four basic parameters because of the presence of dust in
the photosphere. Opacity of dust affects significantly to the atmospheric temperature — pressure profile
and the emergent flux. The composition, opacity and formation physics of dust differ in different models.

Helling et al. (2001a) and Woitke & Helling (2003, 2004) considered the dust formation similar
to that in the circumstellar of asymptotic giant branch (AGB) stars. Ackerman & Marley (2001) and
Cooper et al. (2003) incorporated terrestrial cloud formation process. Tsuji et al. (1996a,b) and Allard et
al. (2001a) applied practical implementation. Tsuji et al. (1996b, 2002, and 2005) considered that dust
forms at the condensation temperature, 7,4, following LTE condition under the high density gas in the
photospheres of cool dwarfs.

Observations revealed that the effect of dust, masking molecular bands and changing photospheric
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54 CHAPTER 4. ANALYSIS WITH THE UNIFIED CLOUDY MODEL

structure, appears most prominently in the near infrared spectra of L-dwarfs (Tsuji et al. 1996b; Nakajima
et al. 2001). On the other hand, the spectra of T-dwarfs are less affected by the dust. These results
indicate that the dust disappears somewhere in the L-T boundary (Burgasser et al. 2002). The dust cloud
may migrate from surface to deep inside the photosphere around these spectral types, thus the effects of
dust opacity in T-type spectra become smaller. However, the mechanism of dust disappearance is not
yet clear. Current brown dwarf atmosphere models include dust segregation effect as one of the model
parameters, and such models can explain the observed SED more or less satisfactorily (e.g. Tsuji 2002,
2005; Saumon & Marley 2008).

4.2 The Unified Cloudy Model (UCM)

The Unified Cloudy Model (UCM) is one of the brown dwarf atmosphere models that has been developed
by Tsuji and colleagues (Tsuji et al. 1996ab, Tsuji 2002, 2005). They incorporate the dust effect in UCM
as following. Dust forms at a layer where temperature drops down to the condensation temperature, 7¢ong-
The UCM assumes that the dust disappears at somewhat lower temperatures given as an additional pa-
rameter called critical temperature T¢;. Thus the dust would exist only in the layer of Tor < T < Teong. Ter
is not predictable by any physical theory at present and required from observations semiempirically. The
UCM assumes local thermodynamical equilibrium (LTE) in the calculation of the molecular abundances
and dust formation. Our calculation assumes that the chemical composition of all objects is solar elemen-
tal abundances based on Allende Prieto et al. (2002). In the UCM, effect of molecular-line absorption is
calculated by the band model method during the construction of the model photosphere until the model
has converged, and then detailed line lists are used to evaluate the final emergent spectra. For the detail of
molecular line opacities, please refer to Tsuji (2002). We mainly use the models calculated by Tsuji'!. We
compensate some models along with Tsuji models in our analysis. When the model atmosphere structure
is not provided by Tsuji’s caliculation, we calculate them using UCM program. The model spectra and
model structure calculated by ourselves are summarized in Figure 4.1.

4.3 Effects of Physical Parameters to the Brown Dwarf Spectra

UCM takes five parameters to describe the property of the model effective temperature Tg¢, surface
gravity log g, chemical composition, micro-turbulent velocity and critical temperature 7.;. The brown
dwarfs observed with AKARI are all neighborhood of the solar system, thus we consider that the solar
chemical composition can be applied. Since the micro turbulent velocity in brown dwarf atmospheres
has not been measured yet, we apply the solar value (1 km/s). In our analysis, this assume of the micro
turbulent velocity is reasonable as shown in Figure 4.2. This figure shows that it is no longer different of
two spectral features with the different of the micro turbulent velocity. The other three parameters, 7¢yr,
log g and T, are the free parameters to be determined by fitting the observed spectra. In this section we
present the effects of these parameters to the brown dwarf spectra.

'URL: http://www.mtk.ioa.s.u-tokyo.ac.jp/ ttsuji/export/
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Figure 4.1: Summary of the models calculated by Tsuji and ourselves. A model consist with an atmo-
sphere structure and a spectrum. The model spectra derived by ourself are shown in red lines, and another
thing the model atmosphere structure calculated by ourself are shown in blue lines.
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Figure 4.2: The effect of micro turbulent velocity for the spectral features. Two spectra with different
values are drawn. (a) The black and red lines are the cases of a micro turbulent velocity is 1 km/s and 0.5
km/s, respectively. (b) The black and red lines are the cases of a micro turbulent velocity is 1 km/s and 2
km/s, respectively. It is not different for every case.
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Figure 4.3: The temperature versus total gas pressure of brown dwarf photosphere for two T¢¢ cases. The
black line is the case of (To¢ / log g / Ter) = (1500/4.5/1800). The line drawn in gray is the case of (Tuf
/log g / Tty) = (1600/4.5/1800). The gas temperature of Tegr = 1600 K case is always higher than that of
1500 K.
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Figure 4.4: The spectrum between 1.0 and 5.0 um for two cases of Tig. The black spectrum is the
case of (Teg / log g / Tey) = (1500/4.5/1800) and the gray spectrum is the case of (Togr / log g / Tey) =
(1600/4.5/1800).

4.3.1 Effective Temperature (7.¢)

Effective temperature is defined as
F =oT. 4.1

In UCM T4 is treated practically as the temperature at Rosseland mean optical depth equal unity. It is
not exact because of the large non-grayness of the opacity. In UCM, T contributes to the temperature
structure of overall photosphere. The aspect of spectral feature depend on the temperature structure. The
corresponding spectra between 1.0 and 5.0 ym are shown in Figure 4.4. We can see the effects of T, on
the spectral features.
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Figure 4.5: The temperature versus total gas pressure of brown dwarf photosphere for two log g cases.
The black line is the case of (To / log g / Ter) = (1500/4.5/1800). The gray line is the case of (7o / log g
/ Ter) = (1500/5.0/1800).
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Figure 4.6: The spectral feature between 1.0 and 5.0 um for two cases of log g. The black spectrum is
the case of (To¢r / log g / Ter) = (1500/4.5/1800) and the gray spectrum is the case of (Te¢r / log g / Tey) =
(1500/5.0/1800).

4.3.2 Surface Gravity (log g)

Surface gravity also changes the temperature structure by effects of contraction. In case of hydrostatic
equilibrium, gravity is balanced with pressure gradient. Variation in pressure changes density and tem-
perature as shown in Figure 4.5 for two cases, (Tt / log g / Ter) = (1500/4.5/1800) and (1500/5.0/1800).
Here the surface gravity log g is given in the cgs unit (cm/s?). When gravity gets large from 4.5 to 5.0,
the surface temperature becomes a little higher by about less than 10 K. This is because that the objects
contract in large surface gravity. This contraction makes the inner temperature lower than in the low grav-
ity object. Hence the temperature gradient gets gentle. The effects of variation in log g on the spectral
feature are shown in Figure 4.6. The variation of spectral feature are less prominent than Ty¢.
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Figure 4.7: Temperature to total gas pressure for two T¢; cases. The gray line is the case of (Te¢ / log g/
T.r) = (1600/5.0/1700). The red line is the case of (Te / log g / Tey) = (1600/5.0/1800). The dust existing
region are painted in black and gray, respectively.
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Figure 4.8: The spectral feature between 1.0 and 5.0 um for two cases of T;. The black spectrum is
the case of (Tor / log g / Tiy) = (1600/5.0/1700) and the gray spectrum is the case of (Tu¢r / log g / Tey) =
(1600/5.0/1800).

4.3.3 Critical Temperature (7;;)

Critical temperature T, is an additional parameter to determine the upper limit of the dust layer. Lower
T:; results in a thicker dust layer. The temperature around the dust layer changes significantly. The gas
temperature in the dust existing region becomes higher by the warming up effect by the dust. Figure
4.7 demonstrates this effect by comparing two models for (7o / log g / Ter) = (1600/5.0/1700) and
(1600/5.0/1800). The dust layers are painted in gray and red for the model with 7¢, = 1700 and 1800 K,
respectively. The corresponding spectra for these temperature structure are shown in Figure 4.8. We can
see that T, also contributes to dust extinction, which especially appears in J and H band regions.

] This document is provided by JfXL

W 871-7-24.indd 70 $ 12/08/19 20:‘3




| T T | —— (. [ |

4.4. MODEL FITTING OF THE OBSERVED SPECTRA 59

4.4 Model Fitting of the Observed Spectra

Our purpose of this analysis is to derive the probable physical parameters for the AKARI samples. The
wavelength region of the AKARI data give us information about CH4, CO and CO, molecules in the
brown dwarf photosphere. As explained above, carbon is transferred from CO to CH4 as the temperature
decreases, and the temperature of brown dwarf photosphere is just the temperature at which CHy start
to appears. The wavelength range of the AKARI data including the strongest and non-blended CHy4 v3
band at 3.3 um is quite important for studying CH4 formation. The AKARI wavelength range is also
reflects the photosphere temperature relatively free from the dust extinction. We use the AKARI spectral
data principally to derive the physical parameters via model fitting. However, there are some technical
hurdles to overcome in our model fitting with the AKARI data only. In this section we explain the problem
on model fitting and the fitting method to overcome the problem.

4.4.1 Stepl - Fitting the AKARI Spectra

Our model fitting consists of two processes. As a first trial of model fitting we compare the models with
observed AKARI spectra between 2.5 and 4.15 um. We use the data only in 2.5-4.15 um, not to 5.0
um for the fitting, because we know that the current model does not explain the observed spectra beyond
4.15 um where the absorption bands of CO; at 4.2um and CO at 4.6um (Yamamura et al. 2010; see
section 1.4) present. We follow Cushing et al. (2008) and evaluate the goodness of the model fitting by
the statistic Gy, defined as

1 CiFr,i

Gk=n_m2 (f’ p. ) 4.2)

=1

where n is the number of data grid; m is degree of freedom; @; is the weight for the i-th wavelength grid
(we give the weight as @; = 1 for all data points because of no bias within each observed data); f; and F ;
are the flux densities of the observed data and k-th model, respectively; o; are the errors in the observed
flux densities and Cy, is the scaling factor given by

_ Yoififii/of
Y wiFy 2 /o
G is equivalent with reduced 2, since we adopt @; = 1 in our analysis. We examine the cases of 700 <
Tegr < 2200 K in 100 K grid, log g=4.5, 5.0 and 5.5, T,=1700, 1800, 1900 K and Tiong (no dust layer),
i.e. total 16 x 3 x 4 =192 cases.

