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Abstract. We report the discovery of CFBDS J005910.90-011401.3 éfeneCFBDS0059), the coolest brown dwarf iden-
tified to date. We found CFBDS0059 usiifigagndZ images from the Canada-France-Hawaii Telescope (CFH®)pagsent
optical and near-infrared photometry, Keck laser guide atiaptive optics imaging, and a complete near-infraredtspma,
from 1.0 to 2.2um. A side to side comparison of the near-infrared spectrakRBQS0059 and ULAS J003402.77-005206.7
(hereafter ULAS0034), previously the coolest known browvad, indicates that CFBDS0059 is 50 + 15K cooler. We
estimate a temperature s ~ 620K and gravity of logy ~ 4.75. Evolutionary models translate these parameters intgan

of 1-5 Gyr and a mass of 1530 M,,,. We estimate a photometric distance~df3pc, which puts CFBDS0059 within easy
reach of accurate parallax measurements. Its large propégomsuggests membership in the older population of thedtsk.
The spectra of both CFBDS0059 and ULAS J0034 shows probabtgration by a wide ammonia band on the blue side of the
H-band flux peak. If, as we expect, that feature deepens fufdhstill lower effective temperatures, its appearance will become
a natural breakpoint for the transition between the T speclass and the new Y spectral type. CFBDS0059 and ULAS J0034
would then be the first YO dwarfs.

Key words. Low mass stars: brown dwarfs — spectroscopy — Surveys
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(~ 100 000 K) to the coolest known brown dwarfs (preshorter wavelengths their spectra have extremely steeprape
viously ULAS J003402.77-005206.7 (hereafter ULAS00343Jopes, and the resulting very réd z andz — J colours easily
>T8 Warren et g1./(2007)). There remains however a sizealstand out.

temperature gap between the 600-700 K ULAS0034 and the As discussed in detail fn Delorme i 4. (2008), the CFBDS
~100 K giant planets of the Solar System. Many of the cugyrvey brown dwarf identification is a two-step process:

rently known extrasolar planets populate this temperdture

terval, c_ha_ract_erized by complex atmospheric physicstemat _ we first select brown dwarfs candidates on theiriredZ

and raqlatlon in these COIQ' dense, and turbulent atmospher colour in MegaCam images which cover several hundred
couple into a very dynamical mix, where molecules and dust square degrees

form and dissipate. Current atmosphere models are rather un ;.- . pointed observations of these candidates then dis-

c_ef_rtalntlln ths ufﬁe?plore%temp?_ratu:e rang:e _ar:d thy “9”'?' criminate actual brown dwarfs from artefacts, and astro-
nificantly benefit from observational constraints. Two majo physical contaminants.

physical transitions are expected to occur betwe&00 K and
~ 400 K and strongly alter the emergent near-infrared spectra y _ o
(Burrows et al[ 2043): Nkibecomes an abundant atmospheric Thei’ — Z selection takes advantage of the wide field of

constituent and its near-infrared bands become major mpect® Megacam cameraon the 3.6m CFHT telescope, and of

features, and water clouds form and deplet@Hrom the the trove of deep observational material obtained with itinat

gas phase. The corresponding near-infrared spectral ebarﬁjrumem' We rely on existing images frorp the Very Wide
are likely to be sfiiciently drastic that the creation of a newfomPonent of the Canada France Hawaii Telescope Legacy
spectral type will be warrantefl (Kirkpatr]gk 2000). Kirkpak >urvey (CFHTLS-VW) and, for dierent fields, on existing

et al. [1990)[Kirkpatridk[(2040) reserved the “Y” letterfine Mages from the Red sequence Cluster Survey 2 (RCS2). We
name of that putative new spectral type. then match those with either nevor newi’ exposures to ob-

To help fill this temperature gap, we conduct the Cana&?d'," " andz pairs. The two parent surveys also obtgirand
France Brown Dwarf Survey (CFBDS, (Delorme ai[al. g008)5, images, which for the RCS2 survey are contemporaneous
which uses MegaCanf (Boulade el bl. 4008ndZ images with the Z exposure. We don't use those as primary selection
to select very cool brown dwarfs (and high redshift quasaf§pP!S: but the contemporaneous exposures from the RCS2 sur-
on their very red’ — Z colour. We present here our coolesY€Y Provide a welcome check that an apparently red source
brown dwarf discovery to date, CFBDS J005910.90-011401/8S N0t instead, a variable brighter at all wavelenghtbe t
(hereafter CFBDS0059), T8 dwarf with evidence for near- Z epochs. Since all our fields have low galactic extinctios, th
infrared NH; absorption. Section 2 describes its discovery, aififly other astrophysical point sources with a similarlyired
presents our follow-up observationis; Z, Y, J, H andKs '€ quasars at redshifts of 5, which represent the other mo-
photometry and astrometry of CFBDS0059 and (as a refdation of our program (e.g. Willott et {l. 207). We disui
ence) ULAS0034, laser guide star adaptive optics imaging dfte between quasars and brown dwarfs @itiand photome-

a near infrared spectrum of the new brown dwarf. Sectiont® Obtained on several 2 to 4m-class telescopes (Delorai et
discusses the kinematics and the dynamical population mk’ for details). These targeted follow-up observatiise
bership of CFBDS0059. Section 4 compares the spectrum®feCt @ number of remaining unflagged artefacts and they pro
CFBDS0059 with those of GI 570D (T7.5), 2MASS J0415-0¢/de arefined spectral type estimate, thanks to the mucfehigh
(T8) and ULAS0034, and in the light of synthetic spectra uséggnal-to-n0|se ratio which we typically achieve Bn- J than
that comparison to determine itfective temperature, gravityOnl -z

and metallicity. We also examine in that section the new-spec

tral features which appear below 700K, in particular ansNH

band, and discuss new spectral indices for spectral clessifi3, Observations

tion beyond T8. Finally, section 5 summarizes our findings an
sketches our near-future p|ans_ We first identified CFBDS0059 as a brown dwarf candi-

date when comparing a 360 s RC32exposure from 2005
December 27 with a 500 seconds CFBDSxposure from

