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Abstract: The recently discovered brown dwarf WISE 0855 presents our first opportunity to
study an object outside the Solar System that is nearly as cold as our own gas giant planets.
However the traditional methodology for characterizing brown dwarfs—near infrared
spectroscopy—is not currently feasible as WISE 0855 is too cold and faint. To characterize this
frozen extrasolar world we obtained a 4.5-5.2 pm spectrum, the same bandpass long used to

study Jupiter’s deep thermal emission. Our spectrum reveals the presence of atmospheric water



vapor and clouds, with an absorption profile that is strikingly similar to Jupiter. The spectrum is
high enough quality to allow the investigation of dynamical and chemical processes that have

long been studied in Jupiter’s atmosphere, but this time on an extrasolar world.

One Sentence Summary: The first spectrum of the coldest brown dwarf is dominated by water

vapor and clouds, with an appearance that is strikingly similar to Jupiter.

Main Text: The coldest known exoplanets are still much hotter than the gas giant planets in our
Solar System (7,2). However, with the recent discovery of a ~250 K brown dwarf, WISE 0855,
we now have our first opportunity to study an object whose physical characteristics are similar to
Jupiter (3). WISE 0855 is the nearest known planetary mass object, and the coldest known
compact object outside of our Solar System (3). Its extremely low temperature makes it the first

object after Earth, Mars and Jupiter likely to host water clouds in its visible atmosphere (4).

A handful of photometric detections and non-detections are enough to tell us that WISE 0855 is
cold, but not much else (3-7). WISE 0855 is too faint to characterize with conventional
spectroscopy in the optical or near infrared (<2.5 um). Its peak emission, like Jupiter, is through
a 5 um atmospheric window (8). Spectroscopy at these wavelengths is challenging, but not
impossible. While there are currently no space-based facilities capable of 5 um spectroscopy,
ground-based telescopes can observe through the Earth’s 4.5-5.2 um atmospheric window,
although sensitivity is limited by the brightness of the Earth's sky. With careful calibration, we
were able to obtain a spectrum of WISE 0855, an object that is 5 times fainter than the faintest

object previously detected with ground-based 5 um spectroscopy (5,9).

We observed WISE 0855 with the Gemini-North telescope and the Gemini Near Infrared
Spectrograph (GNIRS) (710). Gemini-North is located near the summit of Mauna Kea, a cold

location that also provides some of the driest conditions of any astronomical site in the world.



Because of those attributes as well as the telescope's low emissivity, the infrared background
incident on Gemini's instruments is the lowest of any 8-10 meter class telescope. Additionally,
Gemini-North is operated in queue-mode, allowing us to observe WISE 0855 over many nights
in clear, dry and calm conditions. In total, we observed WISE 0855 for 14.4 hours over 13
nights. We calibrated the transmission of the Earth’s atmosphere by observing standard stars

before and after every observation of WISE 0855.

Our calibrated spectrum of WISE 0855 is presented in Fig. 1. Also displayed is a model of a 250
K atmosphere with clouds inserted at a depth that best matches the shape of the WISE 0855
spectrum (71,12). All of the major absorption features in the model are due to water vapor. The
wavelengths of these features match the wavelengths of features in the WISE 0855 spectrum,

which suggests that WISE 0855’s spectrum is dominated by water vapor.

Clouds are an important characteristic in the appearance of planets and brown dwarfs (73-18).
Fig. 2a shows the WISE 0855 spectrum compared to a cloudy model and a cloud-free model.
The cloudy model is a better fit to the depths of WISE 0855°s absorption features, as well as its
overall slope. While our model does not specify a particular cloud composition, WISE 0855 is at
a temperature where the clouds are likely to be composed of water or water ice (15,16). The
cloudy model’s fit to WISE 0855 is imperfect, which suggests that there is additional complexity
that is beyond the scope of our current models. For example, the particular vertical and

horizontal structure of the clouds is likely to impact WISE 0855’s appearance.

