A&A 417, L.21-1.24 (2004) Astrono my
DOI: 10.105]0004-6361:20040027

© ESO 2004 Astrophysics

VLT/NACO adaptive optics imaging of Titan *

E. Gendroh, A. Cousteni$, P. Drossatt, M. Combes$, M. Hirtzig!, F. Lacombé, D. Rouad,
C. Collint, S. Padi, A-M. Lagrangé&, D. Mouillet?, P. Rabog, T. Fuscd, and G. Zin$

1 Observatoire de Paris, LESIA, UMR 8109 du CNRS, 5 place Jules Janssen, 92195 Meudon Cedex, France
2 Laboratoire d’Astrophysique, Observatoire de Grenoble, BP 53, 38041 Grenoble, France

3 ONERA — DOTA, 92322 Chfillon, France

4 ESO, Karl-Schwarzschild -Str. 2, 85748 Garching beiridtien, Germany

Received 18 March 2003Accepted 17 January 2004

Abstract. The advent of the NAOEONICA adaptive optics system at the ESO Very Large Telescope recently gave us the
opportunity to map the surface of Titan and to search for atmospheric variations at high spatial resolution and contrast. We
report here the first results from a series of observations of Titan performed with this instrument in a number of near-infrared
narrow-band filters, covering various altitude regions and thréferdnt longitudes (out of the 16 days of Titan’s orbit). We
have achieved unequaled contrast on images showing complex topography on Titan’s trailing hemisphere and have found robu
evidence for the north-south asymmetry inversion. The presence of other interesting atmospheric features at Titan’s South Po
is described.
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1. Introduction The situation in the lower atmosphere of Titan is also u
o . - clear. Evidence for tropospheric clouds has been found in s
Despite its close exploration by the Voyager missions, mapy (Griffith et al. 2003) and references therein and in imag
aspects of the atmosphere and surface of Titan remain W -Titan (Roe et al. 2002; Brown et al. 2002), while otht
renty unknown. Thus, the _eX|stence .Of seasonal or diur dels and observations indicate that Titan's troposphere n
phenomena, the tro_p_osphenc content in conde_:nsates (clou Supersaturated in methane. Further up, in the stratospl
the surface composmon_and topography are still under deb tgaptive optics images showed until recently the haze-sens
although we have obtained many clues_ in the past dec rth-south asymmetry with a brighter South Pole. This asy
through s_pectr_oscopy _and radar observe_ltlons, but also by d Stry was recently found to have reversed. Another bright
resolved imaging. Besides the date_l obtained by the HST (S”H% spheric feature, noticed for the first time on Titan's mornil
et al. 1996), Earth-based observations have been most valu was interpreted as a diurnafect (Coustenis et al. 2001)
especially since the advent of the adaptive optics and relate 'Ilitan is the main target of the NASESA Cassieru;./gens
;e::;é?uaifn&hp:ﬁgrge;nm&t S'E r?ggengfa:i;fst:tilﬁtzu nl%?gl'i(t);ntﬁ:ésmn' which will investigate the satellite in situ. In the mea
. . . ) . e, ground-based data are vital to optimize the return of |
first results were obtained with the ESO ADONIS adaptive Opy; grou v piimiz "

. . . ssion. Hence, the advent of the new adaptive optics <
tics system in the mid-90s (Combes et al. 1997). Recentlyt NACO in combination with the Very Largg TeIesF::ope '

large set of new data was obtained from the CFHT, Keck al 0 in Chile ders a unique opportunity to study the resolve

Gemini adaptive optics systems (Gibbard et al. 1999; Coust . o o . : .
et al. 2001: Roe et al. 2002; Brown et al. 2002) and from ﬁehsan disk with high sensitivity and increased spatial resolutic