2. CFBDS 2006 August 31. CFBDS0059 is undetected in thenage
Field ultracold brown dwarfs are intrinsically very fairmnd 10 ijg = 25.2 (50), in spite of a strong' detection £,z =

as a result they can only be identified in sensitive wide-fiekl.93£0.05). The RCS2 survey obtains contemporanegus
imaging surveys. They are most easily detected in the nearfinandz images, and we checked tgeandr’ exposures for
frared, and one could thus naively expect them to be modyeadi counterpart. These images, which were obtained within 50
identified in that wavelength range. Brown dwarf spectra-oinutes of thez observation, show no object at the position of
ever very much dfer from a black body, and their considerabl&€FBDS0059. This essentially excludes thatztdetection was
structure from deep absorption lines and bands producesbrgiue to a variable or slowly moving object with neutral colur
band pure near-infrared colours that loop back to the blue. Ah€ijg —2Z5g > 3.2 (507) lower limit was thus secure, and made
modest signal to noise ratios, those colours are not very dig~BDS0059 a very strong candidate for follow-up.

tinctive. Brown dwarfs are therefore more easily recogthizg
including at least one photometric band undemi. At those ! httpy/www-dapnia.cea.fSBagPhygSagActivitesProjetgMegacam




P. Delorme et al.: CFBDS J005910.90-011401.3: reaching-t¥i&rown Dwarf transition? 3

~ tra extracted from image pairs were then normalized and me-
dian combined into final spectra. Per-pix@gNSf 25, 40 and 5
where achieved on the J, H and K-band peaks respectively. For
all 3 wavelength settings the AO star HIP10512 was observed
immediately after the science observations to calibragarth
strumental spectral response and the telluric transnmissio

' 3.2. Additional near-infrared and optical Photometry

The J filter of the SOFI camera on the NTT has a quite
non-standard bandpass, for which the large colour correc-
tions that result from the strong structrure in T dwarf speect
(e.g.|Stephens & Leggktt 2004) have not been fully charac-
terized. To compare the spectral energy distribution (SEDs
CFBDS0059 and ULAS0034 (Warren efl al. 2D07) we there-
fore prefered to obtain additional near-infrared wide-dbpho-
tometry with WIRCam [(Puget et . 204) on CFHT, which
uses standard Mauna Kea Observatory infrared filters (S33mon
& Tokunaga|2002| Tokunaga et|al. 2002; Tokunaga & Mfacca
R00%, MKO system). The observations (2007 August 1st and
. 5th) used dithering patterns ef 60 arcsec amplitude for total
respectively individual) exposure times of 300 (60), 130)(

00 (15) and 720 (20) seconds for thieJ, H and Ks bands.
The skies were photometric and the seeing varied between 0.8

Fig. 1. Ks-band finder chart for CFBDS0059. The field of vie
is 2 by 2 arcminutes.

and 1.0".
. Table[] summarizes the magnitudes of CFBDS0059 and
3.1. J-band photometry and near-infrared ULAS0034 in all available bands. The WIRCam photometry
spectroscopy of ULAS0034 agrees with thE Warren ef dI. (2007) measure-

Our initial J-band imaging consists of five 20-second ditherd@€Nts Within better thandi for H band and within 1.5 for
exposures with the SOFI near-infrared camera on the ESO N¥-T1 "e[Warren et 41 (2007) K-band measurement uskdia
telescope at La Silla on 2006 November 12. As discussed B While our WIRCam measurement uses the narrower and
low, the photometric system of that instrument is non-samdd PUer Ks filter. The 0.15 mag dierence between these two
We used a modified version of the jitter utility within the ESCPPServations is approximately consistent with the Stepigen
Eclipse package] (Devilldr§ 1997) to subtract the backgiouh®99ett [200}) prediction for theffect of these dferent filter
and coadd the five exposures. We extracted photometry frOgdpasses at late-T spectral types. Similarly, the beftint-
the resulting image using PSF fitting within Source Extracté/@velength quantumficiency of the WIRCam detector can
(Bertin & Arnouts [1995) and Bertin & Delorme, in preparagualltatlvely explain the 0.2 magnitudedsp discrepancy be-
tion) and obtaiMyeg=18.11:0.06. The resultingag — Jas = tween ourY photometry and thg Warren et|dl. (2p07) WFCam
3.0 colour confirmed CFBDS0059 as a strong very late-T dwdReasurement. The near-IR colours of the two brown dwarfs
candidate and we triggerét+band spectroscopic observation&'€ Similar, excepti — Kswhich is ~0.5 magnitude bluer for
with NIRI (Flodapp et d1[2003) at Gemini-North. Those werQFBDSOO59_ than for ULAS0034. We WI!| interpret thg impli-
obtained in queue mode on 2007 July 30 and immediately c&itions of this lowK's flux when we examine the near-infrared
firmed the very cool nature of CFBDS0059. We then requestiectrum.
J andK-band spectroscopy with the same instrument, which
was obtained on 2007 Sgptember 1. . . _ 3.3. Astrometry

All spectra were obtained through-a0’ 7-wide slit, which
produces a resolving power oj‘j ~ 500. The object is CFBDS0059 and ULAS0034 are serendipitously just 6.3 de-
dithered along the slit. ThEl-band spectrum is the sum of 16grees apart on the sky, and at similar photometric distances
300-second integrations, while thé + J andK band spec- from Earth since they have similar spectral types and appar-
tra each are the sum of 9 36€econd integrations. Consecutivent magnitudes , and we initially entertained the idea that
image pairs are pair subtracted, flat fielded using a median cahey might, perhaps, be part of a common moving group. The
bined spectral flat and corrected for both spectral andapaproper motion of CFBDS0059 however, measured between our
distortions. Spectra are extracted using a positive andative 2005 Megacanz and 2007 WIRCanKs images, and uncor-
extraction box matched to the trace profile. A first wavelbangtected for its parallactic motion, i, = +0.94 + 0.06"/yr,
calibration was obtained with argon lamp arc spectra takernig = +0.18+ 0.06"/yr (Table|]2). ULASO0034 on the other hand
the end of the sequence, and the wavelength scale was thmaves byu, = -0.12+ 0.05"/yr andus; = 0.35 + 0.005"yr
fine tuned to match the atmospheric OH-lines. Individuatspe(Warren et a[ 2007). The two proper motions are thuii-su
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Table 1. Wide bandi,z andz,; CFHT photometry measured with Megacam, MKO-systémd, H, andKs measured with
WIRCam and associated colors. For comparison we includéfreen et dl.[(2007)Y, J, H, andK photometry of ULAS0034.

