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ABSTRACT. We present the first high-contrast images obtained at the ESO Very Large Telescope using a
four-quadrant phase mask coronagraph. The two-night commissioning was carried out in 2004 January on NACO,
the near-IR camera with adaptive optics at UT4. We evaluated the behavior of the coronagraph on a variety of
astrophysical targets: binary stars, circumstellar disks, and active galactic nuclei. The performance of the
coronagraph is in agreement with our expectations based on numerical simulations. The phase mask provides a
stellar peak attenuation of a factor of about 10 on average (for long exposure), and its performance is limited
only by the phase residuals (mainly low-order aberrations) that are left uncorrected by the adaptive optics system.

1. INTRODUCTION pupil, and the on-axis starlight rejected outside the geometric
pupil is filtered with an appropriate diaphragm called the Lyot

The recent indirect discovery of planetary objects orbiting stop. The advantage over the Lyot mask is twofold: (1) no
around an ever-growing number of nearby stars has motivatedarge opaque area at the center, and (2) a larger achievable
the development of instrumental techniques to perform direct contrast if good optical quality is met. With a full circular
detection of the few photons emitted from exoplanets. The mainaperture and no aberrations, the FQPM delivers perfect star-
scientific motivation is oriented toward the understanding of light suppression. However, in its simplest version, this co-
planetary formation and evolution. Direct detection is quite ronagraph is chromatic, since thephase shift is performed
challenging, since planets are much fainter and angularly closeat a single wavelength.
to their host star, while current telescopes and instruments are Our group at the Observatoire de Meudon is participating
still unable to achieve high contrast at such angular separationin several projects related to the direct imaging of exoplanets.
Coronagraphy is one of the promising techniques that could The capabilities of the FQPM have been studied from a the-
efficiently contribute to planet detection. The generic principle oretical point of view (Rouan et al. 2000; Riaud et al. 2001,
is quite simple and is based on the solar coronagraph inventedBoccaletti et al. 2002) and in the lab (Riaud et al. 2003). With
by B. Lyot (1939) to observe the solar corona. In the last our optical breadboard we achieved peak attenuation on the
decade, several techniques have been proposed (Gay & Rabbieentral source of about 18t visible wavelengths and a contrast
1996; Roddier & Roddier 1997; Nisenson & Papaliolios 2001; of 10° at 3\/D. Currently, we are involved in thiames Webb
Kuchner & Traub 2002) to suppress the starlight more effi- Space Telescope/Mid-IR Instrument (MIRI) European consor-
ciently than with a simple Lyot coronagraph. Among those tium and are responsible for the study, manufacture, charac-
techniques, our group is developing a phase-mask coronagrapterization, and delivery of a set of coronagraphic devices for
proposed by some of us (Rouan et al. 2000), called the four-the mid-IR imager (Boccaletti et al. 2003). We are also par-
quadrant phase-mask (FQPM). The focal plane is split into ticipating in the Lagrange et al. consortium for the phase-A
four equal areas, two of which are phase-shiftedrbyAs a study of a planet finder for the VLT (Mouillet et al. 2003).
consequence, a destructive interference occurs in the relayed In this context and in agreement with ESO, we installed
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an infrared FQPM inside the near-HAO camera NACO This causes a degradation of the rejection rate as a function of

(Rousset et al. 2003) on UT4 at the VLT in 2003 August. We the wavelength (Riaud et al. 2003):

were allocated a two-night commissioning run on January 1

and 2 to further assess the performance of the FQPM and to 4 AV

calibrate the system, plus two nights in 2004 April to observe ) = VWA

circumstellar disks around pre—main-sequence stars. The

FQPM is optimized for the< band. Given the seeing con- \herer s the ratio of the total intensity of the point-spread

ditions, achromaticity is not required here, since the nulling f,nction (PSF) to that of the FQPM image. The mask wave-

degradation introduced by the residual phase defects aftefigngth ), was first measured in our laboratory before being

adaptive optics (AO) compensation is about 30 times larger shipped to the VLT in Paranal, Chile. Our coronagraphic setup

than the limitation set by the chromatism. For the same reason 4t the Observatoire de Meudon operates at visible wavelengths

