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Structure of our discussion 
•  Identified broad science themes 
• Considered landscape in 2020 
•  Identified suite of technical details needed to define 

spectroscopic capabilities 
•  For each science theme, drilled down into specific science 

questions 
• Began to populate big table of technical details 
•  Identified specific questions needing answers 
• Maintained a running list of “low hanging fruit” 



Discussion in a nutshell 



A.  Galactic structure 
• What is the accretion history of the Galaxy? 
• What is the shape of the dark matter halo? 
• What does the population of DM subhalos look like? 
• How long is the metal-poor tail? 



LSST discovery space 

RR Lyrae to 400 kpc 
MSTO to ~200 kpc 



What is the accretion history of the 
Galaxy? 

•  Tracers: Giants, HB stars, subgiants, MSTO stars 
•  Measurements: velocities (<10 km/s accuracy) 
•  Abundances: [Fe/H], [α/Fe], [C/Fe], individual species 
•  Proper motions from GAIA and LSST 
•  Sample size ~106? 

Questions, comments: 
•  How hot a tracer can we effectively use? 
•  What is the sweet spot for verr? 
•  How to efficiently select targets? 
•  What different samples are needed? 
•  Need to push on photometric accuracy 
 



A.  Galactic structure 
What does the population of DM subhalos look like? 
DM subhalos perturb streams 
Tracers: all stars in streams, colder better 
Measurement: velocities <1 km/s 
Need to turn sample size into magnitude distribution 
Simulation? 
 
 



B. Solar neighborhood 
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B. Solar neighborhood 
What are the masses of BDs? 
  Tracers: Binary BDs 
  Velocities: <50-100 m/s 
  R~40-50K 
   
Q: Can we use color as binary selector?  Will have distance. 
    
What is the nature of weather on BDs? 
Measurement: linked spectral and photometric variability 
 

M. Gillon et al.: Fast-evolving weather for Luhman 16B

HJD-2450000. 

Fig. 2. Globally normalized TRAPPIST di�erential photometry for Luhman 16 (top) and for one of the comparison stars used in the
reduction (bottom, shifted along the y-axis for the sake of clarity), unbinned (cyan) and binned per interval of 30 min (black). The
standard deviation of the binned light curves are 2.2% and 0.1% for Luhman 16 and the comparison star, respectively.

Fig. 3. Di�erential photometry for the second part of night #10,
binned per 10 min intervals, obtained with an aperture en-
compassing both components of the binary (filled green cir-
cles), and with apertures encompassing only the PSF center
of Luhman 16A (black empty symbols) and Luhman 16B (red
vertical bars). The amplitude of the variations is amplified on
Luhman 16B, indicating that they originate from this T-dwarf.

ing modeled by a semi-sinusoidal function falling to zero when
the slice disappears from view. To this rotational model, we
added a baseline model accounting for (i) the flip of the equato-
rial mount of the telescope at the meridian, putting the stellar im-
ages on di�erent pixels and thus possibly creating small o�sets
in the di�erential photometry, (ii) a 2nd-order airmass polyno-
mial aiming to model the di�erential extinction curvature due to
the much redder color of the target compared to the comparison
stars, and (iii) a 4th-order time polynomial representing the low-
frequency variability of the system, including the evolution of
the patterns from one rotation to the other. In this global model,
the only two perturbed parameters in the MCMC were the rota-
tion period and an arbitrary phase, the solution for the remaining
parameters being obtained by linear regression at each step of
the Markov chains (see G12 for details). Two MCMC chains of
100,000 steps were performed to probe e⇥ciently the posterior
distribution of the rotational period.

Our MCMC analysis gives Prot = 4.87±0.01h, producing an
excellent fit between the model and the data (see Fig. 1). While
a periodogram of the residuals reveals no additional period, we
performed an additional analysis by adding a second rotational
model to the MCMC. This analysis also failed to identify a sec-
ond period. The Bayesian Information Criterion (Schwarz 1978)
significantly increased by +360, indicating that a model includ-
ing a single rotation period is a more likely representation of
the data. We thus conclude that only one of the two BDs domi-
nates the photometric variability since a same rotational period
for both BDs is unlikely.

