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Gaia colors of brown dwarfs
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Abstract. The Gaia mission will allow us to study several hundred L and T dwarfs. An
understanding and calibration of a well defined bright L dwarf sample from the Gaia mis-
sion will impact many areas of astronomy from the history of our Galaxy to understanding
hot exoplanet atmospheres. We collect SDSS and 2MASS photometry for 580 L and 131 T
dwarfs. We examine the SDSS/2MASS average colors for MO to T6 and estimate Gaia col-
ors for the same samples. From the spectral type vs SDSS/2MASS colors we find for stars
there is a monotonic increase while the brown dwarfs vary in their colors due to their com-
plex atmospheres. We find the predictions for Gaia colors from empirical and theoretical
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approaches are not consistent.
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1. Introduction

Brown dwarfs are sub-stellar objects that have
mass between the most massive planets and the
least massive stars, with spectral type spread
across late M, L, T and Y dwarfs. In the year
1995, the first two brown dwarfs were discov-
ered: one was a late M (Rebolo et al.[19935)) and
another was a T dwarf (Nakajima et al.|[1995).
Brown dwarfs have colors that overlap with
those of M dwarf stars and also of the new ex-
oplanets. The majority of known brown dwarfs
are L dwarfs because of their brightness. The
Gaia mission will directly observe ~ 500 LO to
L5 dwarfs and a few late L and early T dwarfs
(Smart/2014)). This Gaia sample will enable a
fine calibration of the change in physical char-

acteristics as a function of absolute luminos-
ity, color and spectral features. The long life-
times, unchanged chemical composition, age
dependant spectral type and brightness rela-
tive to other brown dwarfs will make L dwarfs
prime candidates for studying the history of
Galaxy. To understand what the photometry of
Gaia will provide for L dwarfs we look at the
SDSS/2MASS and predicted Gaia colors for
MO to T6.

2. Brown dwarf optical and
near-infrared colors

We collected the 2MASS Point source All Sky
Catalogue and SDSS DR10 photometry for all
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Fig. 1. Color-SpT diagrams for MO to T6 dwarfs. The red error bars are the standard deviation of the colors
for each spectral bin and the black error bars are average errors in each spectral bin. For the M dwarfs, we
set the black error bars to be 0.07 as discussed in the text.

the L and T dwarfs in DwarfArchivesl. This
resulted in 580 L and 131 T dwarfs with both
2MASS and SDSS photometry. For each sub-
type we calculate the average color excluding
statistical outliers. In Table 1 we report the
mean color by spectral type, the sample size for
each point, the dispersion of that mean color
and also an average error based on the prop-
agation of the errors of the individual magni-
tudes. The SDSS/2MASS color trends for MO
to T6 is shown in figure [I] where the colors
for MO to M9 objects comes from table 2 of
West et al. (2011). In West et al. they do not
quote errors for their colors, however, as they
limited their sample to objects with magnitude
errors less than 0.05 we adopt an average er-
ror in the color of 0.07. In the calculation of
our SDSS/2MASS colors no objects with er-
rors greater than 1.0 magnitudes were used and

! http://DwarfArchives.org

we carry out one iteration of 3 sigma clipping
in each bin.

It is known that colors with a long wave-
length baseline for cool stars provide reason-
ably monotonic changes in color, e.g., an op-
tical minus and infrared magnitude. Thus they
can give strong diagnostic information for M
to T dwarfs. This can be understood as result-
ing from the optical magnitude sampling the
steeply rising energy distribution shortward of
its peak and the infrared magnitude sampling
the peak of the energy distribution.

It can be seen in the left panel of Fig. 1 that
this idea breaks down for the g — r and r — i
colors by L dwarf spectral types. We conjec-
ture that by L dwarf spectral types although
the g, r and i bands all lie in the steeply ris-
ing part of the spectral energy distribution they
have become strongly dominated by Na and K
resonance features which can be seen in their
optical spectra (Burrows & Volobuyev| 2003}
Kirkpatrick et al.|2008)). In this work we wish
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Table 1. Mean SDSS/2MASS colors by spectral type.

