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ABSTRACT. Adaptive optics (AO) is a technology that corrects in real time for the blurring e†ectsof
atmosphericturbulence,in principle allowing Earth-bound telescopesto achievetheir di†raction limit and
to ““seeÏÏ as clearly as if they were in space.The power of AO using natural guide stars has beenamply
demonstratedin recentyearson telescopesup to 3È4 m in diameter.The next breakthrough in astronomical
resolution was expectedto occur with the implementation of AO on the new generation of large, 8È10 m
diametertelescopes.In this paperwereport the initial resultsfrom the Ðrstof theseAO systems,now coming
on line on the 10 m diameter Keck I I Telescope.The results include the highestangular resolution images
everobtained from a singletelescope and at 0.85and 1.65km wavelengths,respectively),aswell(0A.022 0A.040
astestsof systemperformanceon threeastronomical targets.

The Keck adaptive optics (AO) facility is located on the
left Nasmyth platform of the Keck II Telescope(Chananet
al. 1996; Wizinowich et al. 1998). The images presented
here,exceptfor Figure 2,wereobtained with an engineering
camerawhosedetector is a 256] 256pixel, 17maspixel~1,
NICMOS3 array. AO systemsusea sensor to measurethe
distortions of the incoming wave front and a deformable
mirror to correct for thesedistortions. The Keck AO wave
front sensoris a Shack-Hartmanntype with 2] 2 pixelsper
subapertureand frame rates between80 and 670 Hz. The
349 actuator deformable mirror is conjugate to the tele-
scopeÏsprimary mirror with the actuator spacing corre-
sponding to 56 cm on the primary. A technical description
of the Keck AO systemwill be published elsewhere.1 The

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 A generaldescriptionof AO systemscanbefound in Beckers(1993).A

bibliography of refereedAO astronomy papers can be found at http ://
www2.keck.hawaii.edu:3636/realpublic/ao/ao–sci–list.html.

Ðrst light imageobtained with the Keck AO systemon the
night of 1999February 4 dramatically illustrated the capa-
bility of this system. The uncorrected image, taken at
1.65km wavelength(H band),had an FWHM of 600 mas.
The AO-corrected imagehad an FWHM of 44masand, for
a brief time (seebelow), representedthe highest resolution
AO-correctedimageeverobtained.

The increasein performanceis demonstratedin Figure 1,
a three-dimensionalplot of intensity versusposition in the
image plane for an uncorrected and corrected H-band
imagetaken on the secondnight of AO observing.The ratio
of corrected to uncorrected peak intensities is 50, and the
correctedimageFWHM is 40 masversus340maswithout
correction. The Strehl ratio, the ratio of the peak of the
corrected image to that of a perfect di†raction-limited
image, is 30%. At shorter wavelengths,the Strehl of the
corrected image is reduced, while the angular resolution
is improved. This is demonstrated in Figure 2, taken at
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FIG. 1.ÈIntensity vs. imageplane position plots, at left, of an uncorrected(small bump) and AO-corrected (high peak)stellar imageof a 9th magnitude
star taken in H band on 1999February 6. The FWHM decreasedfrom 340masto 40 maswhile the peak intensity, or Strehl ratio, increasedfrom 0.6% to
30%.A 1@@] 1@@displayof the corrected,16sintegration, imageis shownon the right.

FIG. 2.ÈThis 1@@] 1@@, 10 ms exposureof a 4.5 mag star was obtained on 1999April 2 with the AO acquisition camerausing a 10 nm wide, 850 nm
wavelengthÐlter and a plate scaleof 7.5 mas pixel~1. The Strehl ratio is 6% for this short exposure.This is believedto be the highest resolution in the
visible/near-infraredregimeeverobtainedvia direct imaging.
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0.85 km wavelength, which shows the highest angular
resolution image, 22 mas FWHM, of a celestial source
obtained to datewith a singletelescope.

Astronomical AO systemsmust perform well on a variety
of types of images.Notable among these are large, low-
contrast objects such as planets, crowded Ðeldsof point
sourcessuchasstar clusters,and extragalacticobjects.The
Keck AO commissioning process included performance
tests on these important classesof astronomical targets.2
The infrared images in this paper were, unless otherwise
noted, processedwith only standard infrared techniques
(sky subtraction, Ñat-Ðelding,dead pixel correction, and
correlated noise removal) using the Keck AO data
reduction pipeline(Lai, Wizinowich, & Gathright 1999).

The AO performance on a large extended object,
Neptune, observedin the methaneabsorption band at 1.17
km on 1999May 24 is illustrated in Figure 3. A simulated
uncorrected image, in 400 mas seeing,is also shown for
comparison.Neptune proved to be an excellentAO guide
object despiteits large angular size The bright region(2A.3).
on the right is a prominent storm measuring150mas(3100
km on Neptune) in both longitude and latitude. The sharp
bottom border of this storm and the narrow width of the
circumferential bands give a measure of the spatial
resolution achieved by the AO system,of order 40 mas.