(4.3)

It is difficult to determine the best fit model for each AKARI object, because of the large error of
the AKARI spectral data. In general when the reduced xz (=Gy) is 1~2, the model fits the observed
data well. Gy easily gets below unity and we have too many “good fit” models; degeneracy of model
parameter takes place. This degeneracy is demonstrated in Figure 4.9 for the AKARI spectra of 2MASS
J1507-1627(L5). We see that many models have small (< 1.04) G between 1700 to 2000 K of Ti¢. In
this case the minimum Gy, is 0.94, and the second minimum is also small, 0.97. Since the differences of
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Figure 4.9: The AKARI spectra of 2MASS J1507-1627(L5) and good fit models are overlaid in 2.5—
4.15um. (a) The observed spectra are drawn in black. Color lines present for each model spectra. (b)
Gy, versus effective temperature for each 7, and log g. Degeneracy of parameters is seen between T.g =

1700 - 2000 K.

Gy between the models near the minimum are tiny, it is difficult to determine the best fit model.

Therefor at this step, we select candidates of the best model with the following condition.

Gumin < G < Gmin + 1, (4.4)

where G, 1s the minimum Gy value. G, is different from every spectral data and are not always near
the unity. One of the reasons is that the error of the AKARI observed spectra are different for every data.
The error of some data are smaller than 10% and others are larger than 10%. We regard G,,;, as the best
model in the current fitting of the AKARI data. We apply the G,,;;, + 1 as an upper limit, because it is

reasonable to select 5 ~ 20 model candidates for almost all the observed data.

4.4.2 Step2 — Constraining Models with the Short Wavelength Data

To constrain the models from the candidates we additionally use the spectra in the shorter wavelength
range (1.0-2.5 um), taken by IRTF/SpeX and UKIRT/CGS4. It is only possible to analyze the brown
dwarf atmosphere structure in detail with the help of the short wavelength range spectra along with the
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4.4. MODEL FITTING OF THE OBSERVED SPECTRA 61

2MASS—J1507—-1627(L5) AKARI fitting (AKARI chi2)

)]

1 2 3 4

Wavelength (um)

Figure 4.10: The spectra of 2MASS J1507-1627(L5) and fitting models. The degeneracy in the fitting
of AKARI spectra is solved by adding the shorter wavelength range SpeX data. The model spectra in red
color is the best fit model for the object. The order of goodness of the fit to SpeX data are shown in the
right of the legend.

AKARI data. The wavelength region of the AKARI data gives us the information of CH4, CO and CO,
molecules in brown dwarf photosphere. On the other hand, data of the shorter wavelength range are the
most sensitive to the dust presence. Thus dust extinction around this wavelength range is an indicator of
dust amount. We explain the data used in the current analysis in the next section 4.4.3.

We calculate G for the IRTF/SpeX or UKIRT/CGS4 (hereafter SpeX/CGS4) spectral data for the
candidate models derived in Step 1. Since we have validated the absolute flux of the spectra to be better
than 10 % (see section 2.3.4), we apply C values derived in Step 1 (from AKARI) to Step 2. Figure 4.10
shows the result of the L5 dwarf 2MASS J1507-1627. We see that the degeneracy shown in Figure 4.9
is solved by Step 2.

We do not fit the AKARI data and SpeX/CGS4 data simultaneously. It is because that the error of
two data are so different. The average relative error of the AKARI spectra is about 10 % (Ohyama et
al. 2007), while that of the SpeX and CGS4 data is below 0.05 % (Reyner et al. 2009). This difference
would give much more weight to the SpeX/CGS4 data in the fitting process. Actually, while the reduced
752 (= Gy) of the AKARI data are between 0.1 and 100, that of the SpeX/CGS4 data are between 100 and
5000. Therefore we have to evaluate the fitting consistency in relative manner. Because of this reason,
we decided to use the AKARI spectra first and use the SpeX and CGS4 spectra in the second step. We

discuss the model fitting of each wavelength data separately in chapter5.

4.4.3 Additional Data Used for Fitting
IRTF/SpeX data

The NASA Infrared Telescope Facility (IRTF) on Mauna Kea, Hawaii, is a 3.0 meter telescope optimized
for infrared observations. SpeX is a medium-resolution 0.8-5.4 um spectrograph on board IRTF. The
superiority of SpeX is to provide maximum simultaneous wavelength coverage. A high throughput prism
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62 CHAPTER 4. ANALYSIS WITH THE UNIFIED CLOUDY MODEL
Table 4.1: Summary of The SpeX/CGS4 data used in the current study
Object Name Obs Date Resolution references remark
2MASS J1439+1929 2001 Mar 22 2000 8 IRTF/SpeX
2MASS J0036+1821 2004 Sep 07 120 2 IRTF/SpeX
2MASS J2224-0158 2001 Aug 07 2000 8 IRTF/SpeX
SDSS J0539-0059 2000 Nov 06 220 4 IRTF/SpeX
SDSS J1446+0024 2000 Mar 13-15 >400 7 UKIRT/CGS4
2MASS J1507-1627 2001 Mar 14, 22 1200 8 IRTF/SpeX
2001 Feb 28 938 8 IRTF/SpeX

GJ 1001B 2004 Sep 07 120 5 IRTF/SpeX
2MASS J0825+2115 2001 Mar 12-14 1200 8 IRTF/SpeX
2MASS J1632+1904 2003 May 22 120 1 IRTF/SpeX
2MASS J1523+3014 2008 May 08 120 3 IRTF/SpeX
SDSS J0830+4828 2006 Dec 24 120 2 IRTF/SpeX
2MASS J0310+1648 2005 Dec 31 120 5 IRTF/SpeX
SDSS J1254-0122 2003 May 22 120 1 IRTF/SpeX
SIMP J01365+0933 2006 Sep 03 120 2 IRTF/SpeX
2MASS J0559-1404 2001 Jan 25 1200 8 IRTF/SpeX
2MASS J1553+1532 2006 Apr 08 120 3 IRTF/SpeX
Gl 570D 2003 May 22 120 1 IRTF/SpeX
2MASS J0415-0935 2003 Sep 17 120 1 IRTF/SpeX

1: Burgasser et al. (2004) AJ, 127, 2856

2: Burgasser et al. (2008) AplJ, 681, 579

3: Burgasser et al. (2010) ApJ 710, 1142

4: M. Cushing (private comunication)

5: Burgasser (2007) ApJ, 659, 655

6: Burgasser et al. (2006) ApJ, 637, 1067

7: Geball et al. (2002) ApJ, 564, 466

8: Cushing et al. (2004) PhD thesis

mode that is single order long slit (60 arcsec) modes provides A /AL = R ~ 100 for 0.8-2.5 um. Using
prism cross-dispersers (for 15 arcsec-long slits), the spectral resolution R becomes 1000-2000 across
0.8-2.4 um, 2.0-4.1 um, and 2.3-5.5 um.

Almost all brown dwarfs in our samples have been observed by Burgasser et al. (2004, 2006, 2008,
2010), Burgasser (2007) and Cushing (2004) with SpeX. Twelve data have been obtained using its low-
resolution prism-dispersed mode with resolutions of 75-200 depending on the used slit-width. For these
twelve objects, we retrieve the data from the SpeX Prism Spectral Libraries built by Adam Burgasser?.
Only SDSS J0539-0059 was unpublished?, and the data were obtained from Mike Cushing (private com-
munication). Other six sources have been observed by SpeX using its short wavelength cross-dispersed
mode (SXD) with the resolutions of 1200-2000, depending on the slit-width used. We get these data

from the IRTF Spectral Library maintained by Michael Cushing* . The data are summarized in Table 4.1.

2URL; http://pono.ucsd.edu/~adam/browndwarfs/spexprism/
3This data has been added in The SpeX Prism Spectral Libraries now.
4URL; http://irtfweb.ifa.hawaii.edu/~spex/IRTF_Spectral Library/
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UKIRT/CGS4 data

SDSS J1446+0024 has not been observed with SpeX. A spectrum in 1.0-2.5 um was observed with
UKIRT/CGS4 (Geballe et al. 2002). CGS4 is the 1.0-5.0um multi-purpose grating spectrometer on
board the 3.8 m United Kingdom Infrared Telescope(UKIRT), which is sited on Hawaii Mauna Kea.
CGS4 has four gratings. The data for SDSS J1446+0024 was observed using 40 line/mm grating that
provided the resolution of 300-2000, which are defined by 400 x A. The spectra were taken by two
broad band filters for low and medium resolution gratings in use with CGS4, namely B1 and B2, and the
wavelength range of these filters are in 1.03 to 1.34 um and 1.43 to 2.53 pum, respectively. We get the
spectral data of SDSS J1446+0024 from Dagny Looper (private communication). See Table 4.1 for the

observation summary.

Absolute Flux Calibration of Short Wavelength Spectral Data

Since twelve SpeX data for AKARI samples are normalized at 1.25um, we calibrate their absolute flux
using their J band photometric data given by Legget et al. (2002a) and Knapp et al. (2004) as listed
in Table 3.2 (hereafter J,). These J band photometry were taken with MKO filter except for SIMP
J01365+0933 and 2MASS J1553+1532. We use 2MASS J band photometric data (Cutri et al. 2003) for
the flux calibration of the latter two objects. We estimate the integrated flux from SpeX data with MKO
or 2MASS J band filter transmission function 7" by calculating equation (4.5),

R T(v)dv

Jspex = TT(V)dv 4.5)

After that, we scale the absolute flux of SpeX spectral data with the ratio of J, /Jspex. We compare the
J band flux measured from the calibrated spectra with J,, from Legget et al. (2002a) and Knapp et al.
(2004) for all objects in our samples in Figure 4.11. The integrated fluxes from six objects calibrated by
Cushing et al. (2004), are also confirmed to be consistent with J;, within 10%.