We compare our spectrum of WISE 0855 to a full-disk spectrum of Jupiter in Fig. 2b. From 4.8-
5.2 pum, WISE 0855 and Jupiter are strikingly similar, as Jupiter’s atmosphere is also dominated
by H,O absorption at these wavelengths (20). From 4.5-4.8 um, Jupiter’s spectrum is dominated

by PH; (phosphine) absorption (20). If Jupiter were in chemical equilibrium, phosphorus would



exist in the form of P4Og in its photosphere, and PH3 in its hotter interior (27/,22). The existence
of PH3 in Jupiter’s spectrum is evidence that Jupiter’s atmosphere turbulently mixes gasses from
its hot interior into its cooler photosphere on a faster timescale than the PH3->P4O¢ reaction

sequence can go to equilibrium (2/7,22).

WISE 0855’s spectrum does not show the strong PH; absorption seen in Jupiter’s spectrum. In
Fig. 2c, we show our equilibrium chemistry model for WISE 0855, along with a model that has
PH; enhanced to the abundance measured in Jupiter. If WISE 0855 had Jupiter’s abundance of
PH3, it would easily be visible in our spectrum. The fact that WISE 0855 has less PHj than

Jupiter most likely implies that WISE 0855 has less turbulent mixing than Jupiter.

Fig. 2d shows a comparison of WISE 0855 with models that vary CH3D (deuterated methane).
Our spectrum has the sensitivity to distinguish between models with Jupiter’s approximately
primordial deuterium abundance (23), and models with no deuterium. However, the CH3D
absorption feature is blended with water absorption features, which need to be better understood

before we can really measure CH;D.

Deuterium is expected to be quickly destroyed in brown dwarfs with masses greater than ~13
M;yp, @ boundary commonly used to divide planets from brown dwarfs (13,24). Thus, CH3;D
measurements can be used to glean information about the masses of exoplanets and free-floating
planets/brown-dwarfs. In our Solar System, deuterium becomes chemically concentrated in
certain environments, and has been used to study the formation of the giant planets, and the
delivery of water to Earth (23,25). In multi-planet extrasolar systems, CH3;D measurements could

similarly be used to study the composition of the planets’ nascent materials.

Jupiter and WISE 0855’s overall similarities are summarized in Fig. 3. The objects have

relatively similar temperature-pressure profiles, thus their photospheres should display similar



features. Both photospheres are near the condensation points for H,O and NHj3 clouds, and
indeed, WISE 0855’s spectrum suggests that it has clouds, as does Jupiter. Under equilibrium
chemistry assumptions, neither photosphere should have detectable amounts of PH3, but Jupiter

does and WISE 0855 does not, a discrepancy that requires further modeling.

To understand the nature of clouds and vertical mixing in cold gas giants, we need 5 pm spectra
of objects across a continuum of temperatures. After Jupiter (130 K) and WISE 0855 (250 K),
the next coldest object with a 5 pm spectrum is Gl 570D (700 K) (26). In the near term, ground-
based telescopes have the sensitivity to obtain spectra of a handful of objects in this temperature
range. Future facilities, like the James Webb Space Telescope (JWST), will have the sensitivity
to characterize cold gas giants with higher precision, and at wavelengths not possible from Earth
(11). The next generation of ground-based telescopes (Extremely Large Telescopes, or ELTs)
will have the angular resolution and sensitivity to study systems with multiple exoplanets that
look like WISE 0855. With spectrographs operating in the 5 um atmospheric window (27), it
will possible to compare large samples of exoplanets at wavelengths that have revealed much of

what we know about gas giants in our own Solar System.
References and Notes:

1. M. Kuzuhara et al. Direct imaging of a cold jovian exoplanet in orbit around the Sun-like star

GJ 504. Astrophysical Journal 774, 1, 11 (2013).

2. B. Macintosh et al. Discovery and spectroscopy of the young jovian planet 51 Eri b with the

Gemini Planet Imager. Science 350, 6256, 64 (2015).

