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Stars are Simple 

–  Conserva)on	  of	  Mass	  
–  Hydrosta)c	  Equilibrium	  
–  Equa)on	  of	  State	  
–  Conserva)on	  of	  Energy	  /	  
Radia)ve	  Transfer	  
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Planets are Hard 

–  Conserva)on	  of	  Mass	  
–  Hydrosta)c	  Equilibrium	  
–  Equa)on	  of	  State	  
–  Conserva)on	  of	  Energy	  /	  
Radia)ve	  Transfer	  
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We don’t even fully understand 
systems for which we can get 
data like this … 
	  



Let alone when what we see is this 
…  
 
… because for exoplanets we 
mostly see just the star 

	  



Which is where brown dwarfs come 
in 
•  Largely made from the same stuff as planets – 

observable properties largely determined by upper 
layers (atmosphere/photosphere) which is the same 
in both. 

•  Overlap in mass range (1-60 Mjup) 
•  Overlap in luminosity and temperature (300-2000K) 



Brown dwarfs … and WISE 
•  Brown dwarfs give you an analog to study how giant 

planets work, without having a whomping great star in 
the way. 

•  Some of the most interesting are those at the lowest 
temperatures. 

•  T dwarfs (Teff ~1500-500K) in the 00’s by 2MASS 
•  Y dwarfs (Teff ~500-300K) in the 10’s by WISE 



Y dwarfs 
•  Ridiculously red, 

even when 
compared to M 
dwarfs, L dwarfs and 
T dwarfs 

•  WISE ~16th mag limit 
means that most of 
the most interesting 
objects are very faint 
J~21-24 

•  Rare – ~20-30 in 
whole WISE 
database 
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Figure 5. J − H color vs. spectral type for objects with solid J − H colors (not
limits). Color coding and symbol selection are explained in the legend.
(A color version of this figure is available in the online journal.)

Kouzuma & Yamaoka 2010)—that are not brown dwarfs and
have J − H colors below 0.4 mag.

Fortunately, other colors like J − W2 and H − W2 can also
be used to distinguish populations. Figures 7 and 8 show these
colors as a function of spectral type and demonstrate that the
J − W2 color of mid- to late-T dwarfs runs from ∼2.0 mag at
T5 to >4.0 mag at late-T; H − W2 color runs from ∼1.5 mag
to ∼5.0 mag for the same range of types. Figures 9 and 10
show the trend of J − W2 and H − W2 with W1 − W2 color.
The correlation is very tight for M and L dwarfs (W1 − W2 <
0.6 mag), but at redder W1 − W2 colors, corresponding to the
L/T transition and beyond, there is a much larger spread of
J −W2 and H −W2 colors at a given W1−W2 color. Nonethe-
less, both J − W2 and H − W2 color increase dramatically
beyond W1 − W2 >1.5 mag (>T5).

With our list of brown dwarf candidates in hand, we have
obtained J and H observations—and in some cases, Y and Ks as
well—using a variety of different facilities in both hemispheres.
Details of those observations are given below, and a listing of
the resultant photometry can be found in Table 3.

3.1.1. Fan Mountain/FanCam

The Fan Mountain Near-infrared Camera (FanCam) at the
University of Virginia’s 31 inch telescope has a 1024 ×
1024 pixel HAWAII-1 array (pixel scale of 0.51 arcsec pixel−1)
that images an 8.7 arcmin square field of view (Kanneganti et al.
2009). Observations of eight of our candidates were obtained
in the 2MASS J and H bands, and for some objects Y-band

Figure 6. J − H color vs. W1 − W2 color. Symbols are the same as in Figure 5.
(A color version of this figure is available in the online journal.)

Figure 7. J −W2 color vs. spectral type. Color coding is the same as in Figure 5.
(A color version of this figure is available in the online journal.)
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Low-res classification 
spectroscopy 
•  Need imaging and spectroscopy to robustly 

identify & classify the near-infrared counterparts 
to WISE and 2MASS. 

•  For WISE Y dwarfs : R~500 at J~20-22 
•  Gemini missed  

this in the south  
as F2 was not  
available  
(FIRE is 70-100%  
faster). 

