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ABSTRACT

WISE J085510.83-071442.5 (hereafter, WISE 0855-07) is the coolest Y dwarf known to date and is located at
a distance of 2.31 +0.08 pc, giving it the fourth largest parallax of any known star or brown dwarf system. We
report deep z-band observations of WISE 0855-07 using FORS2 on UT1/Very Large Telescope. We do not detect
any counterpart to WISE 0855-07 in our z-band images and estimate a brightness upper limit of AB mag > 24.8
(Fy, < 0.45 ply) at 910 £ 65 nm with 30 confidence. We combine our z-band upper limit with previous near-
and mid-infrared photometry to place constraints on the atmospheric properties of WISE 0855-07 via comparison
to models which implement water clouds in the atmospheres of T < 300 K substellar objects. We find that
none of the available models that implement water clouds can completely reproduce the observed spectral energy
distribution of WISE 0855-07. Every model significantly disagrees with the (3.6 um/4.5 pwm) flux ratio and at least
one other bandpass. Since methane is predicted to be the dominant absorber at 3—4 um, these mismatches might
point to an incorrect or incomplete treatment of methane in current models. We conclude that (a) WISE0855-07 has
T ~ 200250 K, (b) < 80% of its surface is covered by clouds, and (c) deeper observations, and improved models
of substellar evolution, atmospheres, clouds, and opacities will be necessary to better characterize this object.
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1. INTRODUCTION

Y dwarfs are substellar objects located at the coolest and
lowest-mass edge of the brown dwarf M-L-T-Y spectral
sequence (Kirkpatrick et al. 2012 and references therein).
Previous studies of YO-1 spectral type objects reveal effective
temperatures of 400-500 K and masses of 10-30 My, (e.g.,
Cushing et al. 2011; Dupuy & Kraus 2013; Leggett et al. 2013).
Models predict a distinct atmospheric chemistry for Y dwarfs:
NH; becomes apparent in the near-infrared and various species
condense to form clouds (Burrows et al. 2003). In the warmest Y
dwarfs, these clouds are composed of Na,S (Morley et al. 2012),
but at temperatures lower than 300 K the clouds may include
H,0, NHj3, and other, more exotic species (Burrows et al. 2003;
Visscher et al. 2006; Morley et al. 2014).

Most recently, Luhman (2014) announced the detection of
WISE J085510.83-071442.5 (hereafter, WISE 0855-07), a Y
dwarf with T = 235-260 K at a distance of 2.31 +0.08 pc
(Luhman & Esplin 2014), making it the fourth closest known
stellar or brown dwarf system. WISE 0855-07 is the coolest
Y dwarf known to date. Occupying a temperature regime
intermediate between hotter and more massive L and T dwarfs
(Ter > 550 K) and Jupiter (7o = 126 K; e.g., Li et al.
2012), WISE 0855-07 provides a unique opportunity to test
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the presence of water clouds in the atmospheres of Y dwarfs at
temperatures below 400 K.

Luhman (2014) and Wright et al. (2014) report observations
of WISE 0855-07 from WISE (Wright et al. 2010), Spitzer, and
ground-based facilities. However, the object is only detected
by WISE and Spitzer in essentially two bandpasses at 3.6 um
and 4.5 um. Beamin et al. (2014) also report a non-detection
at Y band giving an upper limit of ¥ > 24.4 mag at the 30
level. On the other hand, Faherty et al. (2014) announce a 2.60
detection of WISE 0855-07 giving J3 = 24.8"% (Juko =
25.0t%§335), or equivalently an upper limit of J3 > 23.8 mag
(JMko > 24.0 mag) at 50. Faherty et al. compare these
observations with chemical equilibrium atmospheric models
and demonstrate that WISE 0855-07 is 2.70 from cloudless
atmosphere models and can be reproduced by partly cloudy
models (50%) containing sulfide and water ice clouds. However,
the latter have been disputed by Luhman & Esplin (2014) who
find that the spectral energy distribution (SED) of WISE 0855-07
can be explained by cloudless models that implement non-
equilibrium chemistry. Nevertheless, we show that none of the
available models that implement water clouds match all the
existing observations completely (see Section 3), emphasizing
that theoretical predictions for Y-dwarf atmospheres are still
quite uncertain. Obtaining a complete SED for WISE 0855-07
is essential for understanding atmospheric properties in the
temperature regime below 400 K. In this paper, we present deep
z-band observations of WISE 0855-07, determine its upper-
brightness limit from our non-detection and discuss how our
result constrains this object’s atmospheric properties.
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2. OBSERVATIONS AND DATA ANALYSIS

