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ABSTRACT

We present the first analysis of an optical to mid-infrared spectrum of the T7.5 dwarf Gliese 570D with model
atmospheres, synthetic spectra, and brown dwarf evolution sequences. We obtain precise values for the basic
parameters of Gl 570D: TeA ¼ 800Y820 K, log g (cm s�2)¼ 5:09Y5.23, and log L/L�ð Þ¼�5:525 to �5.551. The
Spitzer Infrared Spectrograph (IRS) spectrum shows prominent features of ammonia (NH3) that can only be fitted by
reducing the abundance of NH3 by about 1 order of magnitude from the value obtained with chemical-equilibrium
models.Wemodel departures from chemical equilibrium in the atmosphere of Gl 570D by considering the kinetics of
nitrogen and carbon chemistry in the presence of vertical mixing. The resulting model spectrum reproduces the data
very well.

Subject headinggs: stars: abundances — stars: atmospheres — stars: individual (Gliese 570D) —
stars: low-mass, brown dwarfs

Online material: color figures

1. INTRODUCTION

Ammonia is the only significant nitrogen-bearing compound
that can be readily observed in brown dwarfs. Its presence in very
cool brown dwarf atmospheres has been expected for some time
(Tsuji 1964;Marley et al. 1996; Fegley& Lodders 1996; Saumon
et al. 2000, 2003; Allard et al. 2001; Lodders & Fegley 2002;
Burrows et al. 2003). Saumon et al. (2000) reported a detection
of weak NH3 features in the near-infrared spectrum of the T7p
dwarf Gl 229B, but a clear detection had to await the Spitzer In-
frared Spectrograph ( IRS) observation of the T1/T6 binary � Indi
Bab (Roellig et al. 2004). IRS spectra also reveal the presence of
NH3 in all observed dwarfs with spectral types of T2 and later
(Cushing et al. 2006).

In addition to its importance as a strong absorber in very cool
brown dwarfs, NH3 provides an important window into the phe-
nomenon of nonequilibrium chemistry. Because some chemical
reactions proceed very slowly at the relatively low temperatures
encountered in the atmospheres of T dwarfs, vertical transport can
lead to chemical abundances that depart from local thermodynamic
equilibrium. This phenomenon has long been established in Jovian
planets (Barshay & Lewis 1978; Fegley & Prinn 1985; Fegley &
Lodders 1994; Lodders & Fegley 1994). In brown dwarfs, the
strongest expected signatures of departures from equilibriumchem-
istry are an overabundance of CO and depletion of NH3. The pre-
diction of nonequilibrium chemistry in brown dwarfs (Fegley &
Lodders1996)wasquickly confirmedby thedetectionof the4.7�m
band of CO inGl 229B (Noll et al. 1997), and subsequently by the

detection of NH3 in a high-resolution near-IR spectrum (Saumon
et al. 2000). Nonequilibrium chemistry may be common in cool
brown dwarfs sinceM0 photometry shows a systematic flux deple-
tion in T6YT9 dwarfs that can be attributed to enhancedCO4.7�m
absorption (Golimowski et al. 2004) relative tomodels in chemical
equilibrium.
With a spectral type of T7.5, Gl 570D (Burgasser, et al. 2000;

Burgasser et al. 2006) is one of the latest T dwarfs known, and its
IRS spectrum shows the strongest 10Y11 �mNH3 absorption ob-
served so far (Cushing et al. 2006). It is a particularly interesting
target, since it is a wide companion to the well-studied K4 V star
Gl 570A, and to a pair of Mdwarfs, Gl 570BC. The distance, met-
allicity, and age of the system very effectively reduce the param-
eter space allowed to model Gl 570D. Geballe et al. (2001) used
these constraints to determine the effective temperature Teff and
gravity g of Gl 570D and to analyze its optical and near-infrared
spectrum. Here, we take advantage of the new spectroscopic in-
formation provided by the IRS spectrum to redetermine Teff and
g. We also perform the first quantitative analysis of the NH3 10Y
11 �m band for any brown dwarf.