W1141	  Y0	  J=19.9	  FIRE	  	  
2000s	  in	  0.5”	  seeing	  



GeMS/GSAOI Imaging 
•  Astrometry (= parallax distances) critical 
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Figure 4. Color–absolute magnitude diagrams in the JMKO and W2 passbands. Symbols are the same as in Figure 3 except that Y0/Y0.5 objects are magenta and
Y1 cyan. Where multiple distances have been measured for a target, we plot each independently. Cloudless models (labeled “CldFree,” black lines; Saumon et al.
2012) are superimposed at log g = 4.0 and 5.0, along with Sulfide+Salt cloud models (“S/Salt Cld,” green lines; Morley et al. 2012) at log g = 4.5 for fsed =
2–5—with the fsed = 2 model extended by a special model run to Teff = 300 K, and water cloud models due to Morley et al. (2014, “H2O+S/Salt Cld,” blue lines,)
with log g = 5.0 and 4.0 at fsed = 5.
(A color version of this figure is available in the online journal.)
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GeMS/GSAOI Imaging 
•  Astrometry is potentially doable for fainter Y dwarfs 

(J>21) than in natural seeing, since FWHM 
~400mas => ~70mas. But there is a price to pay ...  

•  loss … 

FourStar	  0.31”	  seeing	   GeMS/GSAOI	  0.064”	  fwhm	  

W1541	  Y0.5	  J=20.0	  

W1541	  Y0.5	  J=20.0	  
π	  =	  176	  ±	  9	  mas	  



GeMS/GSAOI Binarity 
•  While you wait  

for the 6-8 epochs  
needed to get a  
parallax, you can  
look at binarity … 

•  Opitz et al. (2015), 
ApJ, submitted. 
 
GeMS sees no 
equal binaries 
(down to 0.5AU 
for 3 brighter Y 
dwarfs) 

4 Opitz et al.

Figure 1. Left : Y dwarfs imaged in the CH4S filter. For each object two panels are shown, with the left displaying a 0.8” x 0.8”
sub–image centered on the Y dwarf, and the right showing a nearby reference star. All images are north up and east to the left.

Table 3

Signal Noise

Short name S/N S/N
(ref star)

W0713 200 166.67
W1541 58.82 76.92
W1639 76.92 52.63
W0535 21.28 29.41
W0359 37.04 18.52

Note. — Estimate of the S/N
obtained for the Y dwarfs and ref-
erence stars displayed in Fig. 1.
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The flux F of the hypothetical secondary was then con-
verted to a magnitude (m2) using the standard equation

m2 / �2.5 ⇤ log10(F ) (4)

and the magnitude di↵erence was computed as the dif-
ference between m2 and the magnitude of the target
(mT ).
When DAOPHOT is unable of determining a

reasonable modal sky value ( for example when
the star + sky is fainter than the sky), it flags the
standard deviation with -1. These values were
discarded from the results.

3.3. Results

The regions of magnitude di↵erence vs separation
space ruled out by these observations are best visual-
ized by examining Fig. 3. Table 4 summarizes some key
features of these diagrams, namely the largest separa-
tion allowed for an unresolved equal-luminosity binary,
and the largest magnitude di↵erence ruled out by these
data.
As a general rule, the artificial star injection technique

is more powerful at small radial separations where the Y
dwarf is imaged with good S/N. In this case an accurate
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W0535	  >Y1	  	  	  	  	  	  	  	  	  	  ref	  *	  

W0713	  Y0	  	  	  	  	  	  	  	  	  	  	  ref	  *	  

W1639	  Y0	  	  	  	  	  	  	  	  	  	  	  	  ref	  *	   W0359	  Y0	  	  	  	  	  	  	  	  	  	  	  	  ref	  *	  

W1541	  Y0.5	  	  	  	  	  	  	  	  	  ref	  *	  



What we’d like to do … 
Spectroscopy 
•  High-S/N, High-res (R>5000) spectroscopy can 

confront models, and work out which (of the 
many knobs available) should be tweaked.  

 

recently provided data for 10 billion transitions (in addition 
to their work on the key moelcules H2O and NH3). When 
these new line lists were included in the radiative transfer 
of a mid-T-dwarf atmosphere using the Versatile Software 
for Transfer of Atmospheric Radiation (VSTAR – see 
Bailey & Kedziora-Chudczer 2012), a remarkable result 
was found (see Fig. 2). For the first time in T dwarf 
modeling, a detailed atmospheric model for a T dwarf had 
accurately reproduced the observed spectrum across the 
entire near-infrared1.  