The spectra of other three objects, 2MASS J1439+1929, 2MASS J0036+1821 and 2MASS J1507-
1627, were observed by SpeX in 0.81-4.11 um with a gap in 2.53-2.85 um simultaneously, and cali-
brated by Cushing et al. (2004). In Figure 4.12 their AKARI spectra and SpeX spectra are drawn in red
and black line, respectively. Both AKARI and SpeX/CGS4 data for each object are calibrated indepen-
dently and scaled by the same factor on the plot. We can see that two spectra are consistent within 10
%, which is the error of AKARI spectra. The SpeX and CGS4 spectra for AKARI samples are shown in
Figure 4.13.

The UKIRT/CGS4 data are calibrated by Geballe et al. (2002) with the 2MASS J band photometry
data. The six spectral data retrieved from The IRTF Spectral Library were also calibrated with the 2MASS
J band photometry (Cushing 2004).
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64 CHAPTER 4. ANALYSIS WITH THE UNIFIED CLOUDY MODEL

Mj by SpeX

12 13 14 15 16
Mj by past photometry

Figure 4.11: The J band flux derived from SpeX/CGS4 data versus J band photometry data from Legget
et al. (2002a) and Knapp et al. (2004), J,. The SpeX/CGS4 absolute flux for AKARI objects whose flux
are normalized are calibrated with J,. Thus the J band flux of these objects should be equivalent with Jj,.
The flux of other objects are also consistent within 10 %.
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2MASS-J1507-1627 LS
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2MASS—-J0036+ 1821 L4,
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Figure 4.12: The comparison of SpeX spectral data (black) and AKARI spectra (gray) for three objects,
2MASS J1439+1929, 2MASS J0036+1821 and 2MASS J1507-1627. Both AKARI and SpeX/CGS4 data
for each object are calibrated independently and scaled by the same factor on the plot.

4.5 Results

4.5.1 Behavior of the Best Fit Parameter Sets

Results of the model fitting are shown in Table 4.2. The best parameter sets are plotted with respect to
the spectral types in Figure 4.14. We can see that the spectral types are in the sequence of T ¢ (Figure
4.14 (a)). The result of almost constant 7i¢ in late-L. dwarfs has already been known in the past studies.
Tsuji and Nakajima (2003) argued that little change in T would be caused by cloud migration from
the optically thin upper region to thick inner region. We confirm this hypothesis from the derived 7, in
Figure 4.14 (c). T, represent the contribution of dust to the spectra. The models of lower 7¢; are more
affected by the dust. T = Tiong means that the dust disappears immediately after it forms; i.e., effectively
no dust in the photosphere. The models with 7, = 1700 K are the most dust affected models used in
our analysis. From our fitting analysis the dust effect becomes larger with dust forming for the early-
to middle-L dwarfs, and the spectra of mid-L dwarfs should have the largest amount of dust. Our result
shows that the contribution of dust to the spectra becomes smaller from late-L dwarfs to late-T dwarfs.
These results are important to attest the indication in Tsuji and Nakajima (2003). Our results indicate
that the condition of dust layer changes dramatically in late-L type.
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Figure 4.13: The SpeX/CGS4 spectral data in 1.0-2.5um for AKARI objects.
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Figure 4.14: The best fit model parameters. We show (a) T.¢r, (b) log g, and (c) T versus spectral type.
We note that the plot of same spectral type may overlap when they have same parameters. Spectral type
is a sequence of T except for late-L dwarfs. log g decreases toward late spectral types. T, is minimum
at mid- to late-L types.
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68 CHAPTER 4. ANALYSIS WITH THE UNIFIED CLOUDY MODEL

Table 4.2: Best fit model parameters derived by fitting the AKARI and the SpeX/CGS4 data

Object number Object Name Sp.Type T logg Teg
2MASS J1439+1929 L1 1800 5.5 2100

(S

2 2MASS J0036+1821 L4 1800 5.5 2000
3 2MASS J2224-0158 L4.5 1700 5.5 1800
4 SDSS J0539-0059 L5 1800 5.5 1800
5 SDSS J11446+0024 L5 1700 5.0 1800
6 2MASS J1507-1627 L5 1800 5.5 1800
7 GJ 1001B L5 1800 5.0 1800
8 2MASS J0825+2115 L6 1700 4.5 1500
9 2MASS J1632+1904 L7.5 1700 4.5 1500
10 2MASS J1523+3014 L8 1800 4.5 1600
11 SDSS J0830+4828 L9 1800 4.5 1600
12 2MASS J0310+1648 L9 1700 5.0 1500
13 SDSS J1254-0122 T2 1800 5.5 1400
14 SIMP J01365+0933 T2.5 1800 4.5 1400
15 2MASS J0559-1404 T4.5 1900 4.5 1200
16 2MASS J15532+1532 T7 2000 45 700
17 G1 570D T8 2000 4.5 700
18 2MASS J0415-0935 T8 2000 4.5 700

4.5.2 Comparison of the Observed and the Best Fit Model Spectra

The spectra of observed and best fit models are compared in Figure 4.15. The derived best fit model
spectra well explain the observed spectral features except for some objects noted below. We see that the
fit in the entire AKARI region is fairly good. The noticeable deviations are seen in the HyO absorption
feature around 3.0 um and in the wavelength region longer than 4.15 um in late-T dwarfs. The flux
density around 3.0 um in the model spectra of 2MASS J1523+3014 (L8), SDSS J0423-0414 (TO) along
with three late-T dwarfs is too strong in comparison to that in the observed spectra. This result indicates
that the temperatures of these objects are higher than those predicted in the models, but we can not under-
stand the mechanism of increasing temperature in their atmospheres and forming the spectral features in
detail. The wavelength longer than 4.15 um is a known problem for brown dwarf atmosphere modeling
as noted in section 1.4. It is partly because that these wavelengths are not considered in the current fitting
evaluation.

We also see that CHy4 absorption band at 3.3 um and CO, absorption band at 4.2 um in model spectra
are sometimes inconsistent with the observed data of other spectral types. The CHy V3 absorption feature
in the model spectra of GJ 1001B (L5), 2MASS J0825+2115(L6) and 2MASS J0310+1648(L9) are
stronger than that in the observed spectra. On the other hand, the CH4 P-branch in the model spectra of
2MASS J1523+3014(L8) and SDSS 0423-0414(T0) are weaker than the observed ones. We also see that
the CO, fundamental band at 4.2 ym in the model spectra of SDSS J0830+4828(L9) and five T dwarfs,
SDSS J1254-0122(T2), 2MASS J0559-1404(T4.5), 2MASS J15534+1532(T7), Gl 570D(T8) and 2MASS
J0415-0935(T8), are shallower than that in the observed spectra. On the other hand, the CO, absorption
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Figure 4.15: The fitting result for near-infrared spectra. The black lines are the observed data and red
lines are the best fit model spectra. The spectra between 2.5 and 5.0um are taken by AKARI and those
between 1.0 and 2.5um are taken by IRTF/SpeX (SDSS J1446+0024 is observed by UKIRT/CGS4).

in the model spectra of 2MASS J1523+4-3014(L8) and SDSS J0423-0414 (TO) are stronger than that in
the observed spectra. Excess CO, absorption in SDSS J0830-+4828(L9), 2MASS J0559-1404(T4.5) and
2MASS J0415-0935(T8) was reported by Tsuji et al. (2011). We find that CO, absorption band in the
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model is sometimes too deep and sometimes too shallow compared to the observations.

The fit in the SpeX/CGS4 region is good as a whole impression except for late-L and early-T dwarfs.
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70 CHAPTER 4. ANALYSIS WITH THE UNIFIED CLOUDY MODEL

The H and K band flux density in the model spectra of these dwarfs are higher than that in the observed
spectra. The high K band flux density indicates that the temperature of photosphere is actually lower
than expected by the model. This result may be caused by the limit of current brown dwarf models to
apply in the broad wavelength range. In chapter 5, we investigate the separate model fitting of AKARI
and SpeX/CGS4 spectra to discuss these problems in detail.

The CH4 absorption at 1.6 um in the late-T dwarfs are always significantly stronger than that in the
model spectra. One possible reason of these deviation of molecular bands may be incompleteness of
molecular opacities used in the UCM. We should confirm the effects of this speculation and consider
the possible improvement. Another reason of this discrepancy could be that the H,O, CH4 and CO;,
abundances in the photospheres of these objects may be over/underestimated in the model, i.e. this
argument indicates that the HyO, CH4 and CO, abundances in photosphere may be different from the
predicted ones. We discuss the possible elemental abundance variations among brown dwarfs using the
model atmosphere and the AKARI data in chapter 6.

4.5.3 Uncertainty of the Model Fitting

Here we discuss the uncertainty of the best fit model parameters. The model spectra we use for the current
analysis are calculated on the 100 K grid (7¢¢ and T¢.;) and 0.5 dex grid (log g), and the uncertainty should
be no better than the grid spacing to estimate the uncertainty. We change one of T, log g and T¢; by
one grid from the best fit value, and search for the “restricted best” model by changing the other two
parameters following the same manner through Step 1 and 2. If we do not find any models satisfying
Guin < Gi < Gin + 1 (here Gy, 1s taken from the all parameter spaces), the uncertainty of the parameter
should be smaller than the grid spacing. When the best parameter is already on the edge of the parameter
space; 1.e., Tegr = 700 or 2200K, log g =4.5 or 5.5 and Ty = 1700K or T.onq, we only run the test on the
available side of the parameter. The derived “restricted best” models (max 6 per object) are compared in
Figure 4.16 with the real best fit models. In this figure the same scaling factor C derived for the real best
fit model and the AKARI spectrum is used for each object.

We see large differences in J and H band in some “restricted best” model spectra. We exclude
the models if the scaling factor derived in J and H band region (1.01 — 1.81 um, hereafter C’) of the
SpeX/CGS4 spectra is differ more than 10 % from the observed data, regarding the uncertainty of the
SpeX/CGS4 absolute flux. We show a detailed example for 2MASS J2224-0158 (L4.5) in Figure 4.17
and show the C’ of each model in Table 4.3, Figure 4.18 (al), (b1) and (c1).