HST again (Meier et al. 2000) showing Titan’s surface with the o
bright equatorial region (observed near 100 LCM on the lead- Data acquisition

ing side) and also darker areas in other parts of the disk. T Saptive optics compensates for the image degradation
trailing hemisphere has been under-observed until now and.j

bile struct buious| irod hiah irasted atmospheric turbulence, thanks to active optical eleme
more subtle structure obviously required higher-contraste iven in real-time by a servo-loop.

servations. Current surface models suggest all possible combi-
nations between ices, liquid hydrocarbons, organics and rocks

(e.g. Coustenis et al. 2001). 2.1. The VLT adaptive optics system NACO

Send gprint requests toE. Gendron, NACO (Rousset et al. 2002) is the state-of-the-art adaptive

e-mail:Eric.Gendron@obspm. fr tics system of the ESO Very Large Telescope, the four europ
* Based on observations collected at the European South8rin telescopes located at Mount Paranal, Chile. NACO equ

Observatory, Chile (ESO Proposal 70.C-0588). the Nasmyth-B focus of the fourth telescope unit (Yepul
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NACO recently saw its first light on November 25th 200Table 1. Titar? observational log.
(Lagrange et al. 2002), and is noWered to the astronomical

community. Filter® Lowest altitude Number of images
NACO is the association of two instruments: the adap- (um)  region probed x int. ime (s)

tive optics system NAOS, and the spectro-imager CONICA.

The main technical features of NAOS are a piezo-stack de- 1.04 tropopause % 20

formable mirror with 185 actuators and a separate tip-tilt mir- 1.08  surfacer lower tropo  22x 20

ror, two selectable Shack-Hartmann wavefront sensors oper- 4 o9
ating either in the optical (45850 nm) or in the near-IR
(800-2500 nm) range, both featuring up to %414 subaper-

surfacer lower tropo  20x 20
1.24 upper troposphere 2340

tures. NAOS has a field selector allowing to pick the reference 1.28 surface 2k 40
source up to 55 away, to track moving targets, to compen- 1.64  low stratot tropo 7% 200
sate for flexures (pointing model) andferential atmospheric 175  stratosphere X 200
dispersion. NAOS has 5 selectable dichroic beamsplitters, and  2.12  troposphere 18 200

delivers a corrected image to the spectro-imager CONICA in 2.17 lowest strate- tropo  7x 200
the spectral range-b um.

2 The Titan observations were taken at SEP longitudes 76 to 79

CONICA is equipped with a 1024x 1024 pixel  for Nov. 20, 2002, 189.5 to 19%or the 25, and 211 to 214or
ALADDINZ InSb detector, operated at 27 K, and sensitive in  the 26. Star (or PSF) observations were acquired before and after
the Q9-5 um domain. The read-out noise is 40 engpixel the Titan observations in each filter.

in double correlated sampling read-out mode, and can be &sCentral wavelength of the narrow-band filter (for details see
low as 10 € rmgpixel in Fowler sampling mode (mainly  http://www.eso.org/instruments/naco/).

used in long integration times for spectroscopy). CONICA has The filters can probe aItitud_es _down to the region in_dicated. They
5 magnification optics, providing adequate Nyquist samplings range roughly as follows with increasing lowest altitude probed:
across the 45 ym domain (0.01325 0.027' and 0.054). 1.28 (R), 1.08 (Hel), 1.09 (P, 2.12 (% (1-0)), 1.24, 1.04,

It is equipped with broadband, intermediate baRd+ 35) 2.17 (Br), 1.64 (Fell), 1.75.m.

and standard narrow-band filters (Hel,, Fell, H, Br,, all

with R =~ 90). Due to the large telescope diameter, NACO gives

access to small scales in imaging (e.g. 0/0881.28um).