2. OBSERVATIONS AND DATA REDUCTION

Our analysis of Gl 570D is based on spectroscopic data cover-
ing most of its spectral energy distribution. We combine a Keck
LowResolution Imaging Spectrograph (LRIS) 0.63Y1.01�mop-
tical spectrum (Burgasser et al. 2003) with a United Kingdom In-
frared Telescope (UKIRT)CGS4 near-IR spectrum covering 0.79Y
1.35�mand 1.43Y2.52�m (Geballe et al. 2001), and an IRS Short-
Low module spectrum that covers 5.43Y14.68 �m (Cushing et al.
2006). Absolute-flux calibration for the UKIRT and IRS spectra
was obtained by usingMaunaKeaObservatories (MKO) photom-
etry (Leggett et al. 2002) and InfraredArrayCamera ( IRAC) band
4 photometry (Patten et al. 2006), respectively. The far-red optical
spectrum was then scaled to match the flux density level of the
flux-calibrated UKIRT spectrum.

3. MODELS: EVOLUTION AND SPECTRA

We analyze the spectrum of Gl 570D with a combination of
model atmospheres, synthetic spectra, and evolution sequences. Its
T7.5 spectral type strongly suggests that its atmosphere is free of
condensates, andwe use cloudlessmodel atmospheres and synthetic
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spectra thatweremost recently described in Fortney et al. (2006 and
references therein). Averaging recentmetallicity determinations for
Gl 570A (Thorén & Feltzing 2000; Santos et al. 2005; Valenti &
Fisher 2005) gives ½Fe/H �¼ 0:09� 0:04. This slight enrichment
is negligible in viewof the other uncertainties in the data andmodels,
and our entire analysis assumes solar metallicity (Lodders 2003).

We have developed an evolution code for brown dwarfs that
assumes an adiabatic internal structure. It uses the H/He equation
of state of Saumon et al. (1995).Nuclear energy generation through
the first branch of the p-p chain (Burrows & Liebert 1993) is in-
cluded.We use theNuclear AstrophysicsCompilation of Reaction
(NACRE) rates (Angulo et al. 1999) and ion-ion and electron-ion
screening factors (G. Chabrier 2005, private communication). The
surface boundary condition is obtained from our atmosphere
models. All brown dwarf atmosphere models become con-
vective at depth, where the specific entropy of the gas becomes
essentially constant. The value of the entropy at the bottom of
the atmospheres Satm gives the entropy for the adiabatic interior.
The boundary condition is described as a tabulated function
Satm(TeA; g; ½Fe/H �). Thus, our cooling sequences are fully consis-
tentwith the atmospheremodels (Chabrier&Baraffe 1997).Details
of the evolution calculation will be provided in a future publication.

4. DETERMINATION OF THE PHYSICAL PARAMETERS

We follow the method developed by Saumon et al. (2000) and
initially applied to Gl 570D by Geballe et al. (2001). Briefly, we
use the optical, near-IR, and mid-IR spectra to determine the in-
tegrated flux observed at Earth (1:875� 0:107 ; 10�12 ergs s�1

cm�2).9 This represents about 70% of the bolometric flux of Gl

570D.We use our grid of model spectra to compute the bolomet-
ric correction and the bolometric luminosity, Lsbol(TeA; g), which
depends on the yet-to-be-determined Teff and g. An independent
relation Lebol(TeA; g) is given by our evolution sequences. A con-
sistent solution between the spectrum and the evolution is obtained
by imposing Lsbol ¼ Lebol. This gives a family of solutions Teff (g)
(Fig. 1). A combination of age indicators shows that the Gl 570
system is between 2 and 5 Gyr old (Geballe et al. 2001), which
constrains the range of the gravity to that shown by the isochrones
in Figure 1 and the models in Table 1. Models A and C bracket
the age limits, andmodel B corresponds to themidpoint. This new
determination of the physical parameters of Gl 570D differs from
that of Geballe et al. (2001) in several ways. The observed spectral
energy distribution (SED) has been greatly extended by the Spitzer
IRS spectrum, and the near-IR spectrumhas been recalibrated using
the latest MKO photometry. The atmosphere models have steadily
improved, most notably with the inclusion of a more extensive line
list for CH4 (Champion et al. 1992; R. Freedman & K. Lodders
2006, in preparation). Finally, the evolution is computed with an
independent code using our cloudless atmosphere grid as the sur-
face boundary condition rather than relying on the sequences of
Burrows et al. (1997). Despite all these changes, the parameters
obtained for Gl 570D are remarkably similar to those of Geballe
et al. (2001) (Fig. 1, crosses). Most of the difference can be at-
tributed to a shift of the isochrones in the (Teff , g) plane between
our evolution sequences and those of Burrows et al. (1997) caused
mainly by the different surface boundary conditions. This shows
that the method is quite robust, and that further improvements in
the models will not significantly affect the values in Table 1.