Observations of WISE 0855-07 were carried out on 2014 May
31 using FORS2 mounted on the Very Large Telescope (VLT)/
UT1 at the ESO/Paranal observatory in Chile. FORS2 is a visual
and near-UV focal reducer and low-dispersion spectrograph
(Appenzeller et al. 1998). Observation were obtained in imaging
mode using the red-optimized CCD through the z_GUNN+78
filter (A = 910nm, FWHM = 130.5nm) with the high-
resolution collimator that gives a field of view of 42 x 4/2.
Pixels were binned (2 x 2) resulting in a pixel scale of 07125
pixel~!. In total, six images with an exposure time of 480 s each
were taken. The telescope was pointed so that the predicted
position of WISE 0855-07 was located on the upper chip of
FORS?2 which has a better sensitivity. A small telescope offset
was applied after each integration, to avoid bad pixels and
cosmic ray contamination.

All six frames were reduced in the standard manner using
IRAF!! (Tody 1993)—bias subtraction, flat-fielding, fringe cor-
rection and sky subtraction. The reduced frames were aligned
and co-added, in order to obtain a higher signal to noise. As-
trometry and photometry from the Pan-STARRS1 (PS1) cat-
alog (Schlafly et al. 2012; Tonry et al. 2012; Magnier et al.
2013) were used to measure the world coordinate system and to
provide flux calibrations for the combined image. We used the
method of Finkbeiner et al. (2014) to transform zps; to the stan-
dard zspss. Due to the lack of standard stars with z._ GUNN+78
measurements, we cannot apply a proper transformation be-
tween z_GUNN+78 and zspss magnitudes. However, we apply
the filter responses of the z_ GUNN+78!? and zgpss filters to
theoretical spectra (Burrows et al. 2003; Morley et al. 2014,
see Section 3) and find that the resulting flux varies at most
£ 0.05 mag from filter to filter. Hence, the uncertainty in the
magnitude system cannot account for the differences between
the observed data and the models (see Section 3).

We used IRAF/DAOFIND to search for a counterpart to
WISE 0855-07. DAOFIND approximates a stellar point-spread
function with an elliptical Gaussian function. DAOFIND iden-
tifies no counterpart to WISE 0855-07 at its expected position
in our z-band frames (Figure 1). To place an upper limit on
the z-band magnitude of the brown dwarf, we estimate the sky
brightness and the sky standard deviation at this expected posi-
tion. Using the calibrated photometry from PS1, we estimate an
upper brightness limit for WISE 0855-07 of z4p > 24.8 mag,
or F, < 0.45 puJy with 30 confidence (corresponding to a direct
measurement and uncertainty of 0.06 £ 0.13 uJy). This result
is consistent with the non-detection of WISE 0855-07 in the
Y-band using HAWK-I on UT4/VLT at the Paranal observatory
by Beamin et al. (2014) and 2.60 detection in J band by Faherty
et al. (2014).

3. COMPARISON WITH MODELS AND DISCUSSION

We compare the ensemble of observations of WISE 0855-07
to atmospheric spectral models of cool substellar objects. We
considered the full set of model spectra from Morley et al.
(2014) and Burrows et al. (2003), both of which extend well
below 300 K and include the effects of water clouds. Figures 2
and 3 show the observations and several selected models with

I [RAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.
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Figure 1. z-band FORS2 observations of the field containing WISE0855-07.
Blue circles are WISE positions in 2010.34 and 2010.86 (the pair on the left)
and Spitzer positions 2013.47 and 2014.05 (the pair on the right). The red circle
is the expected position of WISE 0855-07 on 2014 May 31. No counterpart
to WISE 0855-07 is detected in our z-band FORS2 frames. For reference, the
square indicates a source with z(AB) = 18.4 mag.

(A color version of this figure is available in the online journal.)

T. ranging from 200 to 300 K. For each model, we compute
the flux expected in the Spitzer/IRAC 3.6 um and 4.5 pum
channels and scale the models to the observed Spitzer fluxes
using the approach described by Rayner et al. (2009). We con-
vert these scale factors to physical radii, which are listed in the
figure legend.