Target Spectral band
g Zs Y J H Ks K
CFBDS0059 > 2517+0.03 2193+0.05 1882+0.02 1806+0.03 1827+0.05 1863+0.05 -
ULAS0034 > 2514+0.04 2211+0.06 1912+0.03 1821+0.03 1849+0.05 1833+0.05 -
IJ—\/arren et al.|(2067) 180+0.10 1815+0.03 1849+0.04 - 1848+0.05
Zg-Y Y- J-H H-Ks H-K
CFBDS0059 31+0.05 076+0.04 -0.21+0.06 -0.36+0.07 -
ULAS0034 299+0.07 091+0.04 -0.28+0.06 016+0.07 -
Warren et al.l(ZOEbY) 05+0.10 -0.34+0.05 - 001+0.07
Table 2. Astrometry of CFBDS0059. (Epoch:August 5th Projected separation (AU)
5 fo 15
2007) : . .
RA(J2000) DEC(J2000) Ha Us
hh:mm:ss dd:mm:ss /yr — _ _ E
00:59:10.903 -01:14:01.13 .94 +0.06 018+0.06 8" ---------- 10724 My (472 513---@5
E -
S T O My LEUS 440 R
ciently different that the two brown dwarfs are clearly unre ;.L;*
lated. We checked for main sequence common proper mot O Forem e, A2007 23 1 RS ]
companions to CFBDS0059, which would have provided we < 1
come age and metallicity constraints (g.g. Scholz Ht al3p0( :
but did not find any match within a 10 arcminute radius. 5 E . . . . . . o
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
3.4. Keck Laser Guide Star Adaptive Optics Imaging Projected separation (arcsec)

To search for binarityy, we imaged CFBDSO0059 on

16 January 2008 UT using the laser guide star adaptivigy. 2. Adaptive Optic detections limits as a function of the
optics (LGS AO) system| (van Dam et| &I. 2D06; Wizinowickeparation from CFBDS0059. Dashed lines show the equiva-
et al. [200p) of the 10-meter Keck Il Telescope on Maurient mass and temperature for a given contrast. The firsevalu
Kea, Hawaii. Conditions were photometric with better thaassumes an age of 1 Gyr and the second an age of 5 Gyr.
average seeing. We used the facility IR camera NIRC2 with

its narrow field-of-view camera, which produces an image

scale of 963+ 0.011 magpixel (Pravdo et gI[ 2006) and a

10.2” x 10.2” field of view. The LGS provided the wavefront

r_efe_rence source for AQ co_rrection, with the _exception %dividualimages. Images were registered and stackedto fo
tip-tiit motion. The LGS brightness was equivalent to 4 final mosaic, with a full-width at half-maximum of 0.0@nd

V ~ 9.8 mag star, as m_easured py the flux incident on the AEPStrehl ratio of 0.05. No companions were clearly deteated i
wavefront sensor. Tip-tilt aberrations and quasi-statianges a 6’ x 6 region centered on CFBDS0059.

in the image of the LGS as seen by the wavefront sensor were ) o i ) . )
measured contemporaneously with a second, lower-baniwidt Ve determined upper limits from the directimaging by first
wavefront sensor monitoring thR = 14.6 mag field star smoothmgthe_fmal mosaic with an analytical represgrmalfo
USNO-B1.0 0887-001053% (Monet ef] Al. 2p03), located 3éhe PSF'’s radial profile, modeled as the sum o_f ml_JItlpIe gaus-
away from CFBDS0059. The sodium laser beam was point&@ns: We then measured the standard deviation in concentri
at the center of the NIRC2 field-of-view for all observations @nnuli centered on the science target, normali;ed_ bY thle pea
We obtained a series of dithered imageEsetting the tele- flux of the ta_rgets, and ad.op.tedaias thg flux ra_ltlo_llmlts for_
scope by a few arcseconds, with a total integration time Bpy compamon;. Th-ese I|m|Fs were vgnﬂed with implantatio
1080s. We used theH4sfilter, which has a central wavelengthOf fa_ke companions into the image using translated anddcale
of 1.592um and a width of 0.12@m. This filter is positioned Versions of the science target.
near theH-band flux peak emitted by late-T dwarfs. The im-  Figure[® presents the final upper limits on any companions.
ages were reduced in a standard fashion. We constructed\Watemployed the "COND” models ¢f Bafa et al. [200B) to
fields from the diferences of images of the telescope domenvert the limits into companion masses, for assumed dges o
interior with and without continuum lamp illumination. Tie 1 and 5 Gyr and a photometric distance estimate of 13 pc. We
we created a master sky frame from the median average of #ssumed any cooler companions would have simi&t4s —
bias-subtracted, flat-fielded images and subtracted it frten H) colors to CFBDS0059.
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(halo membership probabilities are negligible). CFBDSH05

at its probable distance, is well within the 95% probabiitin
2F = disk membership region, and ULAS0034 is within the 99%

= — probability region. In spite of its somewhat high proper mo-

tion for an object beyond 10 pc, CFBDS0059 therefore most
likely belongs to the thin disk. The mean age of the simulated
stars in the region of the proper motion diagram occupied by
CFBDS0059 is 4 Gyr, suggesting that it is an older member of
the thin disk. That age is consistent with the 1 to 5 Gyr range
derived below from comparison to COND evolutionary models
(Bardte et al.|20083). As any kinematic age for an individual
star, this determination has large error bars, but it sugdkeat
CFBDS0059 might be older than ULAS0034.