3. K. L. Luhman. Discovery of a ~250 K brown dwarf at 2 pc from the Sun. Astrophysical

Journal Letters 786, 2, L18 (2014).



10.

11.

12.

13.

J. K. Faherty, C. G. Tinney, A. Skemer, A. J. Monson. Indications of water clouds in the

coldest known brown dwarf. Astrophysical Journal Letters 793, 1, L16 (2014).

E. L. Wright et al. NEOWISE-R observations of the coolest known brown dwarf.

Astrophysical Journal 148, 5, 82 (2014).

T. G. Kopytova et al. Deep z-band observations of the coolest Y dwarf. Astrophysical

Journal 797, 1, 3 (2014).

J. C. Beamin et al. Temperature constraints on the coldest brown dwarf known: WISE 0855-

0714. Astronomy & Astrophysics 570, L8 (2014).

F.J. Low, A. W. Davidson. Thermal emission of Jupiter and Saturn. Bulletin of the American

Astronomical Society 1,200 (1969).

T. R. Geballe et al. Spectroscopic detection of carbon monoxide in two late-type T dwarfs.

Astrophysical Journal 695, 2, 844 (2009).

J. H. Elias et al. Design of the Gemini near-infrared spectrograph. Proceedings of the SPIE

6269, 62694C (2006).

C. V. Morley et al. Water clouds in Y dwarfs and exoplanets. Astrophysical Journal 787, 1,
78 (2014).
G. L. Bjoraker et al. Jupiter’s deep cloud structure revealed using Keck observations of

spectrally resolved line shapes. Astrophysical Journal 810, 2,122 (2015).

A. Burrows et al. Nongray theory of extrasolar planets and brown dwarfs. Astrophysical

Journal 491, 2, 856 (1997)



14. G. Chabrier, 1. Baraffe, F. Allard, P. Hauschildt. Evolutionary models for very low-mass

stars and brown dwarfs with dusty atmospheres. Astrophysical Journal 542, 1, 464 (2000).

15. A. Burrows, D. Sudarsky, J. I. Lunine. Beyond the T dwarfs: theoretical spectra, colors, and

detectability of the coolest brown dwarfs. Astrophysical Journal 596, 1, 587 (2003).

16. C. V. Morley et al. Neglected clouds in T and Y dwarf atmospheres. Astrophysical Journal

756, 2,172 (2012).

17. C. Marois et al. Direct imaging of multiple planets orbiting the star HR 8799. Science 322,

5906, 1348 (2008).

18. J. Radigan, D. Lafreniere, R. Jayawardhana, E. Atigau. Strong brightness variations signal

cloudy-to-clear transition of brown dwarfs. Astrophysical Journal 793, 2, 75 (2014).

19. T. Encrenaz et al. First results of ISO-SWS observations of Jupiter. Astronomy and

Astrophysics 315, 1397 (1996).

20. V. Kunde et al. Tropospheric gas composition of Jupiter’s north equatorial belt (NH3, PH3,
CH3D, GeH3, H20) and the Jovian D/H isotopic ratio. Astrophysical Journal 263, 1, 443

(1982).

21. R. G. Prinn, J. S. Lewis. Phosphine on Jupiter and implications for the Great Red Spot.

Science 190, 274 (1975).

22. C. Visscher, K. Lodders, B. Fegley. Atmospheric chemistry in giant planets, brown dwarfs,
and low-mass dwarf stars. I1. sulfur and phosphorus. Astrophysical Journal 648, 2, 1181

(2006).

23. T. Owen, B. L. Lutz, C. de Bergh. Deuterium in the outer solar system — evidence for two

distinct reservoirs. Nature 320, 244 (1986).



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

D. S. Spiegel, A. Burrows, J. A. Milsom. Deuterium-burning mass limit for brown dwarfs

and giant planets. Astrophysical Journal 727, 1,57 (2011).