Fhe presence of a central obscuration in the telescope aperturgnq at room temperature (300 K). A grating was installed im-

is not critical. . o mediately after the coronagraphic image in a pupil plane. This
The data collected during the commissioning phase are pre-getyp allows us to measure phase masks operating at any wave-

sented in this paper, which is organized as follows: & 2 gives |gngth longer than-0.5 um, since the general phase shift con-

the intrinsic characteristics of the coronagraph, § 3 evaluatesgjtion is actually¢ = (2k + 1)r , wherek is an integer. The

the performance _obtained with either a reference source or anpeasyured wavelength is then extrapolated at cryogenic tem-

actual star, and finally, 8 4 presents the first results on aStro‘peratures (77 K) as long as the dependency of the optical index

)

physical objects. Conclusions are drawn in § 5. of the material on temperature is well known from previous
calculations (Matsuoka et al. 1991). We compared the spectrum

2. CHARACTERISTICS of the artificial off-axis source with that of the source centered
2.1. Definition of Metrics on the coronagraph. The ratio of these two spectra reveals the

destructive interferences caused by thehase shift (Fig. 1).
Since we were using a linear disperser, the spectral calibration
was simply obtained in two points with two separate lasers at
.6328 and 0.532@m, respectively, feeding exactly the same
ptics as the white light source. This first measurement yielded
a central wavelength of 0.748n + 0.25 nm fork = 1 in the
visible, which was extrapolated to 2.154n = 5 nm at room
temperature fok = 0 , and then to 2.146 = 5 nm at 77 K.

The mask was also measured at Paranal when installed inside
NACO. The same procedure was carried out on an artificial
source (a fiber) inside NAOS (Nasmyth Adaptive Optics Sys-
tem). Two spectra in and out of the mask were recorded with
the NACO grism. In that case, the dispersion was no longer
linear, and calibration was obtained on a spectral lamp provid-
separatiorp, azimuthally averaged. ing Argon emission lines. The resulting spectra are shown on

These metrics are not necessarily related, so it is important toFIgure 1. The spectra were fitted with a parabola (as expected

consider all of them to accurately assess the performance Ogrom theory; eq. [2]), a_nd we measured a c<_antra| wavelength
the coronagraph. of 2.143um *= 10 nm, in good agreement with the measure-

ment we did in the laboratory at visible wavelengths. The
FQPM operating wavelength is therefore well centered in the
K-band filter.

It is important to first define the metrics used to characterize
the ability of a coronagraph to suppress the on-axis starlight.
With the increasing number of publications related to coron-
agraphy, several parameters may be considered, dependin
on the authors. Here we decided to use the following defi-
nitions:

Total regjection: Ratio of total intensity of the direct image
to that of the coronagraphic image. The total rejection only
gives the global attenuation of the on-axis object but can be
easily compared to analytic calculations.

Peak attenuation: Ratio of the maximum of the direct image
(atp = 0) to that of the coronagraphic image.

Contrast: Ratio of the maximum of the direct image (at
o = 0) to the intensity of the coronagraphic image at a given

2.2. Operating Wavelength

The FQPM was manufactured by the Fresnel Institute. A
layer of SiQ was deposited onto a SjQubstrate. The four-
guadrant design was obtained with a photolithographic tech-
nique, achieving an accuracy of a few microns. The thickness The 3 mm thickness of the FQPM substrate adds a defocus
(e) and optical indexrf) of the deposited layer is calculated to in the beam that has to be compensated for with the deformable
provide aw phase shift at the operating wavelength ~ ac- mirror. The theoretical value of this defocugis— 1)e , which

2.3. Focus

cording to the relationship is about —1.3 mm, according to the optical index of SiO
(n = 1.43412+ 3 x 10°° at 77 K). Measurements obtained
¢ = 2x(n — 1)e/\,. @) for a natural star with good correction are in agreement with
this value.
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Fic. 1.—Spectra of the FQPM obtained in our laboratory at visible wavelenggfis §¢nd inside NACO in the IRr{ght). The curves represent the residual
light intensity vs. wavelength as measured in a setup in which light is dispersed with a grating. Once visible data are extrapolated to neaedéehe afgr
these two measurements is perfect (about 0.1%) and yields a central wavelength gir®.24310 nm. The spectral profile af phase shifts was fitted with a
parabola, as expected from eq. (2).