C’ of the real best fit model drawn in red square are near 1.0, except for two late-T dwarfs. As shown
in the previous subsection the best model of late-T dwarfs does not explain the CH,4 absorption at 1.6 um.
Because of this, their C’ values exceed 10 %. We can see that the “restricted best” models for the case of
changing Ti¢ and Tt by +100K exhibit a noticeable change from the real best models. On the other hand,
the case of changing 7, by —100K and log g result only minor differences. We further continue the test
of changing each parameter by two grid from the real best fit model. The results are shown in Table 4.3
and Figure 4.18 (a2), (b2) and (c2). We can see that almost all the “restricted best” models do not stay
within 10 % any longer, except for the case of changing two grid of log g. We conclude that our best fit
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Figure 4.16: The derived “restricted best” models (max 6 per an object) are compared with the observa-
tion and the real best fit models. The real best fit model is in red and the “restricted best” models for Ty
(+100K and —100K), T¢; (+100K and —100K) and log g (+0.5 and —0.5) are in orange, yellow, green, light
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blue, blue, and purple, respectively.

model parameters are determined at least within two grid of each parameter. C’ for the case of changing
two grid of log g still stays within 10%, but we can not change the grid of log g any more. Therefor the

uncertainty of log g is not determined well for some objects.
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Figure 4.17: The detailed comparison of the J and H band for 2MASS J2224-0158 (L4.5). Colors are
the same with Figure 4.16.
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Figure 4.18: The J — H band scaling factor C’ derived by comparison of observed and model spectra.
Black dashed lines indicate C’ = 0.9 and 1.1. The threshold of C’ is based on the SpeX absolute flux
error, 10 %. (al) The case of changing one grid of Ty . (bl) The case of changing one grid of log g
(cl) The case of changing one grid of 7. (a2) The case of changing two grid of T¢¢ . (b2) The case of
changing two grid of log g (c2) The case of changing two grid of T,.
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4.6 Discussion

4.6.1 CH,4 Q-Branch at 3.3um

We show that two LS5 sources, 2MASS J1507-1627 and SDSS J0539-0059, show the CH4 v3 absorption
band in their spectra, while the other L5 objects, SDSS J1446+0024 and GJ 1001B, do not present the
band. In section 3.4.2, we suggest that the difference in L5 dwarfs with or without CH4 v3 absorption
band can be in the dust effects . The derived best fit model parameters for the four L5 dwarfs are given
in Table 4.4, and the model spectra are compared with the observations in Figure 4.20. In the figure, the
CH4 3.3 um absorption band in the best fit model of GJ 1001B is not seen in the observed spectra even
though the overall SED agrees well. At this moment we do not have any good explanation of this result.
However this result is important for future improvement of brown dwarf atmosphere models. GJ 1001B
is not included in the following discussion. Generally, the CH4 band is thought to be stronger in the
spectra of lower effective temperature. However, in our result, Te¢r is 1800 K in all objects. This indicats
that the abundance of CH4 molecule depends on other parameters, 7¢; and/or log g. The object without
CHy4 absorption, SDSS J1446+0024, has lower T¢; (1700K) than other two objects. Since Tt determines
the dust cloud thickness, SDSS J1446+0024 should be more affected by dust than other objects. The
temperature of the dust existing region (log P, ~ 5.5) in the photosphere with lower T¢; is about 50 K
higher than that with higher 7, because of the warming up effects of the dust. Thus the CH4 abundance
in the photosphere with higher T, is about 3 dex larger than that with lower 7, (Figure 4.19). The non-
appearance of CHy in the spectra of SDSS J1446+0024 with lower T, is most likely due to the higher
temperature (by 200-300 K) in the dust layer.

In addition, log g of two objects showing CH,4 absorption band, 2MASS J1507-1627 and SDSS
J0539-0059, is larger than the other two objects, SDSS J1446+0024. As shown in section 4.3.2, the
inner temperature of photosphere with smaller log g is 20-30 K higher than that with larger log g. Thus
the CH4 abundance is less in the photosphere of the objects with smaller log g.

In summary, our model fitting analysis confirms that the appearance of CH4 absorption band at 3.3
um in the L5-type spectra depends on not only effective temperature, but also dust presence and surface
gravity. Surface gravity is a function of mass and radius, and the radius can be estimated as below. Since
the radius of the our sources are similar to each other within 15 % (see section 4.6.2), the difference in the
surface gravity by 0.5 dex comes from the difference in mass. This result indicates that the two groups of
LS5 dwarfs are different in their masses. For L5 dwarfs, CH,4 absorption appears in the spectra of massive

Table 4.4: Derived UCM parameters and scaling factor for the L5 dwarfs

object name CHy T logg Tugr Cy

SDSS J1446+0024 N 1700 50 1800 1.76 x10°
GJ 1001B N 1800 50 1800 1.37 x10’
2MASS J1507-1627 Y 1800 5.5 1800 1.48 x10’
SDSS J0539-0059 Y 1800 5.5 1800 4.89 x10°
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Figure 4.19: CH4 partial pressure against total gas pressure. The model of (7i/log
8/Ter)=(1800K/5.5/1800K), (1700K/5.0/1800K) and (1800K/5.0/1800K) are drawn in black, red, and
green, respectively.

objects and does not appear in the spectra of less massive objects.

4.6.2 Estimate of Radii of Brown Dwarfs

A constant radius near the Jupiter’s value (R;) has been often assumed for previous analysis of brown
dwarfs. According to the theoretical study by Burrows et al. (2001), the radii of brown dwarfs older
than 107 yrs remain roughly constant at 0.7—1.1 R; independent of mass for a broad range from 0.3 to
70 M;. The fact that the radii of old substellar objects are constant within 30 % independent of mass
for a mass ranging a factor of 200 is a consequence of the competition in two equation of states between
Coulomb and degeneracy effects. Since the objects held by Coulomb effect would only set a fixed
density, the relation of radius and mass is r o< M 1/3 whose polytrope index n ~ 0.0. On the other hand,

degenerate interior results in r o< M~ 1/3

and polytrope index n = 1.5 (Chandrasekhar 1939). Lower mass
objects like Jupiter results in a polytrope of index 1.0, and r is independent of mass. Figure 4.21 taken
from Burrows et al. (2001) shows that almost constant radii near the radius of Jupiter after 103 yrs for the
masses ranging from 0.3 M; to 0.2M,. Burgasser (2001) derive the expected radius of an observed brown
dwarf by performing a Monte Carlo simulation with evolutionary models by Burrows et al. (1997). The
simulation assumes a constant birth rate and mass function. He found that the most expected radius of
the object is ~ 0.9R;.

T.¢r of brown dwarfs have been often estimated empirically by the assumed radius. Vrba et al. (2004)

used the radius of brown dwarfs r = 0.9 R; by Burgasser (2001) to estimate the empirical T.¢. However
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Figure 4.20: The 2.5-5.0 um spectra of four LS dwarfs 2MASS J1507-1627, SDSS J0539-0059, SDSS
J1446+0024 and GJ 1001B. Black lines are the observed spectra taken by AKARI and SpeX/CGS4 and

red lines are the model spectra.
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T.¢ derived by the UCM fitting to the observed spectra does not agree with the empirical 7o (Yamamura
et al. 2010). They reported that the radii of six dwarfs estimated by model fittings to the AKARI data
ranges between 0.68 ~ 1.18 R;. Though the average radius is 0.81 Rj, the radii derived from observations
distribute in a wider range than that expected from Burrows (2001). They argue that the radii of brown
dwarfs may not be represented by a single mean value.

We derive the radius r of each dwarf using the following relation,

2

c=(5)- (4.6)
where C is the scaling factor defined by equation (4.3), D is the distance given in Table 2.1. The result is
listed in Table 4.5 and plotted against their spectral types in Figure 4.22. We estimate the uncertainty of
the derived radius using the uncertainties of the distance and the scaling factor C as bellow. The derived
radii of 18 objects observed by AKARI are consistent with the theoretical radius implied by Burrows et
al. (2001) within the error. The average radius is 0.89 Ry, and is also consistent with the predicted radius
by Burgasser et al. (2001). There is a trend that the radius become smaller from early-L toward late-L

dwarfs and then turns to enlarge from late-L to late-T dwarfs.

The radii of brown dwarfs decrease slowly as they evolve, because of ongoing shrinking. The radius
of “planet mass” objects (M < 0.012 M) reaches to the degeneracy limit at 107> yrs. Eventually the
radii of “planet mass” objects appear to stay slightly above R; and independent of mass. On the other
hand, the objects of “brown dwarf mass” reaches the degeneracy limit at 1083 and ultimately the radii
become constant below R;. Therefore the radii of “brown dwarf mass” object is smaller than “planet
mass” objects beyond 108 yrs.

We find that the radii of late-L type are smaller than that of early L and T dwarfs in the AKARI
sample. As previously noted, the radius does not monotonically decrease, in particular after the age of
107 yrs as shown in Figure 4.21. The radius of relatively “planet mass” objects is small in the beginning
and change of radius during their lifetime is also small. On the other hand, the radius of “brown dwarf
mass” objects is large when they are young, and ultimate radius is smaller than that of “planet mass”
objects. The relation of radius and mass with age change as shown in Figure 4.23. We see that there
are a valley on the curves for older than 107+ yrs. Our result implies that inversion of radius predicted
by theory is actually taking place, if differences of absolute levels of the radii are ignored. To confirm
this hypothesis, we have to determine the age of AKARI objects. It is difficult to give the age of brown
dwarfs observationally unless the case that the objects are a member of a cluster. We attempt to estimate
the age from T and surface gravity using Figure 4.24. This figure shows the surface gravity versus
the effective temperature for dwarfs with masses from 0.30M; to 0.24M,. We overlay dashed lines and
paint the region in purple to show where the AKARI samples locate. The horizontal lines are drawn
auxiliary for surface gravity =4.5, 5.0 and 5.5, and the vertical lines show the effective temperature range
of the AKARI brown dwarfs (700 to 2200K). The dotted line in red is 7o = 1600 K that is the effective
temperature of late-L dwarfs. We find that the age of the AKARI objects ranges between 103 and 10° yrs,
where the theory predicts the inversion of radius. The trend found in Figure 4.21. The decreasing radius
between early- to late-L dwarfs and the increasing radius to late-T dwarfs may indicate that theoretical
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inversion is detected by current analysis. If this is the case it is the first observational evidence of radius

inversion.
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Figure 4.21: The radius (in units of 10° cm) of substellar-mass objects with the masses versus the logig
of the age (in Gyr). The mass below 0.012 M., that between 0.012 M, and 0.08 M., and that above 0.08
M, are shown by red, green and blue (same as Figure 1.4). The radius of Jupiter is also shown by dashed
line (from Burrows et al. 1997).