K. Altwegg. 67P/Churyumov-Gerasimenko, a Jupiter family comet with a high D/H ratio.

Science 347, 6220, 1261952 (2015).

S. Sorahana, I. Yamamura. AKARI observaions of brown dwarfs. III. CO, CO,, and CH4

fundamental bands and physical parameters. Astrophysical Journal 760, 2, 151 (2012)

A. Skemer. First light with ALES: a 2-5 micron adaptive optics integral field spectrograph

for the LBT. Procedures of the SPIE 9605, 96051D (2015).

K. Luhman, T. Esplin. New parallax measurement of the coldest known brown dwarf.

Astrophysical Journal 796, 1, 6 (2014).

L. Prato, S. Kim, I. McLean. REDSPEC data reduction manual, version 6.1.

http://www2.keck.hawaii.edu/inst/nirspec/redspec (2002).

S. Lord. New software tool for computing Earth’s atmospheric transmission of near- and far-

infrared radation. NASA Technical Memorandum 103957 (1992).

M. Cushing, W. Vacca, J. Rayner. Spextool: a spectral extraction package for SpeX, 0 0.8-
5.5 micron cross-dispersed spectrograph. Publications of the Astronomical Society of the

Pacific 116 818 362 (2004).

O. Toon, C. McKay, T. Ackerman, K. Santhanam. Rapid calculation of radiative heating
rates and photodissociation rates in inhomogeneous multiple scattering atmospheres. Journal

of Geophysical Research 94, 16287 (1989).

R. Freedman, M. Marley, K. Lodders. Line and mean opacities for ultracool dwarfs and

extrasolar planets. Astrophysical Journal Supplement 174, 2, 504 (2008).



34. R. Freedman et al. Gaseous mean opacities for giant planet and ultracool dwarf atmospheres
over a range of metallicities and temperatures. Astrophysical Journal Supplement 214, 2, 25

(2014).
35. C. McKay, J. Pollack, R. Courtin. Thermal structure of Titan’s atmosphere. Icarus 80, 23

(1989).

36. M. Marley et al. Atmosphere, evolutionary, and spectral models of the brown dwarf Gliese

229 B. Science 272, 5270, 1919 (1996).

37. M. Marley et al. Reflected spectra and albedos of extrasolar giant planets. i. clear and cloudy

atmospheres. Astrophysical Journal 513, 2, 879 (1999).

38. M. Marley et al. Clouds and chemistry: ultracool dwarf atmospheric properties from optical

and infrared colors. Astrophysical Journal 568, 1, 335 (2002).

39. D. Saumon, M. Mark. Evolution of L and T dwarfs in color-magnitude diagrams.

Astrophysical Journal 689, 2, 1327 (2008).

40. J. Fortney, K. Lodders, M. Marley, R. Freedman. Unified theory for the atmospheres of the
hot and very hot jupiters: two classes of irradiated atmospheres. Astrophysical Journal 678,

2, 1419 (2008).

41. D. Sudarsky, A. Burrows, P. Pinto. Albedo and reflection spectra of extrasolar giant planets.

Astrophysical Journal 538, 2, 885 (2000).

42. A. Ackerman, M. Marley. Precipitating condensation clouds in substellar atmospheres. 556,

2, 872 (2001).

43. J. Moses et al. Disequilibrium carbon, oxygen, and nitrogen chemistry in the atmospheres of

HD 189733b and HD 209458b. Astrophysical Journal 737,1, 15 (2011).



Acknowledgments: Based on observations obtained at the Gemini Observatory which is
operated by the Association of Universities for Research in Astronomy, Inc., under a
cooperative agreement with the NSF on behalf of the Gemini partnership: the National
Science Foundation (United States), the National Research Council (Canada), CONICYT
(Chile), Ministerio de Ciencia, Tecnologia e Innovacioén Productiva (Argentina), and
Ministério da Ciéncia, Tecnologia e Inovacao (Brazil). The authors wish to recognize
and acknowledge the very significant cultural role and reverence that the summit of
Mauna Kea has always had within the indigenous Hawaiian community. We are most
fortunate to have the opportunity to conduct observations from this mountain. The
authors thank Mike Cushing and Pat Irwin for supplying compiled spectroscopy of

Jupiter, and Satoko Sorahana for supplying AKARI spectroscopy of T dwarfs.