Figure 1 shows that the main uncertainty in the Teff and g of Gl
570Darises from the uncertainty in the age of the system.By com-
parison, the uncertainty inLbol from the flux calibration of the data
is small.

Given Teff and g, the radius R(Teff , g) from the evolution, and
the parallax of Gl 570A, we can compute model fluxes at Earth
that can be compared directly to the data. The model B spectrum
is shown in Figure 2. This is not a fit of the spectrum per se, but it
is obtained solely from the procedure outlined above. The agree-
ment with the optical and near-IR data is generally excellent. The
deviations in the 1.6Y1.7�mregion are due to the incompleteCH4

line list. The reason for the underestimatedK-band flux is unclear.
Models computed with the slightly higher metallicity of Gl 570A
would give a higherK-band flux. A similar effect could also be ob-
tained byflux redistribution from a strongerCH4 1.6�mband com-
puted from a more complete line list. We find that a cloudy model
with a thin cloud deck parameterized by a sedimentation parameter
fsed ¼ 4 (Ackerman&Marley 2001) can also substantially improve
the agreement with the observed K-band peak.

In the mid-IR, the model systematically underestimates the flux
beyond 9 �m, which coincides with strong absorption by NH3.
The outlier models (A and C in Table 1) give very similar syn-
thetic spectra. The differences remain below �0.03 mJy in the
near-IR and� 0.2 mJy in the mid-IR, with higher gravity models
giving lower fluxes.

5. NONEQUILIBRIUM CHEMISTRY OF NH3

Vertical transport in the atmosphere of a T dwarf will result in
a reduced NH3 abundance, which will increase themodel flux for
kk9 �m and improve the agreement with the IRS spectrum. We
consider atmosphere models that depart from chemical equilib-
rium to optimize the fit to the data.

The kinetics of the chemistry of carbon and nitrogen in giant
planets and brown dwarfs has been described in detail in Lewis
& Prinn (1980), Fegley&Lodders (1994), Griffith&Yelle (1999),

9 The uncertainty estimate is obtained from the uncertainties in the absolute
calibration of each piece of the SED (3% for the optical spectrum, 5% for the near-
IR spectrum, and 6.5% for the IRS spectrum). A total uncertainty of �5.7% is
based on conservatively assuming that the individual calibration uncertainties all
add in the same direction. The 1% uncertainty on the distance ( Perryman et al.
1997) is negligible by comparison.

Fig. 1.—Teff and gravity for Gl 570D. Our brown dwarf evolution tracks are
shown by thick black lines labeled with the mass inM�. Isochrones (dotted lines)
are labeled in Gyr. The nearly vertical lines (solid and dashed ) are the locus of
(Teff , g) points with log L/L� ¼ �5:525� 0:024. The circles show the three
models of Table 1. For comparison, the crosses show the values obtained by
Geballe et al. (2001). [See the electronic edition of the Journal for a color version
of this figure.]
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Lodders & Fegley (2002, 2006), and Bézard et al. (2002), and the
effect on the spectra of brown dwarfs has been described in Saumon
et al. (2003). We only provide a brief summary of nonequilibrium
chemistry here.

5.1. Nonequilibrium Carbon and Nitrogen Chemistry

The chemistry of carbon and nitrogen in brown dwarf atmo-
spheres is essentially described by the net reactions

COþ 3H2 $ CH4 þ H2O; ð1Þ

N2 þ 3H2 $ 2NH3: ð2Þ

Because of the large binding energies of CO and N2, both re-
actions proceed much more slowly to the right than to the left. Ver-
tical mixing dredges up hot gas that is relatively rich in CO and N2

to the cooler part of the atmosphere, where CO and N2 are con-
verted very slowly into CH4 and NH3, respectively. The net result
is a relative overabundance of CO and N2, and decreased abun-
dances of CH4 and NH3, in the upper atmosphere. The abundance
of H2O is also reduced by conservation of the total number of
oxygen atoms.

The correct chemical pathway and reaction timescale for the
conversion of CO into CH4 remains uncertain (Yung et al. 1988;
Griffith&Yelle 1999; Bézard et al. 2002; Lodders&Fegley 2002;
Visscher & Fegley 2005).We adopt the ‘‘fast’’ chemical timescale
of Yung et al. (1988). For the N2 conversion, we adopt the time-
scale given in Lodders & Fegley (2002).