A new photometric reduction of a fraction of our images us-
ing the IRAF/DAOPHOT ALLSTAR PSF-fitting software (Stetson
1987) revealed that the B component is -0.1 ± 0.1 mag brighter
than the A component

We then attempted to determine the origin of the signal. We
extracted the fluxes of both components by aperture photometry,
fixing the aperture centers on the known positions of the two
BDs. The aperture sizes were chosen to encompass only one PSF
center. Using only data showing both a large signal and having
the smallest and most stable PSF widths, we find that a larger
amplitude is visible on the T-dwarf, while no significant signal
is obtained for the L-dwarf. This is illustrated for a fraction of
night #10 in Fig. 3. From these results, we conclude that the
detected quasi-periodic variability originates from the T-dwarf
Luhman 16B.

4. Discussion

From their new spectroscopy and from the relationship of
Stephens et al. (2009), K13 attribute to Luhman 16A and B com-
ponents e�ective temperatures of 1350±120K and 1220±110K,
respectively. Such very low temperatures make atmospheric con-
densates the most likely source of the observed rotational vari-
ability (see discussion by Radigan et al. 2012 for the T1.5 BD
2M2139). The most surprising feature of the patterns reported
here is their fast evolution from night to night. To our knowledge,
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Fig. 2.— Reduced FIRE prism spectra of WISE J1049−5319A (top) and B (bottom), both calibrated to absolute flux units.
WISE J1049−5319A is offset by 5×10−12 erg s−1 cm−2 µm−1 as indicated by the dotted lines. Major absorption features are labeled, as
well as regions of strong telluric absorption (⊕).
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Fig. 3.— Comparison of the FIRE prism spectra of
WISE J1049−5319A (top) and B (bottom, in black) to best match
near-infrared spectral standards 2MASSW J1632291+190441 (L8)
and SDSSp J083717.22-000018.3 (T1, in red), following the method
of Kirkpatrick et al. (2010). All spectra are normalized. The com-
parison region of 0.9–1.4 µm is indicated; both sources are notably
redder than their comparison stars. SpeX data for the standards
are from Burgasser et al. (2006a) and Burgasser (2007).

nificantly redder spectral energy distributions than their
corresponding standards. Finally, we compared the full
0.9–2.4 µm FIRE spectra to low-resolution templates
from the SpeX prism Spectral Libraries7. We found best
matches to the L8 SDSSp J085758.45+570851.4 and the
L9.5 SDSSp J083008.12+482847.4 (Geballe et al. 2002)
for WISE J1049−5319A and B, respectively, and mean
near-infrared classifications of L7±0.9 and L9.5±0.5.
Combining these analyses, we assign classifications of
L7.5 and T0.5 for the two components, which places them
squarely across the L/T transition.

3.2. Component Photometry: A Flux Reversal Binary

Resolved photometry by Luhman (2013) identified
WISE J1049−5319A as the brighter of the two sources at
i-band, but inspection of the images in Figure 1 indicates
that the two components “flip” in relative brightness,
with WISE J1049−5319B being brighter at J but fainter
at K (WISE J1049−5319B appears to be marginally
brighter at H as well). To quantify the amplitude of
this reversal, we performed PSF-fitting analyses on our
FIRE and SpeX images using a Monte Carlo Markov
Chain (MCMC) technique. For the FIRE image, our

7 http://www.browndwarfs.org/spexprism; see Burgasser et al.
(2010a) for details.



C.  Milky Way and local galaxy 
populations 
• Known and unknown Star clusters 

• Known and unknown dwarf galaxies 



D.  Extended sources 
•  ISM 

•  Stellar classification for aid in creating dust maps 

• Galactic light echoes 
•  Diffuse light spectroscopy 

• Microquasars 
•  Spectral study of surrounding low surface brightness features 



Technical capabilities discussed 
•  Depth 
•  S/N 
•  Wavelength 
•  Resolution 
•  Target surface density 
•  Survey area 
•  Minimum sample size 
•  Desired sample size 
•  Target selection efficiency 
•  # visits 
•  Cadence 
•  Data needed when? 
•  Other considerations: overlap with other science areas, potential capability 

trades, narrowband imaging as complement or replacement for 
spectroscopy?) 