Uncertainty of the Radius

The radius in this analysis is derived from the distance D and the conversion factor C. The uncertainty of
D is estimated from the parallax error, about 4 mas. In order to estimate the uncertainty of C we derive
C for “restricted best” model in section 4.5.3 (hereafter C;). We show the result in Figure 4.25, where
horizontal axis is spectral type and vertical axis is the ratio of the two scaling factors, C1/C,, where Cj is
for the best model derived by the fitting process Step 1 in section 4.4.1. Despite the absolute flux density
is most affected by T.¢ rather than other two parameters (Figure 4.25) all theses parameters contribute to

the uncertainty of the scaling factor C.
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Table 4.5: The derived radius for AKARI objects

Object Name Sp.Type Radius(error)
[R/]
2MASS J1439+1929 L1 0.98(0.09)
2MASS J0036+1821 L4 0.86(0.08)
2MASS J2224-0158 L4.5 0.82(0.1)
SDSS J0539-0059 L5 0.80(0.09)
SDSS J1446+0024 L5 0.72(0.11)
2MASS J1507-1627 L5 0.77(0.06)
GJ 1001B L5 0.92(0.17)
2MASS J0825+2115 L6 0.74(0.10)
2MASS J1632+1904 L7.5 0.72(0.16)
2MASS J1523+3014 L8 0.63(0.11)
SDSS J0830+4828 L9 0.64(0.10)
2MASS J0310+1648 L9 0.53(0.15)
SDSS J1254-0122 T2 0.82(0.36)
SIMP J01365+0933 T2.5 0.78(0.11)
2MASS J0559-1404 T4.5 1.10(0.19)
2MASS J1553+1532 T7 1.57(0.47)
Gl 570D T8 1.01(0.23)
2MASS J04151954-0935 T8 0.92(0.22)

1: This object is a known binary.
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Figure 4.22: The radius derived from their distances and C of the best fit model. The horizontal axis are
spectral type. The uncertainty of C is estimated in section 4.5.3. The Jupiter radius Ry is also shown.

This document is provided by fo

W 871-7-24.indd 93 $ 12/08/19 20:‘3



| T T | —— (. [ |

82 CHAPTER 4. ANALYSIS WITH THE UNIFIED CLOUDY MODEL
2 O [ [rrerrerrY l”";""l --------- yrrrrTrIrY yrrrrTITYY l""' ---- i
1.8F "

L © * &0
= 1.6E108yrs T A
:g :’°°°°o°°°°y . 00 0‘
a X * . %
3 1.47¢ . ;
QC/ [ ¢ s

1.2 B ¢ W

m -
2
©
O
@

0.08 0.05 0.01
Mass (Msun)

Figure 4.23: The theoretical prediction of the relation of radius and mass for different ages. The radius of
relatively less massive and young objects is small and is rather stable with the ltime. On the other hand,
the radius of massive objects is large when they are young, and ultimate radius is smaller than that of less
massive objects. The lines are the relation of mass and radius at 107, 1073, 108, 1033, 10°, 10%- and 1010
yrs (top to bottom). The blue and red line shows the relation of mass and radius at 108 yrs and at 10° yrs,
respectively. We use the data provided from Prof. Adam Burrows (in private communication).

W 871-7-24.indd 94 $ 12/08/19 ZOZGE»X

This document is provided by JAXA.



| T

4.6. DISCUSSION

——

83

e e A e L A |
n
&
[}
w
g <
S
=11
2
="
2
I
e I 1
| I
‘575\ Ao : : yolutionary tracks of "brown dwarfs" |
7 * 00005 Licoosowems Evolutionary tracks of “planets"
\ | I |
65\ | I Ispchrones in log,o(yr)
\ 0.0003
~ R S T N PR T S S S
0 500 1000 1500 2000 2500 3000
Tog(K)

Figure 4.24: Surface gravity versus effective temperature for objects with masses range of 0.30M; to
0.24M¢, (Burrows et al. 2001). We added some dashed lines and painted the region where AKARI
samples are located by gray color. The horizontal lines are drawn auxiliary for surface gravity = 4.5, 5.0
and 5.5, and the vertical lines show effective temperature range of AKARI brown dwarfs (2200 to 700K).
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Figure 4.25: The estimated uncertainty of the scaling factor C depending on the each of three model
parameters. The horizontal axis is spectral type and the vertical axis is the ratio of the scaling factor of
“restricted best” model to the best fit modelin section 4.4. (a)the case of changing T¢¢ by one grid from
the best fit value, (b)the case of changing log g by one grid from best fit value and (c)the case of changing
T by one grid from best fit value. The case of increasing one grid of each parameter is drawn in green,
and the case of decreasing is drawn in blue.
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Chapter 5

Separate Model Fitting of the AKARI and
SpeX/CGS4 Spectra

In the analysis so far described, we search for the models that explaining both the AKARI and SpeX/CGS4
spectra reasonably well. However, a concern is that none of these models can fit the entire wavelength
range perfectly, and there are always some deviation either in the AKARI or the SpeX/CGS4 wavelength.
This problem of non-perfect fit in broad-wavelength range was also mentioned by Cushing et al. (2008,
see section 1.4). We investigate this problem by running the model fit to each of the AKARI and the
SpeX/CGS4 spectral data separately. We try to propose possible improvements toward the better model-

ing of brown dwarfs.

5.1 Fitting Only AKARI Data

We derive the best model by fitting only AKARI data in the same way as Step 1 shown in section 4.4.1.
The spectral range used for the fitting is 2.5-4.15 pm. We show the resulted model parameters in Table
5.1 and compare the models with the observations in Figure 5.1. The models explain the overall shapes
of observed spectra within the fitting wavelength range. The discrepancy in 3.0-3.5 um CH4 absorption,
which arises for the best model for the AKARI+SpeX/CGS4 data, is solved. The fit to the H,O weak
absorption around 3.0 um, which can not be explained by the best fit model for AKARI+SpeX/CGS4 of
late-T dwarfs, is also improved.

The almost all best models from the AKARI only fitting does not explain the SpeX/CGS4 spectra.
The deviation from the observed spectra is larger than the models from AKARI +SpeX/CGS4. The entire
flux level of the model spectra is significantly higher than the observed flux. We do not see the extinction
by the dust in the models in J band wavelength range of early- and mid-L dwarfs. The T derived from
the AKARI only fitting is so high that dust does not form, and the effect of dust presence does not appear
in the spectra. These models imply that the inner photosphere of early- to mid-L dwarfs is warmer.
On the other hand, for late-L and early-T dwarfs the effect of dust extinction in the model spectra is
smaller than that of the observations. For two late-T dwarfs, Gl 570D and 2MASS J0415-0935, and L9
dwarf, SDSS J0830+4828, the model spectra fit the observation including SpeX data quite nicely over
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the entire wavelengths between 1.0 and 5.0 um if we give appropriate scaling for each of AKARI and
SpeX/CGS4 data. However, the scaling factors for the SpeX range (Cspex) and AKARI range (Caxarr)
are quite different. The ratio of two scaling factors, Cspex/Cagags for SDSS J0830+4828, Gl 570D and
2MASS J0415-0935 are 0.55, 0.38 and 0.48 respectively. We believe that the difference is not due to the

incorrect calibration of each observed data alone.

5.2 Fitting Only SpeX/CGS4 Data

We also show the results of model fitting with the SpeX/CGS4 data only in Figure 5.2 and Table 5.1. We
see that the models agree well with the SpeX/CGS4 spectra, except for the CH4 absorption at 1.6 um in
the spectra of five T dwarfs as for the case of fitting AKARI+SpeX/CGS4 data. The absorption band of
CHy at 1.6 um in the model are weaker than the observation. The difference of dust extinction in J band,
which present in the comparison of the AKARI+SpeX/CGS4 data and the best model, does not appear in
the case of fitting SpeX/CGS4 data only.

The SpeX only best fit models do not match with the observations in the AKARI wavelength range
except for two mid-L dwarfs. The principal differences from the results of the AKARI+SpeX best fit
models are the discrepancy in flux level in the CHy4 and H,O bands. The CH4 around 3.3um is not
explained by the best models derived from SpeX spectra for the some objects. The model fits the almost
entire spectrum of GJ 1001B from 1.0 to 5.0 um fairly well, but not the CHy4 absorption at 3.3 um. These
results indicate that the SpeX/CGS4 data can not constraint the temperature of the inner photosphere
well. The H,O and CHy absorption near 3.0 um in late-T dwarfs is also inconsistent as same for the
results of the both AKARI + SpeX/CGS4 data fitting. In addition, as same for the results of AKARI
data only fitting, we see the difference of the absolute flux levels in many objects, 2MASS J1439+1929,
SDSS J0539-0059, 2MASS J1507-1627, 2MASS J0825+4-2115, 2MASS J0310+1648, SDSS J0423—
0414, SDSS J1254-0122 and 2MASS J1553+1532. The Cipex/cisa/Cakarr are 1.29, 0.84, 0.87, 0.68,
0.57, 0.57, 0.74 and 0.84 respectively. These differences do not occur for 2MASS J1439+4-1929 and
2MASS J1507-1627, because we show the validity of the flux level between both data in section 4.4.3
and Figure 4.12.