This proposal 

We seek to take this development for T dwarfs to the next 
coolest class of brown dwarfs – the Y dwarfs. These 
objects have (to date) been largely explored either using 
photometry, low-resolution spectroscopy (sufficient to 
obtain spectral types) or astrometry (to obtain 
luminosities). No moderate resolution (R>2000) or high 
S/N spectra for Y dwarfs have yet been obtained or 
published. This is largely because the Y dwarfs – as a class 
– are very faint in the near infrared, with almost all being 
fainter than J=20.5-21.0. 

However, almost all does not mean all, and there are a 
handful of brighter Y dwarfs, which are amenable to the 
sort of moderate resolution and high signal-to-noise 
spectroscopy (as shown in Fig. 2), which would enable a 
detailed comparison with the latest atmospheric models. 

We propose to obtain moderate resolution (R=6000), high 
signal-to-noise (S/N>50) spectroscopy for two of the 
brightest Y dwarfs using the FIRE spectrograph, and carry out a detailed comparison of these spectra with VSTAR 
models. Co-I Tinney will acquire the spectra and Co-I Bailey (the creator of the VSTAR code) will generate atmospheric 
model spectra to compare with the data. 

Observing 

We will observe our two bright Y dwarf targets (W0713 and W0734 which have J=19.5 and J=20.2 (respectively) – see 
Target List) using the echellete mode of FIRE with a 0.6” slit. This delivers R~6000 spectroscopy across the entire YJHK 
bands in a single wavelength format. We have extrapolated exposure time requirements using the extant FIRE 
observations of the T9 dwarf UGPS0722 (Bochanski et al. 2011), which is 3 magnitudes brighter than W0713 and for 
which a 3600s exposure in 0.6” seeing delivered peak signals-to-noise in the Y,J,H,K bands of ~250, 350, 200, 60 
(respectively). 

For observations at this resolution, FIRE is essentially read-noise limited in between the OH lines in the YJH bands (R. 
Simcoe, priv.comm.), and thermally limited in the K band. This means that we can expect to obtain S/N>50 for W0713 (a 
factor of 16 fainter than UGPS0722) in the YJH bands in a 2h exposure, and S/N>50 for W0734 (a factor of 30 fainter 
than UGPS0722) in a 4h exposure. Both these estimates are consistent with the high quality spectra obtained for high 
redshift quasars with FIRE from long exposure on J~19.5 quasars by Venemans et al. (2015). Observations for both 
targets in the K band are much more challenging, so these do not set the required exposure times – in K we will simply 
get what we get. 

Scheduling 

Both targets are best observed in Dec/Jan. The 6h of required integration time, plus overheads for acquisition and readout 
for FIRE, are consistent with one summer night. This program is suitable for scheduling alongside the 2n of time request 
Tinney et al. in M/2015B/16 with FourStar, and using the ability to switch rapidly between FIRE and FourStar to 

                                                        
1 The model is based on a pressure–temperature structure for effective temperature 1200 K and log g = 5 (Burrows et al. 
2006) and assumes equilibrium chemistry. The new model also uses updated absorption coefficients for H2–H2 collision 
induced absorption (Abel et al. 2011). 

 

Fig. 2 – Spectra of the T4.5 dwarf 2M0559-14: models 
are VSTAR with the 10to10 line list (red), VSTAR with 
the a previous line list (STDS in blue), the BT-Settl 
model of Allard et al. (cyan), and an observed spectrum 
(black) taken with the SpeX instrument on the 3-m 
NASA Infrared Telescope Facility with R=2,000 and 
S/N of better than 50 (from Yurchenko et al. 2014). The 
improved agreement of the black and red curves, 
compared to earlier generations of model, is remarkable. 