None of the models match all the data, but models with
Teer < 250 K give the most reasonable agreement. Most notable
is that no model faithfully reproduces the observed [3.6]-[4.5]
color; models hotter than 300 K begin to match this color, but
predict optical /NIR fluxes that would have been easily detected.
Moreover, the physical radii of 0.5 and 0.6 Ry, required to fit
300 K Morley et al. and 280 K Burrows et al. models, respec-
tively, are smaller than radii predicted from equations of state
of very low-mass objects. A larger coverage fraction of cold
clouds for models of T, = 300 K would give more reasonable
radii, but disagrees with the upper limits. The Burrows et al.
models show a significant discrepancy with the Morley et al.
models at A < 1.2 um. The best-fitting Morley et al. 250K
models and cooler, heavily clouded (2 = 0.8 in the nomen-
clature of Marley et al. 2010 and Morley et al. 2014) models
predict z-band fluxes above our detection limit, so our observa-
tions nominally exclude these models. Although atmospheric
models with T = 200K and a partly cloudy atmosphere
(h = 0.5) agree with most published upper limits, they for-
mally disagree with the upper limit of W4 < 9 mag reported by
Luhman (2014). Models below ~200 K have [4.5]-[W4] colors
that are excluded by existing data. The coolest models plotted
in Figures 2 and 3 predict radii of 1.4 Ry,,; this value is larger
than predicted by evolutionary models, but would be consistent
with an unresolved, near-equal-mass binary. A similar situa-
tion holds with the models of Burrows et al. (2003), shown in
Figure 3, where the hotter models are too bright in the NIR
and the cooler models are too bright at W4. Thus, every model
disagrees with the 3.6 ym point and at least one other bandpass.
The methane molecular band is the most significant opacity
source at 3.6—4.5 um, therefore the inconsistency between the-
oretical predictions and observations at this wavelength range
might be explained by missing and/or incorrect line opacities.
Alternatively, the mismatch between observations and models
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Figure 2. Morley et al. (2014) atmospheric models for various effective temperatures Tefr, surface gravities log g, and cloud sedimentation parameters fiq. Large gray
filled circles are detections using WISE (Wright et al. 2010) and Spitzer, and the 2.60 J-band detection by Faherty et al. (2014). Large arrows are upper brightness
limits from Luhman (2014), Wright et al. (2014), and Beamin et al. (2014). The small color-coded dots are fluxes in photometric bands predicted by the models. Our
upper limit is highlighted at far left. All photometric measurements are on the AB system. The hottest model shown is ruled out both by the upper limits and by the

physically implausible radius required to match the detections.
(A color version of this figure is available in the online journal.)
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Figure 3. Burrows et al. (2003) atmospheric models for various effective temperatures Tefr, surface gravities log g, and ages. Large gray filled circles are detections
using WISE (Wright et al. 2010) and Spitzer, and the 2.60 J-band detection by Faherty et al. (2014). Large arrows are upper brightness limits from Luhman (2014),
Wright et al. (2014), and Beamin et al. (2014). The small color-coded dots are fluxes in photometric bands predicted by the models. Our upper limit is highlighted
at the far left. All photometric measurements are on the AB system. The hottest model shown is ruled out both by the upper limits and by the physically implausible

radius required to match the detections.

(A color version of this figure is available in the online journal.)

could indicate a more shallow temperature-pressure profile than
predicted by current theory or by non-equilibrium chemistry
(e.g., vertical mixing) as suggested for some directly imaged
giant exoplanets (e.g., Skemer et al. 2014).

Based on the evolutionary models of Saumon & Marley
(2008), at an age of 10 Gyr a 200 K object must have a
mass <15 Mj,, and radius ~ 1.0 Ry,,. These constraints
suggest that WISE 0855-07 should have logg < 4.5; the
plotted model spectrum with the faintest optical/NIR fluxes
corresponds to log g = 5.0, which would be formally excluded
based on evolutionary considerations. Nonetheless even this
model predicts a z-band flux only ~4 x fainter than our limit, and
the model with 200 K and log g = 4 yields a z-band flux barely
fainter than our new constraint; thus, dedicated ground-based
observations still have a role to play. Our primary conclusions
are therefore that (1) based on the current state-of-the-art
models, WISE0855-07 has Teir < 250 K and (if patchy) <80%
of the surface is cloud-covered, and (2) improvements in models
of substellar evolution, atmospheres, clouds, and opacities will
be necessary to better characterize this object. WISE 0855-07

has the potential to become the first object outside the solar
system with detected water clouds in its atmosphere.