5.3 The Model Parameters of Fitting AKARI or SpeX/CGS4 Data

We compare each physical parameter of AKARI+SpeX/CGS4 fit model, AKARI fit model, and SpeX/CGS4
fit model in Figure 5.3 and Table 5.1. T s for early-T dwarfs are almost the same in the three cases. Tt
of AKARI fit model for L. dwarfs are higher compared to that of AKARI+SpeX/CGS4 and SpeX/CGS4
only fit models (Figure 5.3 (a)). T.¢ of SpeX/CGS4 fit model for L dwarfs show milder variation over the
spectral types and is 1800 £ 100 K for the nine of twelve sources. The resulted parameters of model fit-
ting to AKARI data reflect the spectral profiles that changes due to T¢¢ rather than dust extinction. These
results indicate that the T of brown dwarfs is sensitive straightforwardly in the AKARI wavelength

range.
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Figure 5.1: The results of the AKARI only fitting. The black lines are observed data and red lines are the

best fit model spectra.
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Figure 5.2: The result of the SpeX/CGS4 only fitting the AKARI objects. The black lines are observed
data and red lines are the best fit model spectra.
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The trend of T, is different in each best fit model. While T¢,; of the AKARI fit models stay mostly
around 1700 K and shows no particular trend, that of SpeX/CGS4 fit model exhibit recognizable changes
similar to (or more prominently than) the AKARI+SpeX/CGS4 fit models. The resulted parameters of the
model fitting to the SpeX/CGS4 data reflect the spectral profiles by the dust extinction effect, especially
in J and H band. Thus T, is most sensitive to the SpeX/CGS4 data.

It is difficult to determine the best log g in our model fitting, because of large grid size of the model
used in the present analysis (Figure 5.3 (b)). We see a weak trend that log g becomes smaller from L to
T for all fit models.
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Figure 5.3: Comparison of best fit model parameters for fitting to the AKARI+SpeX/CGS4, AKARI only

and SpeX/CGS4 only.
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5.4 Discussion

We find that almost all model spectra do not explain the observation perfectly in the broad wavelength
range from 1.0 to 5.0 um at the same time. For the late-T dwarfs, the CH4 1.6 um absorption is not
consistent with any fit models. The SpeX only fit model spectra are not consistent around 3.0 um, but
the AKARI only fit model spectra can fit the profile around 3.0 um. 7i¢ derived from AKARI data only fit
shows high value, and the fit to the CH4 1.6 um band is worse than that in the SpeX only model spectra.
These results indicates that the AKARI spectra simply reflect the emission from inner high temperature
region.

The model spectra of other spectral types (from L to middle-T types) including dust effect can not
simply explain the deviation from the observed spectra. First we consider the cases of mid-L dwarfs.
When we compare the AKARI fit models with the observed spectra, the fluxes of the model spectra are
always higher than the observed spectra, and the AKARI fit models show high T and low dust extinction.
This is in contrast to the fact that mid-L dwarfs must be significantly affected by the dust extinction. Since
the wavelength range of SpeX/CGS4 is the most sensitive to the dust extinction, we can evaluate the dust
amount from the spectra in this wavelength region. From the result of the fitting of the SpeX/CGS4 data
only, the effect of the dust extinction is large in the mid-L dwarfs. The inner temperature of these objects
increases due to the dust. The T derived in the fitting of the AKARI data only is larger than that derived
from the AKARI+SpeX/CGS4. These arguments indicate that the increase of the inner temperature due
to the dust is underestimated in the models than that in the actual photospheres. The dust opacity is a
function of size distribution, amount and composition, and is, crudely, inversely proportional to mean

particle size and gravity and is directly proportional to the pressure at the cloud base as follow,

P. 10°cms™2 lum_ 1.0gem™
i

). (5.1)

Though the dust size assumed in the UCM is a constant value of 0.01 pum, it may be larger. The dust
composition implemented in UCM are Fe, MgSi103 and Al,O3, but we should consider other dust species.

On the other hand, for late-L to mid-T dwarfs the parameters derived by the fitting of the AKARI data
only exhibit an opposite trend from the mid-L dwarfs. From the result of the fitting of the SpeX data
only, we know that the effect of the dust is relatively small. The inner photosphere temperature should
stay low, and T derived by fitting of AKARI spectra only are expected to have lower value than that
derived from the AKARI+SpeX data. However, the T.¢ of the AKARI only fit is higher than that from
the AKARI+SpeX model fit, and the flux levels of the observed AKARI spectra at the AKARI wavelength
region are higher than the model spectra. It is considered that the temperature of inner region directly
contributing the flux in the AKARI wavelengths is higher than the predicted one. Little warming up
effect by the dust is expected, since the dust in the atmosphere of these objects starts to disappear from
the upper photosphere. Though the physical mechanism for this dust disappearance is not understood
yet, it is likely that the dust migration from the upper optically thin region to the deep optically thick
region. We propose that a self-consistent, more realistic theory of condensation and sedimentation in the
atmospheres is the most essential in the future brown dwarf atmosphere models.
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5.4. DISCUSSION 93

These results indicate that the model fitting to observation in a partial wavelength range may lead to
wrong model and conclusion, and the model fitting using the broad wavelength range is desired to un-
derstand the actual properties of the objects. Thus it is recommended to use the AKARI and SpeX/CGS4
spectral data for deriving physical parameters of objects as our fitting analysis.
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Chapter 6

Metallicity Variation in the Brown Dwarfs

As shown in section 1.4, we have a critical problem of brown dwarf atmospheres in terms of molecular
abundances. The unexpectedly strong absorption band of CO in the observed spectra has not been under-
stood yet. Yamamura et al. (2010) found that the CO, absorption band at 4.2 yum in three of six AKARI
brown dwarfs is also stronger than predicted by the models. For this problem Tsuji et al. (2011) proposed
that increasing the C and O elemental abundance could solve the problem. Actually, the excess in CO,
absorption band in the spectra of the three brown dwarfs appeared to be reproduced by increasing the C
and O abundances by about +0.2 dex. We have assumed the solar elemental abundance (Allende Prieto
et al. 2002) in UCM and we believed that this is sufficient in analyzing the low resolution spectra of cool
dwarfs. However, the assumption may not be always correct, and C and O abundances may be different

in each brown dwarf.

The result by Tsuji et al. (2011) indicates that chemical composition of brown dwarfs may deviate
from the solar abundance. In this chapter we calculate the atmosphere models of brown dwarfs with
various elemental abundances different from the solar abundance, and investigate their effects in brown
dwarf spectra. We present how the brown dwarf atmosphere structure changes and how the spectrum
changes by changing elemental abundance in the UCM. Then we especially focus on the CO, band at 4.2
pm.

Tsuji et al. (2011) increased the C and O abundances by about 0.2 dex (log A¢c = 8.60 and log Ap
= 8.92) from the solar values (log Ac = 8.39 and log Ap = 8.69). We change the elemental abundances
by approximate +0.2 dex (0.7 times less and 1.6 times larger than the solar value). The elemental abun-
dances of solar neighborhood star [X/H] distributes between —1.0 and 1.0 dex (Bodaghee et al. 2003).
Thus 0.2 dex is a reasonable variation within the common abundance range. We investigate the following
cases; (1) changing all elemental abundances, (2) C abundance only, (3) O abundance only, (4) Fe abun-
dance only, (5) C and O, and (6) C and O and Fe. Fe is one of the important elements for dust formation
and we consider it in the current analysis. Table 6.1 shows the details of the elemental abundances applied
in the analysis. For each case we increase and decrease the abundance. Our total investigation are 6 X 2
(increase and decrease) = 12 cases. We calculate for typical L dwarf atmosphere model (7t / log g / Tetr)
= (1800K/5.5/1800K) and typical T dwarf atmosphere model (Tt / log g / Tegr) = (1900K/4.5/1200K). We
show the result of each calculation in section 6.1 — 6.6.
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96 CHAPTER 6. METALLICITY VARIATION IN THE BROWN DWARFS

Table 6.1: Abundances of the 34 most abundant elements likely to be present in brown dwarfs. Values
are listed by number relative to hydrogen in logarithmic form for +0.2dex and -0.2dex abundances

Elements Solar! x1.6 x0.7

abundances abundances abundances
H 0.0 0.0 0.0
He -1.01000 —0.80588 -1.16490
Li -8.69000 —-8.48588 -8.84490
Be -10.85000 —-10.64588 —11.00490

B -9.40000 —9.19588 -9.55490
C -3.61000 -3.40588 -3.76490
N —4.00000 —3.79588 —4.15490
O -3.31000 —-3.10588 -3.46490
F —7.44000 —7.23588 —7.59490
N

a -5.67000 —5.46588 -5.82490
Mg —4.42000 —4.21588 —4.57490
Al -5.53000 —5.32588 —-5.68490
Si —4.45000 —4.24588 —4.60490
P —6.55000 —6.34588 —6.70490
S —4.79000 —4.58588 —4.94490
Cl —6.50000 —6.29588 —6.65490
K —6.88000 —6.67588 —7.03490
Ca -5.64000 —5.43588 —=5.79490
Sc -8.90000 —8.69588 -9.05490
Ti —7.01000 —6.80588 —7.16490
\Y% —-8.00000 —7.79588 —-8.15490
Cr —6.33000 —6.12588 —6.48490
Mn —6.61000 —6.40588 —6.76490
Fe —4.49000 —4.28588 —4.64490
Ni -5.75000 —5.54588 -5.90490
Cu —7.79000 —7.58588 —7.94490
Br -9.37000 —9.16588 -9.52490
Rb —9.40000 —9.19588 —9.55490
Sr -9.10000 —8.89588 -9.25490
Y —9.76000 —9.55588 -9.91490
Zr —-9.40000 —9.19588 -9.55490
I —-10.4900 -10.2859 -10.6449
Ba -9.8700 —9.6659 -10.0249
La —-10.7800 -10.5759 -10.9349

I Allende Prieto et al. (2002).
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6.1 Changing All Elemental Abundances

6.1.1 Case of Increasing the Abundances

Firstly, we show the result for case of changing all elemental abundances. We show the comparison of
the difference of chemical structure, temperature, and spectra for the case of increasing of all elemental
abundances in Figure 6.1 for L dwarf model. The absorption bands in 2.4-3.8 um and 4.2 um become
deeper by 20 and 10 %, respectively. At J and H band, the masking effect by dust overcomes more
emission from dust-warmed-up atmosphere, and the J and H band fluxes drop down by 10-20 %. The
surface gas temperature also decreases about 20 K because of this masking effects.