T ' ' T ' ' ' T ' ' ' T ' ' —

- WISE 0855 i

N 250 K cloudy model .
i E
< L ]
5 _
L - | ]
o+ ]
o ]
NoE -
o [ I& \A v ]
c [ A [X\r | 1t 7 y
S b / AN A 'U ! /\ E
< I \ | \ A j

B ’ ‘ 'y |

4.4 4.6 4.8 5.0 5.2

wavelength(um)

Fig. 1. Gemini/GNIRS spectrum of WISE 0855 compared to a model of a 250 K brown dwarf
(11,12). The model and data are both dominated by water vapor absorption. The spectra are
normalized because the Gemini/GNIRS data are insensitive to overall flux. The choice of a 250

K model is set by the object’s luminosity and a radius estimate that is relatively insensitive to

unknown parameters, such as WISE 0855’s age (3).
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Fig. 2. (a) Gemini/GNIRS spectrum of WISE 0855 compared to cloudy and cloud-free brown
dwarf models. A partially opaque cloud layer in the photosphere (2.5 bars) mutes the absorption
features providing a better fit between the model and the data. Similar methods are used to infer
the presence of clouds deep in Jupiter’s hot spots (1/2). Clouds at 2.5 bars in WISE 0855 are
likely to be composed of water or water ice (15,16, Fig.3). The remaining discrepancies between
the cloudy model and the data are likely due, in part, to additional complexities (such as 3-
dimensional structures) of the clouds. (b) Gemini/GNIRS spectrum of WISE 0855 compared to a
full-disk spectrum of Jupiter from the Infrared Space Observatory (ISO) (/9), binned to WISE
0855’s resolution. The spectra show striking similarities from 4.8-5.2 um, as both objects are

dominated by H>O (20). From 4.5-4.8 um, Jupiter’s spectrum is dominated by PH3, which has



been used to infer turbulent diffusion of hot material from deep in Jupiter’s atmosphere (20-22).
The WISE 0855 spectrum does not show a similar PH; feature. (¢) Gemini/GNIRS spectrum of
WISE 0855 compared to models with equilibrium chemistry PH3, and enhanced PHj; to match
the abundance measured in Jupiter. The WISE 0855 spectrum is strongly inconsistent with the
enhanced PH3; model, suggesting that WISE 0855 does not have the same turbulent mixing seen
on Jupiter. (d) Gemini/GNIRS spectrum of WISE 0855 compared to models that vary CH3;D
abundance. The WISE 0855 spectrum has the raw sensitivity to measure CH3;D at 4.55 pm, but
the imperfect match between the rest of the spectrum and our current model would hamper an
analysis. Because deuterium is expected to burn in objects more massive than ~13 M;,,, CH3D

can be used to crudely measure exoplanet masses.
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Fig. 3. Temperature-pressure profiles of Jupiter, WISE 0855, and what was previously the
coldest extrasolar object with a 5 um spectrum, Gl 570D (26). The approximate locations of
each object’s 5 pm photosphere are denoted with thicker lines (for Jupiter, the photosphere is as
seen through cloud-free hot-spots). Two dashed lines show the boundaries where H,O gas and
NHj3 gas begin to condense into clouds composed of H,O ice and NH3 ice. A dot-dash line
divides the regions where phosphorus is primarily in P4O¢ versus PH; under equilibrium
chemistry assumptions. WISE 0855 and Jupiter have relatively similar temperature-pressure
profiles, with photospheres that are in the vicinity of the condensation points for NH3; and H»O.
However, PH3 is mixed high up into the photosphere of Jupiter, while it is not seen in WISE

0855’s spectrum.