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
2 Imagesof someof the objectsobservedwith the Keck AO facility can

befound at http ://www2.keck.hawaii.edu:3636/realpublic/ao/aolight.html.

Quantitative modeling of the vertical distribution of atmos-
pheric hazeswithin the storm, versus““normal ÏÏ haze and
methanedistribution, can be performedsincethe sizeof the
storm is clearly resolved.The bright circumferential bands
on Neptune resemblethose seenat visible wavelengthsby
the Voyager 2 spacecraft (Hunt, Moore, & Hunt 1994;
Baineset al. 1995).Thesebands are unresolvedin the AO
image, consistent with the Voyager 2 measurementthat
they were50È200km wide.

Figure 4 demonstratesthe AO performance on a star
cluster, the crowded region surrounding Sgr A. Sgr A is a
radio sourcethought to mark the position of a black hole at
the centerof our Milky Way galaxy.Figure 4 is a mosaicof

imagesobtained at 2.1km wavelength(K @band)4A.4] 4A.4
on 1999May 26 with a total integration time of 2 minutes.
This was a particularly challenging object since the 13.2
visual magnitudeguidestar is located30Afrom the position
of Sgr A. This demonstratesthe use of a relatively faint
guidestar and showsthat the isoplanatic angle,the angular
distancefrom the natural guidestar (NGS)over which good
correction is obtained, can be quite large. The corrected
imageshavean FWHM of 40 masand showno evidenceof
degradationfrom the centerto the edgeof the Ðeld.

The inset image of Figure 4 shows the stars in an
800] 800 mas region in the immediate vicinity of Sgr A.
Similar resolutions had previously been obtained with
speckleobservationsat Keck (Ghez et al. 1998).However,
becauseof the higher Strehl with AO, twice as many stars

FIG. 3a FIG. 3b

FIG. 3.ÈNeptune was observedon the night of 1999 May 24 in severalwavelength bands. (a) A 9 minute AO-corrected exposure in the methane
absorption band (1.17km). (b) Uncorrected imagein 400masseeingshown for comparison.Neptune is in diameter.A very powerful storm in the upper2A.3
atmosphere,at centerright, wasobservedto rotate from right to left.
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FIG. 4.ÈImage of the Galactic centerobtained from a mosaicof 24 images(total integration time of 2 minutes)taken on 1999May 26.The inset image
(90sexposure)of the central 800] 800masareawill beusedto help determinethe massof the possiblecentral black hole locatedat the position of the radio
sourceSgrA.

are seenin this inset than were previously observedwith
speckle. The stars in this region are known to have
extremelyhigh velocities,someashigh as1400km s~1, due
to their motion in the gravitational potential of the black
hole. Repeatedobservations of each starÏs position over
several years will permit a determination of the stellar
velocities.The velocity Ðeld is a very strong indication of
the massenclosedin the central 0.3pc of our Galaxy.

The Galactic center image was ““halo-cleanedÏÏ in addi-
tion to standardcosmeticinfrared processing.This is a tech-
nique wherethe residualhalo is modeledand the inverseof
its Fourier transform is usedas a high passÐlter.This pre-
servesthe photometry of the original imageswhile increas-
ing the contrast of each detected source. The K -band
Galactic center imageon the Canada-France-HawaiiTele-
scope (CFHT) Web page3 was processed in the same
manner. Comparison of the 15 minute CFHT and 1.5
minute Keck imagesrevealsthe samenumber of sources.
The angular resolution is higher in the Keck image vs.(0A.06

while the Strehl ratio is higher in the CFHT image0A.14),
(65%vs.25%).

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
3 http ://www.cfht.hawaii.edu/Instruments/Imaging/AOB/

best–pictures.htmld galactic–center.