comparison of the new VSTAR model using 10to10 with the old
VSTAR model using the STDS list provides the direct com-
parison of the effect of just changing the opacities. Also included
on the plot are results obtained using the BT-Settl model (38) for
Teff = 1,200 K and log g = 5, which is also based on the old line
lists and similarly fails to match the observations in the regions of
strong methane absorption.
It can be seen that the new model using the 10to10 list fits the

data much better, particularly in the 1.6–1.8 μm region. In this
region the STDS based lists used previously include no hot bands
and clearly fail to properly represent the absorption in this re-
gion. Fig. 4 shows two expanded views of the spectral regions

sensitive to methane and shows that much of the detailed line
structure is reproduced by the model. The VSTAR model used
here, which is a cloud-free model, fits the data for this object sig-
nificantly better than the BT-Settl model, which includes clouds.
A line list as large as 10to10 presents something of a challenge

for a line-by-line modeling code such as VSTAR. Initially, we
tried to model the spectrum using a line intensity cutoff of 10−27

cm/molecule at 1,500 K to reduce the number of lines used in the
line-by-line code. However, this procedure was found to produce
significantly less absorption than the use of the full line list. Even
though the lines below this cutoff are very weak, the very large
number of them means they still contribute significant total ab-
sorption. To speed up the line-by-line calculations, we have di-
vided the lines into strong and weak lines. Only the strong
methane lines are modeled with a full line shape calculation. For
the many weak lines we simply add the total line absorption into
the single wavelength bin in which the line center lies. Given that
there are many more lines than there are wavelength bins in our
spectrum, these lines are clearly never going to be individually
resolved. In the models presented here the boundary between
strong and weak lines was set at 10−26 cm/molecule at the tem-
perature of the atmospheric layer being modeled.
It remains very challenging to obtain even relatively crude

spectra of exoplanets. The most productive technique has been
monitoring the variation in observed starlight for those planets
that transit their host star as viewed from Earth, for both the
primary and secondary eclipse. Interpreting these observations
requires the construction of detailed radiative transfer models.
TAU (46, 47) is a one-dimensional radiative transfer code for
transmission spectroscopy of exoplanets, especially designed for
hot Jupiters with near-stellar orbits. It uses a line-by-line in-
tegration scheme to model transmission of the radiation from
the parent star through the atmosphere of the orbiting planet,
equating physically to observations of the radius ratio (transit
depth) as a function of wavelength in the primary transit geometry.
Abundances of absorbing molecules in the atmosphere can hence
be estimated by hypothesizing compositions and comparing to any
available observations. Specifically, the algorithm calculates the
optical depth of the atmosphere (and hence effective radius of the
planet) at a particular wavelength, given model trace molecular
abundances and the atmospheric structure and absorbing behavior
(in the form of line lists) of those molecules. A transit depth can
hence be calculated as the ratio of the squared radii of the planet

Fig. 3. VSTAR spectra of the T 4.5 dwarf: models are VSTAR with the 10to10
line list (this work), VSTAR with the STDS line list (22), and a comparison
using the BT-Settl model of of Allard et al. (38). The observed spectrum was
taken with the SpeX instrument on the 3-m NASA Infrared Telescope Facility
(IRTF) and was obtained from the IRTF spectral library (39, 40). It has
a spectral resolving power (R = λ/Δλ) of 2,000 and an S/N of better than 50.

Fig. 4. Close up of spectra of the T 4.5 dwarf observed using IRTF compared with a VSTAR model with the 10to10 line list.

Yurchenko et al. PNAS | July 1, 2014 | vol. 111 | no. 26 | 9381
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e.g.	  Yurchenko	  et	  al.	  2014,	  
PNAS.	  
	  
Improved	  CH4	  line	  lists	  (red)	  
required	  to	  (finally)	  get	  a	  
good	  match	  with	  mid-‐T	  
dwarf	  2MASS0559.	  
	  
Needs	  spectroscopy	  at	  J=20	  



What we’d like to do … 
Astrometry 
•  GeMS anywhere on the sky – not just the 5 Y dwarfs 

close enough to the plane, or near LMC, to have 3 
bright guidestars (Better wavefront sensors!).  

•  GeMS reliably able to get 4 epochs per year for 2 
years, as opposed to 1 epoch per year (better laser, 
more GeMS blocks!). 



Some (personal) thoughts as 
Australia departs … 
•  Gemini must spend resources where it has a 

unique international niche – GPI, MCAO. 
•  GeMS MCAO system in completely unique. 

Give it a better laser now.  
Give it better wavefront sensors now. 

•  GMOS is a powerful workhorse. GHOST should 
be a powerful workhorse. 

•  F2 is not a powerful workhorse. Cut your losses. 
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