Praoper Motion DEC [arcsec/yr]

x 5. Spectral comparison and atmospheric
x . parameters

Fig B and Fidb present our spectrum of CFBDS0059, together
—3L 4 with those of ULAS0034|(Warren et gl. 2007T8), 2M0415
froer Motion A [E‘rcsec ) _._]“ - iurfasser et alf 20p3, T8) and GI 570P (Burgasser kt al.
per h . P00, T7.5), which successively were the coolest known hrow
: - . . _ dwarfs. Thanks to their earlier discovery, 2M0415 and GI 570
F|g._3. Thin disk probability membership contogrs IN ProP&fiave the best characterized atmospheric parameters (8aumo
motion space from the Besancon stellar population mode. T, al. 7) and they provide the most solid baseline
contours are generated for synthetic stars with distanees ra differéntial stL,de. ThE Warren et]al. (2007) spectrum of
tween 10 and 20 pc, belonging to the thin disk (small dot AS0034, kindly communicated by S. Leggett, was obtained
and the thick disk (small stars, with the density of the fattg ... GNIRé on Gemini South and itg; = 500’ resolution
increased by a factor of 10 for display purposes). Less th%tches that of our NIRI spectrum of Cf:BD80059. We down-
one halo star would appear on the plot. Based on their mea: ded thd Burgasser e{ dl. (2pP3, 4002) OSIRIS spectraof th

sured proper motion, the likelihood that CFBDS0059 (lar%/o other brown dwarfs from the Ultracool Dwarf Catatpg

?hpeetnh;qgiiLe;ringstzLQ;()gg;).(large open triangle) belongsaﬁqd degraded their original spectral resolutionfg)#«lzoo to

match that of the GNIRS and NIRI spectra. Stronger tellusic a
sorption from the lower altitude telescopes explains theewi
4. Kinematics blanked regions in the corresponding spectra, but doesdt m

. oo surably dfect any comparison: as illustrated by CFBDS0059,
We estimate a spectrophotometric distance for CFBDS0059 |8, 1 gwarfs have essentially negligible flux wherevelutét

adopting My = 17.5 + 0.5, based on an approximate/¥® |, 5 apsorption matters. Because the OSIRIS spectra do not
spectral type (discussed below) and on an extrapolatioheof {,, o1 they hand, we complement them by lower resolution
M, versus spectral type relation pf Knapp ef 4. (2094) bE€pectra fron] Geballe etlal. (2901) dnd Knapp Bt[al. (2004) for
yond T8 (2MASSJ0415 0935, hereafter 2M0415). This ex-, _ 1.18m.

trapolation is consistent with the Chabrier eft al. (2000Qdmo
els which predicaAd ~ 1.0 between brown dwarfs Ofeg ~
750K and 625K (like 2M0415 and CFBDS0059). The resulb.1. Atmospheric parameters

ing d = 13+ 5 pc has significant systematic uncertainties, be- . .
cause spectral typing beyond T8 is just being defined, and fi‘gmospherlc parameters of ultracool dwarfs are idealledet

. . . . ined from a combination of near and mid-IR information (e.
pecially because the linear 1 magnit(glébtype decline seen (eg

at earlier subtypes may not continue beyond T8. The adapt%%umon et 4l] 2004, 2d07), but low resolution near-infrared

. . . - . 'spectra alone provide a useful proxy when mid-IR photometr
optics observations exclude any companion of similar lusin P P proxy R y

ity beyond 1.2 AU, but CFBDS0059 could still of course be and spectra are not (yet) available (¢.g. Burgassei|fet @640

tighter binary. Its small distance fortunately puts CFBD59 Eeggett e_t dll 2047). Burgasser ef . (2. 06a) used a grid-of s
L lar metallicity cool brown dwarfs to calibrate two spectral
within easy reach of modern parallax measurements.

. - tios, H,O-J andK/H, which respectively measure the strength
We use the Besancon stellar population mogel (Robin| etif M / P y 9

i)

1 . H,O absorption at 1.15um and the flux ratio between the
)_to generate synthetic stars between 10 pc and 20 pcgop ° 11y peaks, to Ty and logy, Warren et 4. [(2007) how-
the th'.n (dOt.S.) and thick (star symbol) disk popu!anonsmt t ever found that KHO-J essentially saturates belowsT= 750K,
galactic position of CFBDS0059. F[b 3 shows their proper MAhd therefore chose not to use this spectral index for sgectr

tions toggther with those of CF.B.DSOOSQ and.ULAS_OOM'.TWpeS later than T8. They demonstrate on the other handthat t
contour lines show the probability that an object with a give

proper motion belongs to the thin disk rather than the thisk d 2 httpy/www.iac.eggalerigegégcatalogaespectraindex.html
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fO\)

2M0415 (~750K

1 1.5 2
A (um)

Fig.4.0.9um - 2.3um spectra of CFBDS0059 and the three other coolest brownfghvildre spectra are normalized to unit flux
densities at their 1.2dm.peak, and verticallyféset for clarity. The main T-dwarf spectral features are ledbeThe temperatures

of GI 570D and 2M0415 are from the careful spectroscopicyaeal of Saumon etlal. (2006) and Saumon ket al. {2007). Those of
CFBDS0059 and ULAS0034 are from oWy versus)/K index (Fig.ﬂi).

combination of theK/J index with the width ofJ-band peak, As a first order correction for the remaining imperfec-
parametrised by theiV; index, becomes a gooddand logg tions of the theoretical spectra, the model indices ardeshif
diagnostic at Ty ~900 K, and remains useful significantly beinto agreement with the measurements of 2M0415 at the
low 750K. We adopt their method. [Ter=750K; logg=5.00 and [MH]=0] determined for that
brown dwarf by|Saumon et jl[ (2Q07). Thez¥800K and
Table [} lists our measurement of these two indices f§199=5.35 resulting from this calibration for GI 570D are con-
CFBDS0059, and Fifj] 6 compares them with fhe Warren|et gistent with the %=800-820K and log=5.1-5.25 derived by
{@007) measurements for GI 570D, HD3651B, 2M0415 angumon et 3l.[(20p6) from a complete spectral analysis. For
ULAS0034. To derive & and logg from the indices we HD3651B, Ter=820-890K and- logg=>5.1-5.3 resulting from
use model indices from solar-abundance BT-settl atmogphdhis calibration are roughly consistent with thg:¥780-840K
models [Warren et &, 2007; Allard et]4l. 2003, Allard et agnd logg=5.1-5.5 derived by Liu et hI[ (20p7).
2008 in prep). The model with NHat chemical equilibrium CFBDS0059 and ULAS0034 have very simil&f indices,
abundance clearly produces too much absorption in the blug the new brown dwarf has a significatively smakgid in-
side of theH-band, confirming the finding aldex. Visual comparison of the two spectra (f]g. 4) confirnas th
(2006 [2007) that non-equilibrium processes keep the pii-  CFBDS0059 does have a weakéand peak than any of the
tial pressure well below its equilibrium value. We then usg comparison cool brown dwarfs. As widely discussed in the
models that keep the abundances ofNiHd N at a fixed value recent literature (e, Fig. in Burgastel.
in all parts of the atmosphere where the reaction timescale ), or Fig. 3ip Leggett etlal. (2007)), for a fixed médall
ceeds the mixing timescale, which typically occurs at th@-60ity a weakeK-band peak is evidence for either a lower temper-
800K temperature level. These "quenched” models agree mathre or a higher gravity. TH&/; index lifts this degeneracy: it
better with the observed band shape. indicates, again assuming identical chemical compostfon
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Fig.5.Y, J andH-bands spectra of the four cool brown dwarfs. The greencadines in the 1.1xm - 1.35um panel mark the
two potassium doublets. The grey band in the Ju#b- 1.65um panel indicates the approximate limits of the new absonpti
bands, which we discuss in the text.