2.4. Radial Attenuation for Off-Axis Objects 2.5. Attenuation along the Mask Transition

The edges of the FQPM extend over the whole focal plane

lassical Lvot ks. H the intensity of off-axis obiect and can therefore reduce the intensity of an off-axis source
classical Lyolt masks. However, the Intensity ot ofi-axis objects i ,,q ¢4 right on this phase transition. These areas are not

IS redgced.ver)_/ close to the mask._The peak attenuation of anblind, but we measured a flux loss of about 1 mag (integrated
off-axis object is not as steep as with a hard-edged Lyot maSkover the Airy peak) for a source located on the transition.

a’?‘?' mainly resides within the _f|r§t/D - Nevertheless, 't_'s Two- and four-quadrant images are shown in Figure 3 for
critical to know how much flux is removed from an off-axis comparison

object like a companion to recover its actual photometry. The

radial attenuation was measured on both a natural star and the ]

artificial source. The source was shifted from the center and -6 Flat Field

moved outward. The step was 1 pixel (13 mas) for the natural ~ Since the FQPM is deposited onto a substrate and installed
star and 0.1 pixel on the fiber in the first fraction of the Airy at the focal plane, this optical element is expected to change
peak. In both cases the source was shifted onxuetector the flat field. Flat fields were obtained with and without the
axis, corresponding to an orientation of about @&h respect mask in theK, filter and with the 13 mas pix&lsampling.

to the edge of the closer quadrant. The data in Figure 2 showFigure 4 shows the flat field of the detector with the mask in
the peak attenuation of the source as a function of the angulathe beam. These two flats were not recorded at the same time,
separation with respect to the center of the mask. For the naturako there could be differences caused by variations unrelated to
star, the data do not perfectly match the theoretical curvesthe mask itself. Despite a cleaning before installation, the mask
(especially withil\/D ), which are calculated for a perfectwave features many particles that create dark spots on the flat field.
front. However, for the fiber, the shape of the data curve A brighter feature, possibly due to a reflection, is also present
matches perfectly with the theoretical curve. We confirmed with at the top of the image. Dark features are at maximum 20%
some binaries that theoretical curves yield an accurate calibra-below the detector flat field, and bright features at 10% above.
tion to within 10% for separations larger tharD . The origin of the dark spots is not fully understood, although

The FQPM has no physical mask in the focal plane, unlike

2004 PASP116:1061-1071



1064 BOCCALETTI ET AL.

Angular separation in A/D Angular separation in A/D
0 9 1.p5 2.6 2.5 3.0 0 1 9 P 2 / 3

UNSUBPLECE S S S0 L e e B B B B B O O L

0.0 0.5 .
1.0 T T T T T

0.8~ - 0.8~

data fit data fit

o
2

o
2

f theoretical 45° e O theoretical 45° |

_ _ __ theoretical 35° | _ _ __ theoretical 35° |

Maximum intensity
Maximum intensity

o
S
o
S

hd32305 as a source i

0.2 R - 0.2 -

4 3 /) Ks filter 1 Kbefilles o source 1
< /
r S B 4
S

[ — - -
R .

o0k~ T " T S O H E 0.0E2 L T " T S O H E

0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Angular separation in arcseconds Angular separation in arcseconds

Fic. 2.—Radial attenuation of an off-axis object as measured on a naturaleftaafd on the fiberr{ght), moved along a line 35rom one quadrant border.
The solid line represents a smooth fit to the data; the dotted and dashed lines are theoretical attenuatiamsl &%} Fespectively. The error bars indicate the
uncertainty of the data-curve normalization with respect to the theoretical curves. Data were obtainewith a  filter and 13 thaampléig.