5.2. Vertical Transport

Slow mixing can occur in the radiative zones of atmospheres
through a variety of processes such as the turbulent decay of waves
propagated upward from the convective/radiative boundary and
instabilities arising from rapid rotation. In the absence of any de-
tailed modeling of these processes, we adopt a simple model of
vertical mixing by eddy turbulence (Griffith & Yelle 1999). This
process is analogous to diffusion and occurs over a characteris-
tic timescale �mix� H2/K, where H is the pressure scale height
and K is the coefficient of eddy diffusion; K ranges from �102 to
105 cm2 s�1 in planetary stratospheres, and it is the only free pa-
rameter in our nonequilibrium models.

The timescale for mixing in the atmospheric convection zone
is �conv� Hc/vc , whereHc and vc are the convectivemixing length
and velocity, respectively, and are evaluated with the mixing length
theory. For convenience, we chooseHc ¼ H . Note that �convT�mix.

5.3. Quenching of the Chemistry

The chemical-abundance profiles (Lodders & Fegley 2002) in
model atmosphere B are shown in Figure 3. Depth in the atmo-
sphere is indicated by the local temperature. The equilibriumabun-
dances are shown with dashed lines that overlap solid lines for
H2O and CH4. The transition in the carbon chemistry from CO
deep in the atmosphere to CH4 near the surface occurs at log T �
3:25. The N2 to NH3 transition occurs around log T � 2:9. Re-

markably, and in contrast to the carbon chemistry, theN2/NH3 equi-
librium ratio remains nearly constant deep in the atmosphere due to
a near cancellation of the effects of the increased temperature (fa-
voringN2) and of the increased pressure (favoringNH3) along this
portion of the atmosphere profile.
The chemical timescales for the conversion of CO and N2 are

shown by the thick solid and dotted lines, respectively. These vary
overmore than 20 orders ofmagnitude throughout the atmosphere
and become extremely long in the upper atmosphere.Mixing occurs
rapidly in the convection zone, but it is about 7 orders of magnitude
slower in the radiative zone for our choice of K ¼ 100 cm2 s�1. In
regions where �chem < �mix, chemical equilibrium prevails. Where
�chem > �mix, however, abundances of CO,CH4,N2,NH3, and H2O
will depart from equilibrium (solid lines). The nonequilibrium
mole fractions are approximately determined by their values at
which �chem ¼ �mix. In our calculation, we adopt the scheme of
Smith (1998) to determine this ‘‘quenching level.’’ As can be
seen in Figure 3, there can be more than one level where �chem ¼
�mix , resulting in alternating zones in and out of chemical equi-
librium. For simplicity, we consider only the uppermost ( lowest
T ) crossing. It turns out that in all cases, this is an excellent ap-
proximation to the full solution for the chemical profile, since the
deeper quenching occurs well below the level of formation of the
corresponding molecular bands.
Figure 3 shows that above the CO quenching level (log T �

3:03), the nonequilibrium abundance of CO is orders of magni-
tude higher than at equilibrium. The abundances of CH4 and H2O
are barely affected for this choice of K (slow mixing). The NH3

abundance is reduced by about 1 order of magnitude in the upper
atmosphere. In this model, N2 is quenched below the bottom of
the atmosphere model in a region where N2/NH3 is still nearly

Fig. 2.—Comparison of the observed and modeled SED of Gl 570D. The
data (thick black curve and histogram) are from Burgasser et al. (2003), Geballe
et al. (2001), and Cushing et al. (2006). The equilibrium model B (Table 1) is
shown by the thin solid line, and the best fitting nonequilibrium model (model
C with logK ¼ 2) is shown by the dashed line. The main molecular absorbers
are indicated. The models are plotted at a spectral resolution of R ¼ 500 (top)
and R ¼ 100 (bottom), approximating the resolution of the data. [See the electronic
edition of the Journal for a color version of this figure.]

TABLE 1

Range of Physical Parameters of Gliese 570D

Model

Teff
(K)

log g

(cm s�2) log(L/L�)

Mass

(MJ)

Radius

(R�)

Age

(Gyr)

A............... 782 4.95 �5.503 31 0.0950 2.0

B............... 800 5.09 �5.525 38 0.0901 3.2

C............... 821 5.23 �5.551 47 0.0853 5.0
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constant. The fact that the equilibrium mole fraction of NH3 is
nearly constant for log T k3:1 implies that the nonequilibrium
NH3 abundance profile is completely insensitive to the choice of
the eddy mixing coefficient K over a very wide range (logKk
�8). Thismeans that all plausible choices ofKwill give the same
NH3 abundance and therefore the same mid-IR spectrum.