the two brown dwarfs, that CFBDS0059 is cooleB0+15 K no such shift, and the two objects therefore have similaamet
and has &0.15+0.1 higher logy than ULAS0034. licities.

As also discussed y Warren e} @l. (2007), the above uncer-

tainties only reflect the random errors in the spectral ieslic Fig. ﬁ overlays the observed CFBDS0059 spectrum with
They are appropriate when comparing two very similar ofne synthetic spectrum for the closest point of the solaatnet
jects, like CFBDS0059 and ULAS0034, since systematic 8rrQfgity atmospheric model grid. Except on the red side of the
then cancel out. They must on the other hand be increaseqyt§and, model and observations agree well, boosting our con-
compute absolutefiective temperatures and gravity: one thefigence in the derived atmospheric parameters. The main re-
needs to account for the uncertainties on the 2M0415 parafgiining predictive shortcoming of the models is their ogéire
ters which anchor the Fig 6 grid {T+25K and logg ~ +0.2; mated absorption on the red side of thevand peak. The prin-
Saumon et §1.[(2007)), and for the uncertainties in the atm@pal opacity source in this region is the methane band edntr
spheric models which may distort the grid between its anchg1 67,;m, for which comprehensive theoretical predictions are
point [Ter=750K; logg=5.00 and [MH]=0] and the~600K re-  ayajlable, but only for transitions from the vibrationabgnd
gion of interest here. We conservatively adopt3620£50K  gtate (as will be discussed in detail in Homeier et al., ippra-
and logg=4.75:0.3. tion). To make up for the missing absorption from higher sand
This 2-parameter analysis obviously cannot determine wlhich constitutes a significant fraction of the opacity aivn
three main atmospheric parametergs(Jlogg and metallic- dwarf temperatures, a constant empirical correction fagts
ity). As discussed by Warren et]al. (2007), it actually detensed. This correction must in turn lead to some overestiofate
mines the temperature with no ambiguity but leaves a cotire CH, absorption as we reach the lower end of the T dwarf
bination of M/H] and logg undetermined, and they demontemperature range. Another possible source of errors aerun
strated that in th&V; versus]/K plot metallicity is degenerate tainties in the models’ temperature profile. The BT-Settbmo
with surface gravity, withi\(logg) = —2A[M/H]. CFBDS0059 els self-consistently describe gravitational settlinonective
is thus definitely cooler than ULAS0034, but from; versus turbulence, advection, condensation, coalescence arpileea
J/K diagram it can have either higher surface graeityower tion of condensates to predict the formation and vertical ex
metallicity. This degeneracyffects the full JHK-band spec-tent of cloud layers|(Allard et &|. 2008; Helling et| al. 2007)
trum, where any metallicity vs gravityfierence is at most very In late T dwarfs these clouds are predicted to reside deep in
subtle. It is however lifted by the shape of theband peak the optically thick part of the atmosphere. Their opacithiss
(Figs. 3 of[Burgasser et |all (2006a)[or Leggett ét [al. (RQO7hot directly visible in the spectrum, but it may still impabe
since lower metallicity shifts th&-band flux density peak of thermal structure, and thus the relative abundance edlyexfia
submetallic brown dwarfs significantly blueward. lElg 5 skowtemperature-sensitive species like £H
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As discussed above, theband spectra of CFBDS0059 and
ULASO0034 do not dfer much. Given the strong sensitivity of
- thatbandto [MH] that implies that the two objects have similar
1 chemical compositions. The shape of fiband peaks of these
two coolest brown dwarfs on the other hanteti from that of
Gl 570D and 2M0415, with the CFBDS0059 and ULAS0034
peaks extending further into the blue. The dominant abssrbe
- inthe blue wings of th&-band peak is the pressure-broadened
1 wing of the 0.77um K I line (e.g.|Burgasser et @l. 2006a),
which must weaken as K | depletes from the gas phase under
Texr=~700K. As anticipated by Leggett et|dl. (2007), the slope
of the blue side of th&'-band peak therefore shows good po-
- tential as an fective temperature diagnostics beyond spectral
| type T8.

The strength of the J-band K | doublet is a good gravity
estimator in ultracool dwarfs (e.g. Knapp ef|al. 2004), bsea
an increased pressure at a fixed temperature favors KCl over K

0.6 —— 0f5 e ; EE— 1!5 EE— ; — (Codderk [1999)) and consequently weakens atomic potassiu
K/ features. At Ty ~ 750-800K the thel-band K | doublets re-

, o . Lo main weakly visible and useful as a gravity proxy (Fig. 7 of
Fig. 6.W; versus)/K indices. The grid represents indices MeRnapp et a). [[2004)). At & < 700K on the other hand, the
sured on solar metallicity B.T-settl model spectra, shiftéd | jouplets have completely vanished at the resolution ef th
agreement of the [gr=750K; 109g=5.00 and [MH]=0] with  ¢\;rrent spectra (Fid] 5), even at the probably lower gravity
the measured indices of 2M0415. The error bars represent {fléas0034. Potassium is thus mostly converted to KCI (or per-
1o uncertainties of the measured spectral indices. haps other compounds) in the relevant photospheric layers.