A unique type of observationmadepossibleby the Keck
AO system is the imaging of faint Ðeld galaxies. These
observationsmakeuseof the high densityof galaxieson the
sky rather than the density of a bright NGS. On average
there are two galaxies brighter than 20th K magnitude
within 20A of any star. These objects form a statistically
unbiased set of compact galaxies at high redshift, corre-
sponding to roughly half the present age of the universe,
and provide an excellentsamplefor studying galaxy evolu-
tion. Becauseof their great distance,thesegalaxiesare very
compact, 1AÈ4A, with typical scalesof and are only0A.1È1A,
marginally resolved with traditional ground-based tech-
niques. The Hubble SpaceTelescopehas been very suc-
cessfulat studying compact galaxiesat optical resolutions
as high as 100 mas, but these images are biased toward
strong sources of ultraviolet radiation. Infrared images
taken with the Keck AO systemcan achieveeven higher
resolution and give a more accurate picture of the older
stellar population and morphology. Given the faintnessand
sizeof thesegalaxies,this project is feasibleonly for a large
telescope with an AO system delivering high Strehl
ratios. The Figure 5 inset shows one of two galaxies
imaged with the Keck AO system.The galaxy has a total
H-band magnitude of 19 and a 2Aextent. The image has
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FIG. 5.ÈThe inset showsthe highestresolution imageof a faint galaxy
ever taken. The original 20 minute exposurehas a resolution of 50 mas.
The displayedimagehasbeenbinned by 2] 2 pixels to give 352A.8] 2A.8,
mas pixel~1. The plot is a radial proÐle of the galaxy and PSF star. The
dashedcurve is a standardgalaxy model Ðtting the bulgeand disk separa-
tely.

beenbinned 2] 2 pixels from the original image to give a
resolution of 35 maspixel~1. The resolution of the original
imagewas50mas,representingthe highestresolution infra-
red imageof a faint galaxy everobtained.The galaxy is 18A
from a 10.2 mag NGS (PPM 127095).A secondstar 17A.9
from the NGS was usedto measurethe point-spread func-
tion (PSF).Non-AO imaging marginally resolvedthe object
in good seeingconditions, 400 mas,but no morphological
information was available. The AO image represents20
minutes of integration time with an o†-axis Strehl ratio of
about 10%. Figure 5 also shows an azimuthally averaged
radial proÐleof the galaxy and the PSF. The smooth curve
is a model proÐleconsistingof a standardr1@4proÐlefor the
central bulge and an outer exponential disk. The central

Ñatteningof the proÐleis typical for many bulgesand is not
included in the model.This preliminary Ðtting suggeststhat
this is an inclined disk galaxyconsistentwith a morphologi-
cal classof Sbor Sc.We hope to additionally determinethe
surfacebrightnessof the disk and bulge and look for asym-
metries that might have resulted from tidal interactions.
Within the next year,with new spectrographiccapabilities,
weplan to searchfor activegalaxies,study the stellar popu-
lation ages, and measure the rotation curves of these
objects.

The Keck NGS AO facility becameavailable for general
observingin 1999September.The systemis still being opti-
mized to achieve the performance predicted by the error
budget (Strehl ratio of 0.62at H band under median seeing
conditions for a bright star) (Wizinowich 1996).In particu-
lar, the imagediameter should be reducedby about 6 mas
to the di†raction limit (34 mas at H band), thereby also
increasingthe Strehl, through improvements in the global
tip/tilt performance.During 2000,we plan to integrate the
AO systemwith two scienceinstrumentsand to implement
a sodium laser beacon to dramatically increase the sky
coveragewith this AO facility.

We would like to acknowledgethe contributions of the
following individuals : past and present members of the
Keck Observatory sta†, especiallyF. Cha†ee,J. Chock, R.
Cohen,A. Conrad, M. Dahler, M. DiVittorio, A. Gleckler,
T. Gregory, K. Kinoshita, H. Lewis, D. McBride, D.
Medeiros, R. Moskitis, M. Sirota, T. Saloga,K. Sweeney,
and T. Williams ; the wave front controller team at LLNL :
H. Bissinger,R. Hurd, E. Johansson,B. Johnston,H. Jones,
M. Newman,K. Waltjen and J. Watson; JamesLarkin and
Ian McLean (UCLA) for providing the engineeringscience
camera; and the Keck adaptive optics scienceteam. The
W. M. Keck Foundation provided funding for the AO
facility, with additional funding from NASA and LLNL.

REFERENCES

Baines, K. H., et al. 1995, Neptune and Triton (Tucson: Univ.
Arizona Press),489

Beckers,J.1993,ARA&A, 31,13
Chanan, G., et al. 1996,Adaptive Optics for Keck Observatory

(Keck Obs.Rep.208; Kamuela: K eckObs.)
Ghez,A. M., Klein, B. L., Morris, M. & Becklin, E. E. 1998,ApJ,

509,678
Hunt, G. E., Moore, P. & Hunt, A. 1994, Atlas of Neptune

(Cambridge: CambridgeUniv. Press)

Lai, O., Wizinowich, P., & Gathright, J. 1999,in ASP Conf. Ser.,
Astronomical Data Analysis Software and SystemsIX, ed. D.
Crabtree,N. Manset,& C. Veillet (SanFrancisco: ASP),in press

Wizinowich, P. 1996, Keck Adaptive Optics: Error Budget, in
Adaptive Optics,OSA Tech.Digest,13,108

Wizinowich, P.,et al. 1998,Proc. SPIE, 3353,568

2000PASP, 112:315È319