5.4. Optimal Model

In view of the above remarks, we arbitrarily choose K ¼
100 cm2 s�1 to compute nonequilibrium spectra for the three
models in Table 1. Besides the choice of equilibrium or nonequi-
librium chemistry, the only fitting parameter left is the gravity, con-
strained to be between the values formodelsA andC (Table 1).We
determine the goodness offit of a synthetic spectrumby computing
the �2 between the model and the data for k � 9 �m, which is
where NH3 features are seen in the spectrum (Fig. 2). For this
purpose, model spectra are smoothed to the IRS Short-Low point-
source spectral resolution of k/�k ¼ 126 with a Gaussian filter
and then binned to the instrument’s wavelength sampling. The
uncertainty (�) in the fitted �2 is obtained by fitting 5000 simu-
lated data sets generated by adding a randomGaussian noise dis-
tribution to each pixel with a width given by the individual pixel
noise (�0.1 mJy).We also fit renormalized spectra to account for
the�6.5% calibration uncertainty, which turns out to be the dom-
inant source of uncertainty. Nonequilibriummodel C always gives
the best fit. A reasonable fit (2.8�worse thanmodel C) is obtained
with nonequilibriummodel B if the observed flux is increased by
the full 6.5% uncertainty. The best equilibrium-model fit is 6.7 �
worse than the best nonequilibrium-model fit.

The nonequilibriummodel C spectrum is shown by the dashed
curve in Figure 2. The agreement with the data is remarkable con-
sidering that all we have done is include nonequilibrium chemis-
try in the calculation and increase the gravity slightly, with no other
free parameter. We conclude that the NH3 abundance is reduced
by nonequilibrium chemistry and that the parameters of Gl 570D
fall between models B and C, and very likely closer to the latter.

6. ALTERNATIVE EXPLANATIONS
FOR THE NH3 DEPLETION

Webriefly consider five possible explanations that could account
for the enhanced mid-IR flux in Gl 570D: (1) a low nitrogen abun-
dance, (2) an error in the temperature profile of the atmosphere,
(3) uncertain NH3 opacity, (4) time variability, and (5) photodis-
sociation of NH3.

6.1. Low Nitrogen Abundance

The metallicity of Gl 570D is very nearly solar based on abun-
dance determinations of Na, Si, Ca, Ti, V, Cr, Fe, Co, and Ni in
Gl 570A that range from ½X/H� ¼ �0:10 to 0.24, with a typical
spread of�0.1 between independent determinations (Santos et al.
2005; Thorén & Feltzing 2000; Valenti & Fisher 2005). To the
best of our knowledge, however, the N abundance has not been
measured. A low [N/H] value would result in a decreased NH3

abundance that could potentially explain the relatively high mid-
IR flux. The dependence of the mole fraction of ammonia on the
nitrogen abundance is log XNH3

� 0:5½N/H� (Lodders & Fegley
2002). In our models, the strongest NH3 absorption occurs at a
depth of log T ¼ 2:65 in the atmosphere, where the nonequilib-
rium chemistry reduces XNH3

by a factor of 10 (Fig. 3). To obtain
a similar reduction from a low nitrogen abundance would require
½N/H� ¼ �2, whichwould be an extreme departure from the abun-
dances of other metals in Gl 570A.

In principle, N-bearing condensates may also cause a deple-
tion of N-bearing gases in the atmosphere. However, there are
no N-bearing condensates expected along the (T,P) profile of Gl
570D that can significantly remove nitrogen, and temperatures
are not low enough to allow NH4SH or NH3 condensation as in
the much cooler upper atmospheres of the Jovian planets.