they could be dust particles that filtered into CONICA during 3. PERFORMANCE
implementation. Ideally, flat-field correction should include the 31 Theoretical Performance

features observed on the mask. However, in real conditions the . )
focal plane is not stable on the detector; it moves because of 11€ MOst convenient parameter for comparing actual and

flexures in the optics during observations. So the flat-field cor- theoretical performance is the total rejection of a coronagraph,

rection that includes FQPM features is efficient only on short SINC€ it can be written analytically. At the first order, total

observations (lasting a few minutes), but definitely not on long "€J€ction is simply given byt/de*  (Riaud et al. 2003), where
ones {1 hr). However, a flat field with the FQPM in the beam d¢ is the amplitude of the phase aberrations. The total rejection

is always needed to find the center of the mask and to pencormcorresponds to the ratio of the star intensity without the FQPM

target centering at the beginning of each target observation. © that of the star with the coronagraph. In the data, we mea-
sured a total rejection ranging between 2 and 4 for a coherent

energy E.~ e %”) between 0.2 and 0.4. These values are in

Fic. 3.—Two-quadrantléft) and four-quadrantright) images of residuals
for HD 32305 obtained in th&, band. The intensity scale is not identical on  Fic. 4.—Flat field of the detector with thi; filter and a sampling of 13
both images. For comparison, the PSF peak attenuation is 3.9 on the two-mas pixet* (Ieft) and flat field obtained with the FQPMight). Note the trace
quadrant image and 8.1 on the four-quadrant image. of the quadrant transition.
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TABLE 1
THEORETICAL TOTAL REJECTION OF THE FQPM As A FUNCTION OF PSE. Ks

THE COHERENT ENERGY [ - 4QPM, Ks
[ 4QPM, SK

FI0To 10T I L O L O L L

4QPM, NB 2.17

E o 02 03 04 05 06 07 08 a e - 4QPM, H
Rejection ...... 25 33 44 58 78 112 179

0.1000 j\ $13, full undersized stop -

agreement with theoretical values given in Table 1, although
they are slightly lower. As indicated in § 2.1, the total rejection i
describes the flux attenuation over the whole focal plane and
is not very dependent on the power spectrum density of phase
aberrations. Among those aberrations, the tip-tilt is certainly
the most limiting for a coronagraph like the FQPM. On NACO,
the residual tip-tilt can be as large as 15-20 mas, which cor- N >
responds to abo@.27-0.36/D in th¢ band. 000108 v TR

For the artificial source (fiber), we obtained a total rejection F R VALY )
of about 16, which is again in agreement wih~ 0.8  (the -
artificial source is diffraction limited). Theoretical calculations i
also demonstrate that the spectral bandwidth is not a limitation — ocoorliv v vt Livinin o, Liv vy
as long as the Strehl ratio is lower thai®.8. Indeed, the 000 oo Angular sepﬁf‘?on in arcsec
narrowband filter NB2.17 and the broad€r filter provide a
theoretical total rejection of 43,000 and 175, respectively, much Fic. 5.—Radial profiles (azimuthally averaged) of PSF and coronagraphic
larger than what is measured on actual data (natural star orfimages as measured in several filteds:SK, K,, and NB2.17.
fiber source).

00100 TN =

Normalized ntensity

plest stop (“full undersized”) is a hole with a diameter that is
3.2. Comparison with Spectral Resolution 90% that of the NACO pupil with the central obscuration un-
blocked. More sophisticated stops (“apodized”) are similar but
have an oversized central obscuration and trapezoidal spiders
%o allow pupil rotation during the observation. The star HD
6628 was observed with the IB2.18 filteh & 2.18 um,
MAN = 36.3 with both the FQPM and the Lyot mask!{in
diameter), successively using the full undersized and the apod-
ized stops. Images are presented in Figure 6. The FQPM images
result in a combination of 40 exposures of 1 s, and the Lyot
images were obtained by averaging four 10 s frames. The PSF
was observed in similar conditions with 0.2 s exposures.