2.2. Titan observations values were 1/1and 1.% respectively for the 20th and 25th
i i ) (with peaks up to 2/8), both nights with a fast phase evolu-

Titan was the first extended planetary object to be obser (to = 3 ms). This led to the diraction limit down to

scientifically by NACO. Images of Titan were obtained usingmy 1.75um (0.08' FWHM) on the 20th, and down to 2. 1if

9 narrow-band filters which sampled wavelengths with lar 8.06’ FWHM) on the 25th.

variations in methane opacity. This permitted sounding of dif-

ferent altitudes ranging from the stratosphere to the surface (seePuring these 3 nights Titan was used as the reference
Table 1). source for the visible wave-front sensor, running at a frame

For each filter, the observations were performed by averi%te of 240 Hz. The configuration of the wavefront sensor, and

ing several images (see Table 1) taken at random location [tlcularly the large pixel scale of 0.58~as chosen to limit

over the array for a better averaging of the flat-field respon§ & |_ncree;s1?tof w_?;]/e-lfront_ Ser_‘s'”ﬁ’ tn oise due t(:r;che spatlfa ! e)t(-
Integration times have been chosen so that individual imag&8S'on of fitan. Ie (:‘:'S N sighal- o-noflsoeson € vlzl;vg&)ron
are photon noise limited on Titan’s disk. The signal level wi nsorwas equivaient 1o an increase of 0.> mag. per-

checked to be well inside the range of the linear response of REmance 1 I!mltgd_ t_)y noise f_or sources fainter thl&ﬂé 1:.L’
detector. and reaches its limiting magnitude aroungl= 17. Despite its

s‘iatial extension, for Titan the performance is limited only by

Titan was observed during NACO garanteed time : :
2002 November 20th, 25th and 26th. between 6.00 3 e system speed and the mirror undermodeling error.

and 9.00 UT, crossing the meridian around 6.30 UT. While The same dichroic plate was kept to split light between
Titan can be observed close to zenith at Mauna Kea (Satifve-front sensing and imaging channels, for all the spectral
has as ~ 22°), it culminates at Paranal at best at46om filters used. All the images on CONICA are taken with the

zenith, not optimal for adaptive optics. same pixel scale of 0.0132/pixel.

The best seeing conditions were obtained on the night of Star observations were interweaved with the Titan observa-
the 26th, with a stable seeing of 0.8nd a long correlation tions in order to calibrate for the PSF used for deconvolution.
time (ro » 15 ms). This allowed us to attain theffdaction Titan has am, = 8.05 and we chose the star HD 40329 as a
limit down to 1.24um (0.032’ resolution, as shown by thereferencerfy, = 8.17, SP= G5, located less thar® &way).
full width at half maximum of the point spread function of thé'he slight excess in star magnitude accounts for the increase of
calibration star). On the other nights the atmospheric congiavefront sensing noise due to the spatial extension (0.8f7
tions were rather poor and highly variable. The median seeifigan.
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3. Data processing
3.1. Image reduction . .
Accurate flat-fields were acquired on the twilight sky. Special

care was devoted to the flat-field correction, as our previous
experience showed that thifect may rapidly become a lim-

iting factor when using deconvolution. By computing the ratio
between flat-fields obtained fromffirent data sets, we could .
estimate that our flat-field rms error is as low as 0.005. In ad-

dition, this number decreases as the square root of the numbdg
of averaged images taken at independent locations on the arrajReLTRel NI~ R, -l TRl NIl [o - R Bl TRl Mo lVlu 2
(see Table 1).

The raw data were subtracted from the sky images, then di
vided by the flat-field response and corrected for dead pixels,
Images were then recentered with sub-pixel accuracy using &

cross-correlation method in a window o3 wide (256 pix-
els). Finally, a visual selection was used for eliminating the few IR I o s
bad quality images — if any. TR o D

Taking into account the camera read-out noise, the pho-... | ; “
ton noise, and the flat-field compensation, we estimate the:= ‘
signal-to-noise ratio of the reduced images to range from 80 Ny N . |
to 350 per pixel, depending on the wavelength. I T B g

0,002 . - . o0t . 1 coer . —
0.000 0663 1326 1989 D.00D 0663 1328 “ogs 0000 0663 1328 1989