For the T dwarf model almost all molecular abundances increase almost proportionally to the in-
creased elemental abundances, and the temperature above the dust layer (log P, < 7) also rises by about
50 K (Figure 6.2). The absorption band of CO and CO, becomes deeper. Especially the change of CO,
band at 4.2 um is significant, up to 20 %. The CH4 abundance in deep layer decreases by ~ 0.1 dex,

according to increased temperature. The dust effect on J and H band is the same for the case of L dwarf.

6.1.2 Case of Decrease the Abundances

The results are shown in Figures 6.3 and 6.4. The change of spectra are generally opposite to the case
of increasing all elemental abundances, but the change of temperature structure more depends on Tg.
For the L dwarf model, temperature of inner region (log P, > 6) dominated by H,O molecules decreases
by 20-30 K because of decreasing H;O by ~ 0.1 dex. Consequently the CH4 abundance in the region
increases by ~ 0.1 dex. The surface temperature becomes higher by about 20 K because of weaker dust
extinction. The J band flux increases by 15 %. Since CO and CHy4 decreases in the surface area by about
0.1 and 0.5 dex respectively, the absorption of the both CO at 4.6 um and CHy4 at 3.3 um become weaker,
despite that CO absorption band at 2.3 um does not change. The change of the both CO and CHy4 bands
are up to ~ 10 %.

The result for a T dwarf model is almost the same to the L dwarf model, for example the CO ab-
sorption band at 4.6 um becomes weaker by 5 %. However the change of CHy band is less than that
in the spectra of L dwarf model because of the saturation of the band. On the other hand, the depth of
CO; absorption band at 4.2 um decreases (~ 15 %) significantly as compared to the L dwarf model. The
temperature drops down due to decreasing H,O and Fe. The J and H band flux also increases, because

of smaller dust extinction.

6.2 Changing Carbon Abundance

6.2.1 Case of Increase the Abundances

The results are shown in Figures 6.5 and 6.6. In the case of increasing C abundance only, almost O
atoms are captured in CO molecule. Thus the abundance of H>O deep inside (log P, ~ 7) region of

the photosphere decreases by 0.5 dex and the temperature in the region also becomes lower by about 40

This document is provided by J

W 871-7-24.indd 97 $ 12/08/19 ZOZGE»X



| T T | —— (. [ |

98 CHAPTER 6. METALLICITY VARIATION IN THE BROWN DWARFS

K. Consequently the abundance of CHy increases by 1.0 dex. The amount of dust increases and J, H
and K band fluxes are depressed by 20 %. Since temperature and molecular abundances rely on each
other, it is an indisputable fact that the increasing in the surface temperature (rising up ~ 50 K) correlate
with the increasing of CHy and CO molecules by 0.5 and 0.2 dex, respectively. We see that the H,O
and CO; absorption become shallower by 80 % and 20 %, respectively, because of the decreasing their
abundances. The increase of CO abundance appears in the 2.3 ym band, but not in the 4.6 um band.

For T dwarf model decreasing rate of H,O and increasing rate of CH4 are less than the L dwarf model.
As a result the entire temperature rises only a little by 10 K in the surface area. The CH4 absorption band
at 3.3 um becomes deeper by 5-25 % because the band is sensitive to the change of CH4 abundance in
the T dwarf model. The CH4 abundance increase about 0.2 dex due to rather the increasing C abundance
than increasing surface temperature in the T dwarf. The CO absorption band at 4.6 um also becomes
stronger by 5 %. The J, H and K band flux does not change because of little change of the photospheric
temperature and H,O abundance.

6.2.2 Case of Decrease the Abundances

The results are shown in Figures 6.7 and 6.8. The trend of the result for the decreasing C is generally
opposite to the case of the increasing C abundance, though change of photosphere temperature does not
depend on T unlike the case of increasing C. When carbon abundance decreases, the both CO and CHy4
decrease by about 0.1 dex, but CO, stays almost the same abundance. H>O increases about 0.1 dex and
temperature in deep inside also increases about 15 K. This makes the flux in J and H band increase by
~ 10 %.

On the other hand, the abundance of CO; in the T dwarf model decreases by about 0.3 dex unlike the
case of L dwarf. However the spectral feature at 4.2 um CO, absorption band does not change noticeably.
This is because that the variation of the CO, abundance is too little to change the spectral feature. H,O
abundance increases only in the deep region. Additionally the effect of about 0.3 dex decreasing CHy in

whole region appears in 3.0 — 4.0 um in the model spectra as about 5-10 % weaker absorption.

6.3 Changing the Oxygen Abundance

6.3.1 Case of Increase the Abundances

The results are shown in Figures 6.9 and 6.10. The behavior of increasing O abundance is almost similar
to the case of decreasing C only. Thus we understand that C and O play a dominant and compensating
role. When the O abundance increases, the resultant temperature structure is different for different 7.
Thus the change of spectra also depend on T For the L dwarf model, H;O and CO, abundances
increase by about 0.5 dex and inner temperature rises by 40 K. Thus the abundance of CO increases
about 0.2 dex and CHy4 decreases about 0.7 dex. Near the surface region the temperature is depressed by
about 50 K with decreasing H,O abundance. Effect of the increase of H,O and CO, appears in the model
spectra as deeper absorption bands. With rising inner temperature the fluxes in J, H and K band increase
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by 3-25 %.

These effects by increasing O abundance are almost same for the T dwarf model. The CH,4 band at
3.3 um becomes about 30 % weaker than that of the model with solar abundance. The K band becomes
bright by ~ 10 % because of rising temperature by about 50 K.

6.3.2 Case of Decrease the Abundances

The results are shown in Figures 6.11 and 6.12. The results of decreasing O are generally opposite to the
case of increasing O abundance. The H,O and CO, are reduced. As a result the photospheric temperature

at log P, > 6 drops down by about 50 K and CHj increases ~ 0.8 dex.

The results for the case of T dwarf are shown in Figure 6.12. Similarly, temperature in the photosphere
drops down by 10-70 K due to the 0.5 dex decrease of H,O abundance. The K band flux decreases by
~ 10 % with decreasing temperature.

6.4 Changing Fe Abundance

6.4.1 Case of Increase the Abundances

The results are shown in Figures 6.13 and 6.14. For the L dwarf model, the temperature rises about
50 K above the dust layer (log P, < 7) by increasing Fe abundance by 0.2 dex, i.e. the amount of dust
increases. Because of this the abundance of CH4 decreases. The flux at J and H band decreases 3—10 %
by the effect of dust extinction. The flux at K and L band increase about 2 % due to the rising the inner

temperature.

On the other hand, the change of temperature for T dwarf model is the same with increasing C and
O only, and the spectral feature is also identical. This result indicates that the abundance of Fe, which
is one of the important elements for dust formation, does not contribute to the photospheric temperature
and spectra. This is consistent with the fact that the dust in the photosphere of T dwarf exist in deep
inside and not appear in the spectra.

6.4.2 Case of Decrease the Abundances

The results are shown in Figures 6.15 and 6.16. The case of decreasing Fe shows opposite trend with the
case of increasing Fe. Temperature drop down throughout the whole photosphere in L dwarf model. As
a result abundance of CHy increase by ~ 0.1 dex and its absorption band become deeper by about 2 %.
The flux at J and H band increases by 2—10 % due to dust extinction. For T dwarf model, we do not see
any noticeable differences of chemical structure, temperature, and spectra.
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Figure 6.1: Comparison of chemical structure, difference of temperature and spectral for the case of
increasing all elemental abundances at (7/log g/T.¢r) = (1800K/5.5/1800K) which represent the typical
L dwarf. (a) total pressure log P, versus partial pressures of Hy, CO, H,0O, Fe(atom), CHy4, CO; and TiO
molecules. The partial pressure for solar abundance model are drawn with dashed lines, and that for the
increased abundance model are drawn with solid lines. (b) The difference of temperature from that of
the solar abundance model drawn in black at zero. That for the increased abundance models are shown
in red line. The light blue and blue lines show the models with Tog + 100 K and Ti¢r - 100 K respectively
with the solar abundance for comparison. (c¢) The spectra of the models are shown. Colors are the same
as shown in (b).
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Figure 6.2: Same as Figure 6.1 but the case of increasing all elemental abundances at (T./log g/T.s) =
(1900K/4.5/1200K) which represent the typical T dwarf.
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Figure 6.3: Same as Figure 6.1 but the case of decreased abundances.
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Figure 6.4: Same as Figure 6.2 but the case of decreased abundances.
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Figure 6.5: Same as Figure 6.1 but the case of increasing C abundance only.
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Figure 6.6: Same as Figure 6.2 but the case of increasing C abundance only.
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Figure 6.7: Same as Figure 6.3 but the case of decreasing C abundance only.
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Figure 6.8: Same as Figure 6.4 but the case of decreasing C abundance only.
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Figure 6.9: Same as Figure 6.1 but the case of increasing O abundance only.
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Figure 6.10: Same as Figure 6.2 but the case of increasing O abundance only.
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Figure 6.11: Same as Figure 6.3 but the case of decreased O abundance only.
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Figure 6.12: Same as Figure 6.4 but the case of decreased O abundance only.
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6.5 Changing C and O Abundances

6.5.1 Case of Increase the Abundances

The results are shown in Figures 6.17 and 6.18. The variation of spectral feature is smaller than that of
the model with increasing abundance of O only. We can understand this as compensating effects between
the increasing C only and increasing O only. For L. dwarf model, abundances of H,O, CO and CO,
increase by 0.5, 0.3 and 0.8 dex, respectively, in the current case. This makes temperature in the inner
photosphere higher by about 20-30 K. Accordingly K band flux increases. The CO, abundance increase
in all photosphere, then CO, absorption band becomes deeper by about 15 %. This result is consistent
with Tsuji et al. (2011). The abundance of CHy decrease 0.1 dex in the inner region of photosphere, but
increase 0.5 dex near the surface due to lower temperature. The H,O abundance increases in the inner
region. As a result, the flux between 2.4 and 3.8 um comes down by about 10—40 %. The flux in J and
H band goes up 15-20 % because of rising temperature and decreasing dust extinction.