SpT g-r o:€ N r—i o:€ N i—z O:E N z—J o€ N
LO 1.860.61:0.05 137 2.520.17:0.02 111 1.860.06:0.00 120 2.420.10:0.01 105
L1 2.08 0.46:0.05 100 2.530.14:0.02 89 1.880.06:0.00 94  2.500.09:0.01 79
L2 2.160.62:0.09 43 2.400.15:0.03 42 1.840.07:0.02 44  2.590.12:0.01 41
L3 2.050.77:0.09 39  2.410.08:0.05 23 1.84 0.09:0.01 33 2.640.19:0.02 37
L4 1.69 0.81:0.14 22 2.530.30:0.08 19 2.120.13:0.03 21 2.810.12:0.03 18
L5 1.750.79:0.14 21 2.390.36:0.10 20  2.280.11:0.04 18 2.770.06:0.02 16
L6 1.170.75:0.17 20  2.050.33:0.11 18 2430.22:0.04 19  2.680.16:0.04 19
L7 0.611.30:034 5 2.400.58:0.24 6 278 0.45:0.07 6 2.670.17:0.05 6
L8 1.07 0.64:0.25 11 2.190.52:0.18 11 3.050.38:0.06 11 2.790.16:0.03 11
L9 -220.96:040 6 2.440.65:035 6 3.190.24:0.14 6 2.670.34:0.07 6
TO 0.710.81:035 5 2.021.13:029 5 3.100.39:0.12 5 2.670.32:0.08 5
T1 0.820.97:032 6 1.64 0.76:0.27 7 3.450.28:0.17 7 2.890.31:0.07 6
T2 0.300.70:0.28 9 1.70 1.30:0.25 9 4.010.99:0.14 9 3.090.09:0.05 8
T3 0.030.99:042 4 2.100.88:0.39 4 3.480.79:020 4 2.990.10:0.07 4
T4 0.510.35:043 3 2.130.94:041 3 4.070.58:0.29 3 3.380.12:0.07 3
T5 0.29 0.48:0.28 7 1.441.27:025 7 4.070091:0.15 7 3.300.12:0.04 7
T6 0.120.63:0.38 4 0.830.54:033 5 3.870.98:024 5 2.921.46:0.08 5

Note: The magnitudes listed are SDSS g,r,i,z and 2MASS J. For each color and spectral bin we list the

mean, standard deviation of the mean, the average error in each bin and the number of objects in each bin.

to point out the differences in the two kind of
error bars in Figure 1 (a) black ones: the aver-
age error of the colors from the propagation of
the individual error of the magnitudes and (b)
red ones: the standard deviation of the colors
for each spectral type bin. An increase in the
spread of the standard deviation of colours at a
particular spectral type can be seen to shift to
progressively later spectral types as the color
becomes redder: for g-r the scatter increases at
M9, r—iatl4,i—zatL6and z — J at L9.
Although in detail each of the colors investi-
gated behaves differently these spectral types
give an empirical limit of where these colors
become of little use for spectral typing pur-
poses. Additionally, it is notable that the er-
ror bars (red and black) are typically larger for
spectral types where dust is appearing (M6 to
LO0) and disappearing in the atmosphere (L7 to
TO). It should be noted that since colors are not
in general derived contemporaneously, differ-
ences may arise from intrinsic color variability
or from different colors produced by different
metallicity or gravity. In addition, we can see
that the mean g — r colors have very large scat-

ters after the M dwarfs, which in part arises be-
cause the dwarfs cooler than M are very faint in
g magnitude and hence their uncertainties are
very large.

3. Brown dwarf Gaia colors

The Gaia mission samples the spectral energy
distribution of each source by a dedicated spec-
trophotometric instrument providing low reso-
lution spectra in the blue and red bands. The
integrated flux of these spectra yield Ggp and
Ggp magnitudes as two broad passbands. In
Jordi (2012) they provide transformation equa-
tions to estimate the Ggp and Ggp from the
SDSS r — i based on stellar spectra: Ggp —
Grp = 0.5132+2.5922(r — i) — 0.6063(r — i)> +
0.1065(r — i)® Using the r — i colors in Table 1
we estimate Ggp — Ggp colors for our spectral
range and show this in Figure 2l We note this
equation is developed from stellar spectra so
any use for brown dwarfs with very different
spectra is an extrapolation. As a comparison
we have also plotted the Ggp — Ggp relation
from |Sarro et al.|] (2013) based on the DPAC



798

MO M2 M4 ME M8 LD L2 L4 L6 8 T0 T2

Fig. 2. Predicted Ggp — Ggp vs SpT for MO to T1
dwarfs. The curve with red diamonds indicates Gaia
color from the transformations equation from Jordi
(2012). The error bars are from formal error propa-
gation of the r — i scatter. The curve with black as-
terisks indicates Gaia model color from [Sarro et al.
(2013)) Table 1.

Gaia filter simulator and spectra from BT-Settl
model atmospheres.

The difference in colors later than L5 be-
tween the transformation and the simulations
is partially due to the problems with the ex-
trapolation to non-stellar objects but it is also
probably due to shortfalls in the BT-Settl mod-
els. We note that for empirical reference |[King
et al.|(2010) give the R-z colors of Eps Indi Ba
(T0.5) and Bb (T6) as 5.58 and 5.82 respec-
tively. By the second release of Gaia we will
have the blue and red colors of the L dwarfs
visible to Gaia and as shown by Figure 1 and
in the work of Sarro et al. (2013) the variations
of similar spectral types even within these col-
ors may provide us with clues on how to un-
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ravel the age-mass degeneracy that is limiting
the full exploitation of L dwarfs for the study
of our Galaxy.
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