1.24p 20Nov2002 1.24p 25Nov2002 1.24p 26Nov2002

3.2. Deconvolution and limb effects Fig. 1. Reduced images from the 3 nights, with variable seeing:

The high signal-to-noise ratio of the images and the PSF c&grged from 0.8 (26th) to 2:8(20th). In all Titan images North is
up and East-map is to the right. The PSF shown here correspon

ibrations allowed us to use and compaf&cgently various the 1.28:m filter
deconvolution methods. We have tried several de convolution ™ '
methods but present here the results from the Magain (Magain

et al. 1998) and Bratsolis (Bratsolis & Sigelle 2001) codes, that A highl 4 (150% with he limb) brial
were found éicient in the case of Titan. Thus, Fig. 2 show. ighly-contrasted (150% with respect to the limb) brig

images from our best observing night, all enhanced by use?%ﬁture islozl:zlser\(/jeg at the Solréh Pol.e_ a_md shovvln inlou_r i_rtr;la
the Magain method. The Bratsolis method is used for Fig. zlakenatl.24an Jn on all dates; itis even clearly visible

Following deconvolution, we modeled the center-to-limB Our raw Images (Fig. 1). This feature is not observed at

effects to balance the contrast in the surface images (1, %se-by 2.17-micron image, thus allowing us to discriming

and 1.28um). The model takes into account fractal—shapéa altitude and infer that the causing phenomenon is loca
aerosols (Rannou et al. 1999) and various waveleng ymewhere in the atmosphere, at altitudes lower than 100

dependent methane absorption fméents and opacity. This This feature is observed to vary in location on our images fr
£ side of the south polar axis to the other within the we

correction was not applied to the atmospheric images so as ﬂ? _ _ o )
to hazard limb studies. of our observations (Fig. 3). Thus, it lies at its furthest east
the 25th, while at its furthest west on the 20th. On the 26
it seems to be centered upon the South Pole. We think ¢
4. Results as one large bright feature possibly related to a vortex n
Our new multi-wavelength Titan observations provided irthe Southern pole, for which further investigation is require
formation at diferent atmospheric levels and on the surfadether similar but less bright spots are seen on the south liml
(Table 1). A strong phasefect of 2.5 observed on the Westernparticular in our 1.24 and 2.32m images on each side of thi
limb (left) of all of our images (Fig. 2), prohibited the detectiofinain feature.

of any morning features.

4.2. The surface of Titan

4.1. The atmospheric features During the night of November 20, at GEE, Titan's leadir

In our images taken at wavelengths containing atmosphemiemisphere shows the well-known bright feature at 1.08, 1
contribution, we find indication of the north-south asymmeand 1.28um. The feature extends froab° lat and 110 long

try on Titan harboring its usual aspect (the southern “smiletd) —45° lat and 50 long, and has a triangular drop-like shag
at 2.12um, while the reversed situation is observed with filtenwith the narrower edge towards the south-east (Figs. 1
probing higher altitudes, such as 1.64, 1.75 and 2m7 An  3). For the two other nights (November 25 and 26), closer
intermediate situation is observed for wavelengths nganl GWE, our NACO images show 4 bright areas: a double-pea
with both the bright southern and northern components presesguatorial one with contrasts of 690% with respect to the
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1.28p 20Nov2002 1.28p 25Nov2002 1.28p 26Nov2002

N N

2 2.124 25Nov2002 2.12| 26Nov2002

Fig. 3. Deconvolved (Bratsolis method) images of Titan and the evolu-
tion of its aspect as a function of time. The rotation of Titan's surface
features is visible on the 1.28n images. The atmosphere (observed
in the images at 2.12m) shows a bright southern limb, the phase ef-
fect on the western limb (to the left) and a highly-contrasted bright

. . . . . . feature moving with time at the South Pole.
Fig. 2. Deconvolved images of Titan (using the Magain method) WltL 9

limb correction for surface images (i.e. 1.08 and 1.28) taken on
November 26, 2002. The seeing-6.9".
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