The strongest new feature is wide absorption on the blue

Another (less serious) disagreement between the moo%i%e of theH-band, atd < 1'565“m' It is conspicuo_us i_n
and the observed spectra occurs in theband. The mod- CFBDSO0059 and well detected in ULAS0034, and with hind-

els overestimate the flux on the blue side of Wpeak, and sight is weakly visible in the 2M0415 speptrum (Fﬁb‘ 5)'.|t is
they imperfectly reproduce the general shape of the peak. I;L@Never clearly stronger atd < 700K. To visually emphasize

discussed below, the opacities in that band are dominatediﬁg broad feature, we bin the spectra te-R00 and overlay

pressure-broadened wings of the 0@ K 1 line on the blue four H-band spectra (Fif] 8, left panel). Absorptiors et
side and CHj on the red side. at ~ 1.585um and becomes deeper far< 1.565um. These

For [Barate et a. [2008) evolutionary models thé/vavelengths overlap with strong,B and NH bands. Either

Tor ~570-670K and log ~ 4.45-5.05 determined above trans[nolecule could a priori be responsible for the absorption.

late into an age of 1-5 Gyr and a mass of 1pfor 1 Gyr) to

30Myyp (for 5 Gyr). The kinematics of CFBDS0059 suggests 3. Near infrared ammonia signatures

that it belongs to an older population, and therefore dight

favour a higher mass and older age. Those molecules unfortunately have imperfect opacity ,data

and the NH laboratory line lists in particular are incom-

plete below 1I7um. Computed ammonia opacities are there-

fore strictly lower limits.[Leggett et al] (20D7) comparensy

Fig. ﬁ zooms on theY, J and H-band peaks of the four thetic spectra computed with and without Bibipacity, using

cool brown dwarf spectra. The published OSIRIS spectra i Irwin et a]. [1999) line list fon < 1.9um, and find that

Gl 570D and 2M0415 do not cover théband, which instead @mmonia absorption in cold brown dwarfs strongly depletes

is plotted from the lower resolution spectra[of Geballe ét 4he blue wing of theH band (their Fig.10). Similarly, Fig. 9 of

{@001) and Knapp et hi[(2004). For easier comparison, faaumon et &l.[(2000) plots syntheticband spectra with and

CFBDS0059 and ULAS003%¥-band spectra are smoothed tavithout NHz opacity, and find dferences in two wavelength

that resolution. ranges: the Ngtrich model is significantly more absorbed for
Direct comparison of the four spectra can be used to shéd< 1.56%um and it has weaker but significant absorption in

light on incipient new features and atmospheric chemistiie [15725— 1.585um] range.

Features which are seen in both CFBDS0059 and ULAS0034 Fig [§ right panel plots two BT-Settl models fofdy =

are likely to be real even when their significance is modest®&90K; logg = 4.75], without any near-infrared NdHopacity,

each object, and those which are absent or weaker in the @va with NH; opacity for that molecule at its chemical equi-

hotter brown dwarfs, can reasonably be assigned to low teliiyium abundance. As discussed above the BT-Settl models

perature molecules. Conversely, features which disapahei do not reproduce the observétipeak shape very well, and

two cooler objects trace higher temperature species. a quantitative comparison is thuditult. The comparison of

5.2. Individual spectral features
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Fig. 7. Overlay of the CFBDS0059 spectrum with the solar metajlifit.;=600-650K; logg=4.75] BT-settl synthetic spectrum.
The two spectra are scaled to agree at their dn2flux peak. The “quenched NH3” models are chemical equilinrmodels
which enforce a constant abundance of ammonia in the coajéns of the atmosphere.

the two models nonetheless confirmsfthe Saumon 4t al.|(206$)ound from 1.52 to 1.5i. Water absorption, by contrast,
conclusion that ammonia produces strong absorption bel@a poor match to the features of spectrum ratio. The stinge
~ 1.57um and weaker residual out to 1.588. These model water absorption (as computed from the HITRAN molecular
predictions qualitatively match the behaviour seen inﬂ,:igﬂ database for a 600 K temperature) occurs below i@t sig-
panel. nificantly bluer wavelengths than the CFBDS0059 absorption

To emphasize the changes in brown dwarfs spectra WH‘gﬁture.

their dfective temperature decreases fref®00 to ~600 K S .

- : ' Some weaker but still significant bands of _-he Irwin gt al.
we plot in Fig[$ the ratio of the spectra of CFBDS0059 an) laboratory ammoniag spectrum occur in théand
Gl 570D. The signal to noise ratio of the resultikgband '

spectrum is too low for detailed analysis, and we therefore fThose again match features of the CFBDSQG8%70D flux

. : rati h reement is much | nclusive: water an
cus on theY, J andH flux peaks. To avoid confusion from atio, but that agreement is much less conclusive: water and

changes in the temperature-sensitive methane bands, we %[gmoma absorptions overlap on the red sldend peak, and

mostly ignore the parts of the spectrutiiested by CH ab- 4 absorption fects the blue side of the peak. A 1.25-1.27
. X . . um feature is seen on both flux ratios and on the ammonia trans-
sorption bands, hatched in dark and light grey for respelstiv

; ission, and could be due to ammonia since it is clear of any
stronger and weaker bands. Fig] 10 shows the equivalent gIot o . : ey
for ULAS0034, which is very similar. strong HO absorption band. The slight wavelength shift be

tween the laboratory and observed features however lehates t
TheH-band spectrum ratio prominently shows the new abssociation uncertain. Detailed synthetic spectra baséaly
sorption band, which outside the @Hand closely matches thereliable opacities will be needed to decide whether;NiB-
300 K NH; transmission spectrum pf Irwin et]a]. (1999). Botisorption matters in thd band at the fective temperature of
spectra are strongly absorbed between 1.49 andgnband CFBDS0059. The main pattern in theband is a blue slope,
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Fig. 8. Left: H-band spectrum of the four cool brown dwarfs binned +0-R00. The spectra are normalizediat 1.59:m. The
integration intervals for the numerator and denominatarwfproposed Nkl— H index are markedRight: BT-Settl synthetic
spectra for Tex = 600K; logg = 4.75] with and without near-infrared NHopacity; the NH abundance is at its chemical
equilibrium value.

which reflects the weaker pressure-broadened K | wing in thature of the absorption band, which only becomes obvious
cooler brown dwarf. The weak 1.081 NH3 band is not seen. when looking at the fulH-band spectrum.