We gratefully acknowledge the ESO Director’s Discretionary
Time Committee for awarding DDT time to this project. We
thank the Paranal observatory staff for conducting the service
mode observations presented here. This research has made use
of the SIMBAD database, operated at CDS, Strasbourg, France.
We thank the Pan-STARRS! Builders and Pan-STARRSI1
operations staff for construction and operation of the Pan-
STARRSI system and access to the data products provided. The
Pan-STARRSI1 Surveys (PS1) have been made possible through
contributions of the Institute for Astronomy, the University
of Hawaii, the Pan-STARRS Project Office, the Max-Planck
Society and its participating institutes, the Max Planck In-
stitute for Astronomy, Heidelberg and the Max Planck Insti-
tute for Extraterrestrial Physics, Garching, the Johns Hopkins
University, Durham University, the University of Edinburgh,
Queens University Belfast, the Harvard-Smithsonian Center for



THE ASTROPHYSICAL JOURNAL, 797:3 (4pp), 2014 December 10

Astrophysics, the Las Cumbres Observatory Global Tele-
scope Network Incorporated, the National Central University
of Taiwan, the Space Telescope Science Institute, the Na-
tional Aeronautics and Space Administration under grant No.
NNXO08AR22G issued through the Planetary Science Division
of the NASA Science Mission Directorate, the National Science
Foundation under grant No. AST-1238877, the University of
Maryland, and Eotvos Lorand University (ELTE).

T.K. is partly supported by the Annette Kade Graduate
Student Fellowship Program of the RGGS at the American
Museum of Natural History, through generous contributions
of the Annette Kade Charitable Trust. E.B. is supported by
the Swiss National Science Foundation (SNSF). A portion of
the research of J.E.S. was supported by an appointment to the
NASA Postdoctoral Program at NASA Ames Research Center,
administered by Oak Ridge Associated Universities through a
contract with NASA. T.K. is grateful to Juan Carlos Beamin and
Jackie Faherty for helpful discussions regarding WISE 0855-07.

Facilities: VLT:Antu, PS1

REFERENCES

Appenzeller, 1., Fricke, K., Fiirtig, W., et al. 1998, Msngr, 94, 1
Beamin, J. C., Ivanov, V. D., Bayo, A., et al. 2014, A&A, 570, L8

KOPYTOVA ET AL.

Burrows, A., Sudarsky, D., & Lunine, J. I. 2003, ApJ, 596, 587

Cushing, M. C., Kirkpatrick, J. D., Gelino, C. R., et al. 2011, Apl,
743,50

Dupuy, T. J., & Kraus, A. L. 2013, Sci, 341, 1492

Faherty, J. K., Tinney, C. G., Skemer, A., & Monson, A. J. 2014, ApJL,
793,L16

Finkbeiner, D. P., Schlafly, E., & Green, G. 2014, AAS Meeting Abstracts,
223, #116.14

Kirkpatrick, J. D., Gelino, C. R., Cushing, M. C., et al. 2012, ApJ, 753, 156

Leggett, S. K., Morley, C. V., Marley, M. S., et al. 2013, ApJ, 763, 130

Li, L., Baines, K. H., Smith, M. A., et al. 2012, JGRE, 117, 11002

Luhman, K. L. 2014, ApJL, 786, L18

Luhman, K. L., & Esplin, T. L. 2014, ApJL, 796, L6

Magnier, E. A., Schlafly, E., Finkbeiner, D., et al. 2013, ApJS, 205, 20

Marley, M. S., Saumon, D., & Goldblatt, C. 2010, ApJL, 723, L117

Morley, C. V., Fortney, J. J., Marley, M. S., et al. 2012, ApJ, 756, 172

Morley, C. V., Marley, M. S., Fortney, J. J., et al. 2014, ApJ, 787, 78

Rayner, J. T., Cushing, M. C., & Vacca, W. D. 2009, ApJS, 185, 289

Saumon, D., & Marley, M. S. 2008, ApJ, 689, 1327

Schlafly, E. F., Finkbeiner, D. P., Juri¢, M., et al. 2012, ApJ, 756, 158

Skemer, A. J., Marley, M. S., Hinz, P. M., et al. 2014, ApJ, 792, 17

Tody, D. 1993, in ASP Conf. Ser. 52, Astronomical Data Analysis Software
and Systems II, ed. R. J. Hanisch, R. J. V. Brissenden, & J. Barnes (San
Francisco, CA: ASP), 173