For T dwarf model, the chemical structure and temperature change larger than that of L dwarf model.
While effect of the increasing chemical abundances does not reflect to the spectral feature, excepting
for the CO, absorption band at 4.2 um, the entire flux increases because of the rising the photosphere
temperature. This result indicates that the changing of the elemental abundances in L dwarf model is

contribute to the spectral feature more than that in T dwarfs, except for the CO, absorption band.

6.5.2 Case of Decrease the Abundances

The results are shown in Figures 6.19 and 6.20. This case is in general opposite to the increasing case.
Abundances of CO, H,O and CO; decrease 0.1, 0.5 and 0.5 dex, respectively. Thus the inner temperature
of photosphere drops down by 20 K and CH,4 abundance increases by 0.2 dex. Due to the lower inner
temperature, the flux value in J, H and K band drop down by 5-10 %. The temperature of the photosphere
of the T dwarf decreases by about 10-60 K, but the spectral feature do not change much.

6.6 Changing C, O and Fe Abundances

6.6.1 Case of Increase the Abundances

The results are shown in Figures 6.21 and 6.22. In this case abundances of H,O, Fe, CO and CO,
increase by about 0.2, 0.2, 0.2, and 0.5 dex, respectively. Due to the increasing abundance of Fe, dust
formation is enhanced and temperature around the dust layer (log P, < 6.5) rises by about 100 K. The
flux in J and H band change little because of the interaction between the large dust extinction and the
rising temperature. The K band flux goes up ~ 10 % by the increasing temperature. On the other hand,
the change of temperature for T dwarf model is the same, up to ~ 70 K, with increasing Fe only.
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6.6.2 Case of Decrease the Abundances

The results are shown in Figures 6.23 and 6.24. The temperature structure changes inversely with the
case of increasing C, O and Fe. The inner photospheric temperature drops down ~ 30 K by less abundant
H,0. For model of T dwarf the K band flux decreases by about 10 %. The absorption bands of CO and
CO, become weaker by about 5 and 10 %, respectively.
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Figure 6.13: Same as Figure 6.1 but the case for increased Fe abundance only.
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Figure 6.14: Same as Figure 6.2 but the case for increased Fe abundance only.
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Figure 6.15: Same as Figure 6.3 but the case for decreased Fe abundance only.
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Figure 6.16: Same as Figure 6.4 but the case for decreased Fe abundance only.
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Figure 6.17: Same as Figure 6.1 but the case for increased C and O abundance.
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Figure 6.18: Same as Figure 6.2 but the case for increased C and O abundance.
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Figure 6.19: Same as Figure 6.3 but the case for decreased C and O abundance.
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Figure 6.20: Same as Figure 6.4 but the case for decreased C and O abundance.
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Figure 6.21: Same as Figure 6.1 but the case for increased C and O and Fe abundance.
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Figure 6.22: Same as Figure 6.2 but the case for increased C and O and Fe abundance.
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Figure 6.23: Same as Figure 6.3 but the case for decreased C and O and Fe abundance.
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Figure 6.24: Same as Figure 6.4 but the case for decreased C and O and Fe abundance.
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6.7 Discussion

6.7.1 Fitting the CO; 4.2 um Absorption Band with the Models of Different
Abundances

We calculate the models with various elemental abundances for the best fit model parameter set derived
from AKARI+SpeX/CGS4 data in section 4.4, and investigate the behavior of CO, 4.2 um fundamental
absorption band. The six cases of changing elemental abundances are all considered. We show the
comparison of the AKARI observed data and six model spectra for 2MASS J0559-1404(T4.5) as an
example. We show the results in Figure 6.25. The CO;, 4.2 um absorption band feature in the model
spectra of changing C abundance only and Fe abundance only are no better than the original model.
For the models with increasing all elemental abundances, the CO; 4.2 um feature gets deeper than the
original abundance model, but not enough. For the case of increasing O abundance only, we see that the
CO; 4.2 um feature in model spectra is significantly improved, but other features in the model spectra
for example H,O around 2.7 gm and CHy4 in 3.0-4.0 um become worse. The CO; 4.2 um band in model
spectra of increasing “C and O”, and “C and O and Fe” are quite good without changing other features.
The model with changing “C and O” is similar to that with changing “C and O and Fe”. Since the target
is T4.5 dwarf and we see the AKARI spectra, the effect of Fe abundance is ignorable.

Next, we apply the model with changing “C and O” to other observations, and investigate the behavior
of CO; 4.2 um fundamental absorption band. Unfortunately, we could not calculate the models with
changing abundances for the latest T dwarfs. Therefor three sources, 2MASS J1553+1532, GI 570D
and 2MASS J0415-0935, are not treated in the current study. The results are shown in Figure 6.26. We
found that the CO; 4.2 um absorption in the spectra of model with increasing “C and O” abundances
fits the spectra of 2MASS J0559-1404(T4.5) and 2MASS J0830+4828(L9) better than the model with
the solar abundance. This result is consistent with Tsuji et al. (2011). On the other hand, for SDSS
J0423-0414(T0) and 2MASS J1523+3014(LL8) the models of decreasing “C and O” give better fits than
the original models. If we consider only AKARI wavelength region as Tsuji et al. (2011), the fits are quite
good in other wavelengths. Our results imply that 2MASS J0559-1404(T4.5) and SDSS J0830+4828(L9)
are metal-rich relative to the Sun, and SDSS J0423-0414(T0) and 2MASS J1523+3014(LL8) are the low
metallicity objects. We can say that the CO; 4.2 um band is a unique characteristics of brown dwarfs that
can be used to determine the elemental abundances. However, these models do not explain the shorter
wavelength range spectra satisfactorily. To convince our results, we also have to consider the data in the

shorter wavelength in the future study with improved atmosphere models.
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Figure 6.25: The observed and model spectra for 2MASS J0559-1404(T4.5). The model spectra of
changing molecular abundance are drawn in color. Red: the model spectra of the solar abundance, green:
increasing, and blue: decreasing elemental abundances. The variations of elemental abundances are

6 cases; (1) changing all elemental abundances, (2) C abundance only, (3) O abundance only, (4) Fe
abundance only, (5) C and O, and (6) C and O and Fe.
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Figure 6.26: The observed and model spectra of late-L to early-T dwarf. Black lines are observed spectra,
and red lines are their best fit model spectra for the solar abundance. Green and blue lines are model with
increasing and decreasing C and O elemental abundances, respectively. The CO, 4.2 um absorption
feature in the spectra of two objects are explained by the model with increasing C and O elemental
abundances (green square), and for the other two objects are explained by the decreasing abundances
(blue square). The spectra of other five sources can be well explained by the solar abundance.
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Chapter 7
Conclusion

Throughout this thesis we have studied brown dwarf atmospheres using AKARI near-infrared spectra. We
conducted an observing program near-infrared spectroscopy of brown dwarfs using AKARI, and obtained
spectra in 2.5-5.0 um with the resolution R ~ 120 for 18 objects from L1 to T8. We analyzed the AKARI
spectra with the Unified Cloudy Models (UCM). We obtained the following results.

e We identified CO, H,O, CO, and CH4 molecular band in the AKARI spectra.

— We detected the CO 4.6 um band clearly in the spectra of all spectral types from L1 to T8
by systematic investigation for the first time. This result indicates that CO exist in all brown

dwarf atmospheres generally.
— The detection of CO, is made for the first time with AKARI.

— We investigated the behavior of the CH4 3.3 um band systematically for the first time, and
confirmed that it appears in the spectra of dwarfs as early as L.5. We found that the band did

not appear in some L5 dwarfs.

e We analyzed these results with the UCM. We carried out the j? fitting with AKARI and IRTF/SpeX
or UKIRT/CGS4 as a subservience.

— From our fitting analysis with the UCM, contribution of dust opacity to spectra becomes
largest in the early- to middle-L dwarfs and smaller from middle-L dwarfs to late-T dwarfs.
These results attest the past suggestion that almost constant 7i¢ along late-L. dwarfs is due to

the effect of dust disappearance from the optically thin upper region.

— Our UCM analysis indicates that the condition for the presence of the CH,4 absorption depends
on not only T but also on surface gravity and dust presence. This result implies that the CHy

absorption appears in the spectra of massive objects for LS dwarfs.

— We derived the radii of brown dwarfs and found that the radii of late-L. dwarfs are smaller
than that of early-L and T dwarfs. The relation between radius and mass of a brown dwarf
changes with their evolution. Theory predicts that more massive object have smaller radius
when the object is older than about 10% yrs. We verified this theoretical prediction of radius
changes along the spectral class at 108 to 10° yrs.
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130 CHAPTER 7. CONCLUSION

— To understand a problem that we can not determine a unique model that explains the entire
wavelength range of an object perfectly, we fitted the AKARI and SpeX/CGS4 spectra sepa-
rately and compared the results with these fitted to the both AKARI + SpeX/CGS4 data. We
found that the AKARI spectra was more sensitive to the effective temperature, while dust
presence was better determined by the SpeX/CGS4. We suggest that the warming-up ef-
fect due to the dust in the photosphere is underestimated in the model than that in the actual
photosphere. We proposed that a self-consistent, more realistic theory of condensation and
sedimentation in the atmospheres is the most essential in the future models of the brown dwarf
atmosphere.

e We attempted to improve a brown dwarf atmosphere model by changing the elemental abundances.

— We found that the observed CO; absorption bands in some objects are stronger or weaker
than the prediction by the model. As a first trial, we constructed a set of models with various
elemental abundances. We found a possible deviation of the C and O elemental abundances
from those of the solar values.
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