Ammonia is easily detected in mid-infrared SPITZER

spectra for all spectral types cooler thafi2 (Roellig et al. 5.4. Spectral tvpe
P004:[Cushing et &[. 20p6), though significantly weaker than P yp
initially expected because mixing from lower atmosphegic | Table [} lists for CFBDS0059 the spectral indices used by
els reduces its abundance in the high atmosphere belowlﬂﬂ@spectral classification schemel of Buraasserlef al. 06
local equilibrium value [(Saumon et |gl. 2006). Weak neafhich refines the previous schemes[of Geballe kilal. (2002)
infrared absorption by ammonia has been tentatively OmechndIBurgasser et al[ (2402). These indices would imply a T8
by Saumon et &!.[(20p0) in the T7p dwarfs GI 2298, bijassification, identical to that of 2M0415. As discusseovab
CFBDS0059 and ULAS0034 provide the first incontrovertiblgoever, the near-infrared spectrum of CFBDS0059 demon-
evidence for a strong near-infrared blHand in brown dwarf girates that it is over 100 K cooler than 2M0415 and shows
spectra. clearly diferent spectral features. Based on the new indices
This conclusion contrasts wifh Warren e} &I. (4007) findinge present later, CFBDS0059 should be assigned a later spec-
possible but inconclusive evidence for ammonia in ULASQ03#al type. The almost identicfl Burgasser ét fl. (2006biciesi
The main dfference between the two analyses is that Warrefthe two brown dwarfs instead reflect those indices measur-
et al. ) focused on a higher resolution search, at a negy H,O and CH absorption bands which saturate and lose
essarily lower signal to noise ratio, for individual WHnes their dfective temperature sensitivity at the T8 spectral type
between 1.5 and 1.5&1. We instead looked for the global sig-of 2M0415. Beyond T8 thE Burgasser e} &l. (2406b) classifica-
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Fig. 9. Flux ratio between CFBDS0059 and Gl 570D (black}ig. 10. Flux ratio between ULAS0034 and Gl 570D (black).
together with the laboratory room temperature transmissi@he overlays repeat those of FE]g 9.

spectrum of NH (frwin et all [1999) (red, top panel) and

the 600 K HO transmission spectrum computed from the

HITRAN molecular database (red, bottom panel). The gréye note that in cooler objects, the denominator could be af-

bands mark the parts of the spectruffeated by strong (dark fected by some N absorption; its integration boundaries
grey) or moderate (light grey) GHabsorption. might thus need to be refined after such objects have been

discovered). We compute this index for Gl 570D, HD3651B,

. . 2M0415, ULAS0034 and CFBDS0059 (Talflp 4), and find
tion scheme therefore needs to be extended, with new spegia; it strongly decreases from GI570D to ULAS0034 and
indicators that do not saturate until significantly lateespal ~rgps0059 (which have very similar NHH).
types. o _ o Over the limited &ective temperature range spanned by

Fully deflmng_thls extension is b_eyond the scope of th@|570D, HD3651B, 2M0415, ULAS0034 and CFBDS0059,
present paper, since two known objects beyond T8 are noy a5 far as one can infer from just 5 examples, the-NH
enough to explore spectral variability, but one can norletse 54 \; indices correlate strongly (Fi§.]11). The numerator of
start exploring. Since the main new feature isd\#sorption v is centered at wavelengths where both ammonia (Fig. 10
in the blue wings of théi-band peak, we define a new M ¢ [Ceggett et 41.[(2007)) and Grhave significant opacity, and

index as future modeling work should be able to establish whether the
156 F)dA Fwo indices probe the same molecule or not. Singe_tht_a near-

NHs - H = 1-l5go _ (1) infrared spectra of ULAS0034 and CFBDS005%@li signif-
(&, f()da icantly more from that of the T8 2M0415 than the latter dif-

fers from the T7.5 GI570D (as quantitatively demonstrated b
Its numerator and denominator range are plotted irﬂ:ig g.), it is natural to assign a full spectral subtype ®iti+

The numerator integrates the flux within the main \thnd terval between the two coolest brown dwarfs and 2M0415. By

and its denominator measures the bulk of théand peak that reasoning, and if ULAS0034 and CFBDS0059 are consid-
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Table 3. Measured spectral classification indices for CFBDS0059@indS 0034. The first six indices form the base of the
Burgasser et al] (2006b) classification scheme, and the imtilides the corresponding spectral classification drsttede. The
W; index is a recent addition proposed|by Warren gt al. (2007).

Spectral numerator denominator  value spectral  value iIgpect

indice wavelength  wavelength type type
um CFBDS0059 ULAS0034

H,0-J 1.14-1.165 1.26-1.285 0.020.005 T8 0.0120.007 >T8

CHy-J 1.315-1.34 1.26-1.285 0.168.005 T8 0.0140.009 >T8

H,O-H  1.48-1.52 1.56-1.60 0.139.008 >T8 0.133:0.010 >T8

CH;,-H  1.635-1.675 1.56-1.60 0.080.002 T8 0.0960.006 T8

CH,-K  2.215-2.255  2.08-2.12 0.128.037 >T7 0.09%0.015 >T7

K/J 2.06-2.10 1.25-1.29 0.18D.002 0.1280.003

W; 1.18-1.23 1.26-1.285 0.250.004 0.2620.006

Table 4.NHs-H indices for the five brown dwarfs discussed in this paper. gpestral classification eith€ follows Burgasser
et al. (2006p) of? is derived from the Ni+H and W; indices, as discussed in the text

GI570D HD3651B 2M0415 ULAS0034 CFBDS0059
NHs-H 0.672:0.008 0.660.005 0.6250.003 0.51&0.008 0.52&0.005
Spec. Type T78 T7.59 T8W T9orYO®  T9orY0O?