Tonry, J. L., Stubbs, C. W., Lykke, K. R., et al. 2012, ApJ, 750, 99

Visscher, C., Lodders, K., & Fegley, B., Jr. 2006, ApJ, 648, 1181

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al. 2010, AJ,
140, 1868

Wright, E. L., Mainzer, A., Kirkpatrick, J. D., et al. 2014, AJ, 148, 82


http://adsabs.harvard.edu/abs/1998Msngr..94....1A
http://adsabs.harvard.edu/abs/1998Msngr..94....1A
http://dx.doi.org/10.1051/0004-6361/201424505
http://adsabs.harvard.edu/abs/2014A&A...570L...8B
http://adsabs.harvard.edu/abs/2014A&A...570L...8B
http://dx.doi.org/10.1086/377709
http://adsabs.harvard.edu/abs/2003ApJ...596..587B
http://adsabs.harvard.edu/abs/2003ApJ...596..587B
http://dx.doi.org/10.1088/0004-637X/743/1/50
http://adsabs.harvard.edu/abs/2011ApJ...743...50C
http://adsabs.harvard.edu/abs/2011ApJ...743...50C
http://dx.doi.org/10.1126/science.1241917
http://adsabs.harvard.edu/abs/2013Sci...341.1492D
http://adsabs.harvard.edu/abs/2013Sci...341.1492D
http://dx.doi.org/10.1088/2041-8205/793/1/L16
http://adsabs.harvard.edu/abs/2014ApJ...793L..16F
http://adsabs.harvard.edu/abs/2014ApJ...793L..16F
http://adsabs.harvard.edu/abs/2014AAS...22311614F
http://adsabs.harvard.edu/abs/2014AAS...22311614F
http://dx.doi.org/10.1088/0004-637X/753/2/156
http://adsabs.harvard.edu/abs/2012ApJ...753..156K
http://adsabs.harvard.edu/abs/2012ApJ...753..156K
http://dx.doi.org/10.1088/0004-637X/763/2/130
http://adsabs.harvard.edu/abs/2013ApJ...763..130L
http://adsabs.harvard.edu/abs/2013ApJ...763..130L
http://dx.doi.org/10.1029/2012JE004191
http://adsabs.harvard.edu/abs/2012JGRE..11711002L
http://adsabs.harvard.edu/abs/2012JGRE..11711002L
http://dx.doi.org/10.1088/2041-8205/786/2/L18
http://adsabs.harvard.edu/abs/2014ApJ...786L..18L
http://adsabs.harvard.edu/abs/2014ApJ...786L..18L
http://dx.doi.org/10.1088/0004-637X/796/1/6
http://adsabs.harvard.edu/abs/2014ApJ...796....6L
http://adsabs.harvard.edu/abs/2014ApJ...796....6L
http://dx.doi.org/10.1088/0067-0049/205/2/20
http://adsabs.harvard.edu/abs/2013ApJS..205...20M
http://adsabs.harvard.edu/abs/2013ApJS..205...20M
http://dx.doi.org/10.1088/2041-8205/723/1/L117
http://adsabs.harvard.edu/abs/2010ApJ...723L.117M
http://adsabs.harvard.edu/abs/2010ApJ...723L.117M
http://dx.doi.org/10.1088/0004-637X/756/2/172
http://adsabs.harvard.edu/abs/2012ApJ...756..172M
http://adsabs.harvard.edu/abs/2012ApJ...756..172M
http://dx.doi.org/10.1088/0004-637X/787/1/78
http://adsabs.harvard.edu/abs/2014ApJ...787...78M
http://adsabs.harvard.edu/abs/2014ApJ...787...78M
http://dx.doi.org/10.1088/0067-0049/185/2/289
http://adsabs.harvard.edu/abs/2009ApJS..185..289R
http://adsabs.harvard.edu/abs/2009ApJS..185..289R
http://dx.doi.org/10.1086/592734
http://adsabs.harvard.edu/abs/2008ApJ...689.1327S
http://adsabs.harvard.edu/abs/2008ApJ...689.1327S
http://dx.doi.org/10.1088/0004-637X/756/2/158
http://adsabs.harvard.edu/abs/2012ApJ...756..158S
http://adsabs.harvard.edu/abs/2012ApJ...756..158S
http://dx.doi.org/10.1088/0004-637X/792/1/17
http://adsabs.harvard.edu/abs/2014ApJ...792...17S
http://adsabs.harvard.edu/abs/2014ApJ...792...17S
http://adsabs.harvard.edu/abs/1993ASPC...52..173T
http://dx.doi.org/10.1088/0004-637X/750/2/99
http://adsabs.harvard.edu/abs/2012ApJ...750...99T
http://adsabs.harvard.edu/abs/2012ApJ...750...99T
http://dx.doi.org/10.1086/506245
http://adsabs.harvard.edu/abs/2006ApJ...648.1181V
http://adsabs.harvard.edu/abs/2006ApJ...648.1181V
http://dx.doi.org/10.1088/0004-6256/140/6/1868
http://adsabs.harvard.edu/abs/2010AJ....140.1868W
http://adsabs.harvard.edu/abs/2010AJ....140.1868W
http://dx.doi.org/10.1088/0004-6256/148/5/82
http://adsabs.harvard.edu/abs/2014AJ....148...82W
http://adsabs.harvard.edu/abs/2014AJ....148...82W

	UHRA full text deposit cover sheet pub version