6.2. Uncertainties in the Temperature
Profile of the Atmosphere

Our determination of Lbol and our solution for Teff and g are
in excellent agreement with the values obtained by Geballe et al.
(2001) without the benefit of the IRS spectrum. This indicates
that while the near-IR flux has remained constant, the unknown
mid-IR flux of Gl 570D in 2000March could not be significantly
different from that measured in 2005 February. The fact that our
equilibrium model is in very good agreement with the full SED
of Gl 570D (Fig. 2) supports the notion that all pieces of the SED
are consistent with each other. Finally, Teff would have to in-
crease to �1050 K to obtain an equilibrium NH3 mole fraction
similar to the nonequilibrium value needed to fit the IRS spec-
trum. Such a high Teff is completely incompatible with all of the
Gl 570D observations. If we consider the temperature profile of
the atmosphere, an increase of over 200 K (�40%) at PP 1 bar
would be required, an implausible error in our models and in-
consistent with the near-IR spectrum of Gl 570D.

6.3. Uncertainties in the NH3 Opacity

Theopacity of NH3 is computed froma line list obtained by com-
bining the GEISA (Husson et al. 1992) and HITRAN (Rothman
et al. 2005) databases, complemented with recent laboratory mea-
surements and theoretical calculations (see Burrows et al. 1997
for more details). To our knowledge, this compilation of NH3

opacity is the most complete currently available. Nonetheless,
the line list is only complete up to T ¼ 300 K, and transitions
arising from levels that are excited only at higher temperatures
are underrepresented or missing. Qualitatively, the NH3 opacity
we calculate for Gl 570D is a lower limit to the actual opacity,

Fig. 3.—Chemical profile ofmodel atmosphere B (Table 1).Mole fractions of
H2O , CH4 , N2 , NH3 , and CO are shown in equilibrium (dashed curves) and out
of equilibrium (logK ¼ 2, solid curves) as a function of the temperature in the
model atmosphere. The pressure increases from the top of the atmosphere (left)
toward the bottom (right). Thick black lines show themixing timescale (�mix) and
the timescale for the destruction of CO (�CO , solid line) and N2 (�N2

, dotted line).
Timescales are given on the right axis. Themixing timescale is nearly discontinuous
where the atmosphere becomes convective (log T k3:2). The 10Y11�mNH3 band
is formed in the log T ¼ 2:65Y2:9 region. [See the electronic edition of the Journal
for a color version of this figure.]
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implying that the derived underabundance of NH3 is an upper
limit. More quantitatively, the 9Y14 �m band of NH3 arises from
the ground state (�0 ! �2), with a small overlapping contribu-
tion from the �2 excited state (�2 ! 2�2). The energy differences
between other excited vibrational states of NH3 are too large for
the corresponding hot bands to overlap with the �0 ! �2 band.
We are confident that the line list for the 9Y14 �m band on which
our analysis of the abundance of NH3 is based is quite complete.

6.4. Time Variability of Gl 570D

The spectroscopic data analyzed here were gathered over a
period of several years. The optical spectrum is from observations
taken in 2000 March and 2001 February (Burgasser et al. 2003),
the near-IR spectrum in 2000March (Geballe et al. 2001), and the
Spitzer IRS spectrum in 2005 February (Cushing et al. 2006). It is
conceivable that the luminosity of Gl 570D may have varied dur-
ing this 5 year period, affecting our determination of Teff and g and
fortuitously resulting in our excellent fit of the combined spectrum
with amodel departing fromchemical equilibrium.Burgasser et al.
(2003) do not report any variation in the optical flux of Gl 570D
between their two observations taken one year apart, and the re-
ported equivalent width of Cs i and Rb i lines shows no variation
within 1.5 �. The near-IR spectrum is calibrated to JHK MKO
photometry taken in 2000 February (Geballe et al. 2001). Repeat
observations in 2005 July are fully consistent (<1 �) with the
original photometry. The TwoMicron All Sky Survey (2MASS)
photometry of Gl 570D was obtained in 1998 May and 1999
July. Burgasser (2002) reports a change of 0.26 mag in J between
the two epochs and no significant change in H or Ks. However,
the variation in J magnitude is within the scatter of 2MASS pho-
tometry between the two epochs for objects in the field of Gl
570D of similar J magnitude. Applying the color transformation
of Stephens & Leggett (2004) to the first epoch 2MASS photom-
etry shows agreement to 2 � (J ), 1 � (H ), and <1 � (K ) with the
MKO magnitudes. Based primarily on the stability of the near-
IR MKO photometry, we conclude that any time variability in Gl
570D over a period of 7 years is at most at the 2%Y3% level. This
is less than our estimate of a 5.7% uncertainty on Lbol.