phase |[(Burrows et a|. 200B; Kirkpatrigk 2005). Since spec-
0.7 —————————1—+——————————— tral classification, for mostly practical reasons, is ttiadially
based on optical and near-infrared spectra, such a major tra

GIS70D (T7.5)
] sition will justify the introduction of a new spectral typir
[ HD36518 (17.5) |ﬁ ] which the Y letter has long been reservgd (Kirkpatrick ¢t al.
0.65 - . [1999;| Kirkpatrickl 2000). If thel ~ 1.55um NHz band keeps
i 1 deepening as theffective temperature decreases further, and
® 50415 (18) eventually becomes a major spectral feature, its appeamnc

I ] Ter =650 K will become a natural transition between the T
0.6 - e and Y spectral classes. ULAS0034 and CFBDS0059 would
I 1 then be the first Y dwarfs, and the prototypes for YO brown
dwarfs, rather than T9. That decision will to some extent re-
I ] main a matter of convention, but it must in any case wait until
0.55 - = larger numbers of similarly cool brown dwarfs can document
I I spectral trends in finer detail, and preferably over a wider e
fective temperature range.

NHz—H

}E‘L CFBDS0059 (T9 or YO)

L l_f ULAS0034 (T9 or YO)
o5 L— v 1 PR I R T —

0.2 0.25 0.3 0.35 0. .
W, ¢ 6. Summary and conclusions

We have reported the discovery of CFBDS0059, a very cool
brown dwarf, discovered in the CFBDS surv@y (Delorme bt al.
Fig. 11.NH3-H index versusV; index. The error bars represenpo0g). Its dfective temperature is50+£15 K cooler than that
the 1o uncertainties of the measured spectral indices. of ULAS0034, most likely making it the coolest brown dwarf
known at the present time. High spatial resolution imagisg e
tablishes than CFBDS0059 has no similarly bright compan-
ered as T dwarfs, their spectral type should be T9, or perhags beyond 0.09”, and no companion with a contrast under
slightly later. 3.5 magnitude beyond 0.3” (respectively 1.2 and 3.9 AU at
The T spectral class however is quite unlikely to remain thike 13 pc photometric distance). Its kinematics suggesh wi
last spectral type, since for Siciently low efective tempera- significant error bars, a4 Gyr age at which CFBDS0059
tures atmospheric models predict major changes in visitde avould be a~30M;,, brown dwarf. The atmospheric param-
near-infrared brown dwarf spectra: NHands are predicted toeters of CFBDS0059 however are compatible with any age
appear in, and eventually to dominate, the near-infraredspfrom 5 Gyr down to 1 Gyr, for which its mass would be
trum, the strong pressure-broadened optical lines of Nall anl5M;y,. A trigonometric parallax measurement together with
K | are predicted to disappear as those atomic species getrimd-infrared photometry and spectroscopy with SPITZER wil
corporated into molecules and solids, and water clouds aignificantly refine its physical parameters, as demorestriay
predicted to form and to largely deplete water from the g&aumon et 4] (20D7) for slightly warmer brown dwarfs.
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We assign absorption in the blue wing of tHeband peaks Bardfe, 1., Chabrier, G., Barman, T. S., Allard, F., &
of both ULAS 0034 and CFBDS 0059 to an WHand. If Hauschildt, P. H. 2003, A&A, 402, 701
that assignment is confirmed, and if, as we expect, the baBertin, E. & Arnouts, S. 1996, A&AS, 117, 393
deepens at still lowerfiective temperatures, its developmerBoulade, O., Charlot, X., Abbon, P., et al. 2003, in
would naturally define the scale of the proposed Y spectralPresented at the Society of Photo-Optical Instr umenta-
class. ULAS 0034 and CFBDS 0059 would then become thetion Engineers (SPIE) Conference, Vol. 4841, Instrument
prototypes of the YO sub-class. Design and Performance for Optidaifrared Ground-based
The CFBDS survey has to date identified two brown dwarfs Telescopes. Edited by lye, Masanori; M oorwood, Alan F. M.
later than T8, CFBDS0059 and ULAS0034 (which we iden- Proceedings of the SPIE, Volume 4841, pp. 72-81 (2003).,
tified independently of Warren et |all (200Y), Delorme €t al. ed. M. lye & A. F. M. Moorwood, 72-81
)) in the analysis of approximately 40% of its finaBurgasser, A. J., Burrows, A., & Kirkpatrick, J. D. 2006a,JAp
1000 square degree coverage. We therefore expect to find arg39, 1095
other few similarly cool objects, and hopefully one signifiBurgasser, A. J., Geballe, T. R., Leggett, S. K., Kirkpatric
cantly cooler one. J. D., & Golimowski, D. A. 2006b, ApJ, 637, 1067
CFBDS0059 and ULAS0034 provide a peek into the aBurgasser, A. J., Kirkpatrick, J. D., Brown, M. E., et al. 200
mospheric physics for conditions that start approchingdtio ApJ, 564, 421
giant planets, and the future discoveries that can be esgedBurgasser, A. J., Kirkpatrick, J. D., Cutri, R. M., et al. 200
from CFBDS, ULAS, and Pan-STARRS will further close the ApJ, 531, L57
remaining gap. They also bring into a sharper light the remaBurgasser, A. J., McElwain, M. W., & Kirkpatrick, J. D. 2003,
ing imperfections of the atmopsheric models, and emphéasize AJ, 126, 2487
particular the importance of more complete opacity data. OBurrows, A., Sudarsky, D., & Lunine, J. I. 2003, ApJ, 596, 587
analysis relies on a room temperature absorptiory Npkec- Chabrier, G., Barde, |., Allard, F., & Hauschildt, P. 2000, ApJ,
trum, but higher excitation bands than can be excited at 300 K542, 464
must matter in Ty = 600 K brown dwarfs. The eventual iden-Cushing, M. C., Roellig, T. L., Marley, M. S., et al. 2006, ApJ
tification of ammonia absorption in theband will also need 648,614
complete opacity information for 40 and CH and full spec- Delorme, P., Willott, C. J., Forveille, T., et al. 2008,
tral synthesis, since the bands of the three moleculesagvarl  A&A(submitted), 0, 0
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