Nevertheless, we consider the possibility that the absolute mid-
IR flux may not be representative of the average or typical state of
Gl 570D. If we relax the absolute flux calibration of the IRS spec-
trum, do we still see an NH3 depletion? For this purpose, we have
repeated the fitting procedure described in x 5.4 with the flux cal-
ibration adjusted by a factor that minimizes the value of�2. Allow-
ing for the estimated noise in each pixel of the observed spectrum,
we find that the nonequilibrium models always fit better than the
equilibrium models at the �17 � level, with insignificant varia-
tion between models A, B, and C.

6.5. Photodissociation of NH3

NH3 is a molecule that is easily dissociated by UV photons at
�1900 8. Since Gl 570D is a companion to a main-sequence
star, it is possible that the UV flux from the primary results in a
depletion of NH3 in Gl 570D. This process was discussed in
detail by Saumon et al. (2000) in the case of another late T dwarf
with a companion, Gl 229B, where it was found to be completely
negligible at the level of the photosphere. By comparison, the

UV flux of the dK4 star Gl 570A is about 10 times larger than
that of the dM1 star Gl 229A (based on the NextGen models of
Allard & Hauschildt 1999), but the flux incident on Gl 570D is
smaller because of themuchgreater projected separation (1525AU
[Burgasser et al. 2000] rather than 44AU [Golimowski et al. 1998]
for Gl 229B). Since the atmospheres of both brown dwarfs are
quite similar, we can expect that the photodissociation of NH3

in Gl 570D will be 10 ; (44/1525)2, �0.008 times that of Gl
229B. The Gl 570 BC pair of M dwarfs lies about 10 times closer
to Gl 570A than Gl 570D, and their contribution to the UV flux
incident on Gl 570D is a small correction to the above estimate.

7. CONCLUSION

Our method to determine Teff and the gravity of brown dwarfs
is most effective when applied to objects with known parallax
that are members of systemswhere the primary provides themet-
allicity and age indicators. Themethod is based on integrated fluxes
and evolution sequences rather than a direct fit of the spectrum, an
approach that largely eliminates biases due to remaining systematic
problems in the model spectra.With recalibrated optical and near-
IR spectra and, most importantly, a Spitzer IRS spectrum, we have
redetermined Teff and g for Gl 570D to find nearly the same values
as Geballe et al. (2001).
An excellent fit of the IRS spectrum can only be obtained if

the NH3 abundance is reduced by nearly 1 order of magnitude in
the upper atmosphere. This is most readily explained by vertical
mixing that drives the nitrogen chemistry away from chemical
equilibrium (Lodders & Fegley 2002). We have considered sev-
eral other possible explanations, but none of them are plausible.
We find that in late T dwarfs, the nonequilibrium N2/NH3 ra-

tio generally does not depend on the efficiency of mixing in the
atmosphere. Therefore, while the 10Y11 �m band of NH3 is a
sensitive indicator of nonequilibrium chemistry in brown dwarf
atmospheres, it provides little information about the efficiency of
mixing. On the other hand, the CO abundance is very sensitive to
the choice of the mixing parameter K, and photometric or spec-
troscopic observations of the 4.7 �m CO band are the most ef-
fective ways to determineK. Our study provides themost accurate
parameters of any known brown dwarf (Fig. 1):TeA¼ 800Y820K,
log g ¼ 5:09Y5.23, R ¼ 0:0901Y0.0853 R� , log L/L� ¼ �5:525
to�5.551,M /MJ ¼ 38Y47, and an age of 3Y5Gyr. The upper limit
of this range (Fig. 1) is at least 2.8 � more likely than the lower
limit. Gl 570D joinsGl 229B as the secondT dwarfwhere the effect
of nonequilibrium chemistry due to vertical transport has been dem-
onstrated explicitly.
This work is based (in part) on observations made with the

Spitzer Space Telescope, which is operated by the Jet Propulsion
Laboratory, California Institute of Technology, under NASA con-
tract 1407. T. R. andM.M. acknowledge the support of theNASA
Office of Space Sciences. K. L. is supported by NSF grant AST
04-06963. Part of this work was supported by the United States
Department of Energy under contractW-7405-ENG-36, andNASA
through the Spitzer Space Telescope Fellowship Program through
a contract issued by the Jet Propulsion Laboratory, California Insti-
tute of Technology, under a contract with NASA. This research
has benefited from the M, L, and T dwarf compendium housed at
http://www.DwarfArchives.org and maintained by C. R. Gelino,
J. D. Kirkpatrick, and A. J. Burgasser.
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