The apodized stop correctly removes the diffraction spikes
and reduces the rings around the FQPM. Radial profiles have
been calculated and are presented in Figure 7. These plots show
the advantage of the FQPM, which is able to get closer to the

We analyzed the performance of the FQPM in different filters
with several spectral resolutions, but based on the operatin
wavelength of the mask: SKMAN = 2.8 K, MAN = 6.2 ),
and NB2.17 X/AN = 94.2); and also in thél band j =
1.66 um, N/AN = 5.0), which is not optimized to the mask
wavelength. This test was performed on the NAOS fiber; oth-
erwise, the rejection rate would have been too small to show
a variation of the attenuation factor. The peak attenuation is
about 60-70 for filters NB2.17 and, , 25 with the SK, and
only 7 in theH band. These numbers have to be compared
with the attenuation measured for a natural star. In the current
atmospheric conditions, we were not able to reach a central
attenuation larger than about 10. Even Hwpand filter would
result in a modest attenuation of about 4 in real atmospheric
conditions. Of course, as the Strehl ratio increases, the gain
increases with narrowband filters centered on the operating
wavelength. Finally, it is very important to note that the NB2.17
andK, filters reach the same performance on the fiber, because
even at such Strehl ratios (about 70%—-80% on the fiber), the
bandwidth effect is not as dramatic as the wave-front phase
distortion. Therefore, we recommend observations be carried
out in theK, filter as long as the stellar flux allows (no satu-
ration). The radial profiles are presented in Figure 5.

3.3. Comparison to Lyot Coronagraph

NACO includes diaphragms specifically designed to stop g, 6.—FQPM images with a full undersized stdef) and an apodized
down the pupil, as required for a Lyot coronagraph. The sim- stop ¢ight). The field of view is 15. Not a linear intensity scalé’¢ ).
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Fic. 7.—Radial profiles of the PSFdid line), the FQPM imagedashed line), and the Lyot imagedotted line) with a full undersizedIgft) and an apodized
stop ¢ight). With the FQPM, the apodized stop allows a larger contrast than the PSF (4, to€lead of @ with the full undersized stop. Vertical lines indicate
the blind zone of the Lyot coronagraph, owing to the opaque mask.

star than the Lyot. The FQPM profile is formed by a diffraction has two positive effects: it reduces the background from the
residual at\/D (caused by the residual tip-tilt), and then the secondary mirror, and it blocks the diffraction around the pupil
halo is mostly parallel to the wings of the PSF, since it is edges (secondary mirror, spiders) when a coronagraph is in use.
dominated by speckle noise. The Lyot profile is always dom- In practice, the use of such a stop requires control of the align-
inated by the speckled halo at any separation. However, at thanent of the telescope pupil, especially close to zenith (pupil
angular radius achievable with the Lyot, both coronagraphs arerotation is faster). However, the apodized stops do not match
equivalent in terms of contrast. Nevertheless, for large radii, the pupil perfectly, because the NACO pupil is shifted by about
the Lyot allows deeper integration, since more stellar flux is 5.7% of its diameter with respect to that of the telescope. Re-
removed from the center, thus reducing the impact of the read-cently, a baffle has been added to the secondary support of
out noise. The use of an apodized stop improves the centralUT4, making the apodized stops less efficient, since the pupil
peak attenuation by a factor of about 2.2 and 1.7 on averagematching is even less perfect.

respectively, for the FQPM and the Lyot. Improvementis larger
for the FQPM than for the Lyot, because the secondary mirror 4. SCIENCE VERIFICATION
diffracts much more inside the pupil with a FQPM. Figure 8 .

shows the images of the two stops we used. The apodized sto-1- Binary Stars

Binary stars are among the most demonstrative objects for
high-contrast coronagraphs like the FQPM. Targets were se-
lected from theHipparcos Catalogue (Perryman et al. 1997).
Binary stars were chosen with an angular separation ranging
between 01 and 04, which corresponds to the inaccessible
area for the Lyot coronagraph. The brightness ratio between
the primary and the secondary is lower than 3 mag in the
visible. The brightness ratio in the near-infrared is unpredict-
able, since the spectral type of each component is unknown.

4.1.1. HIP 1306

HIP 1306 is classified as a binary star that turned out to be
a triple object in our data, although we do not have evidence
of a physical link with the third component. It was observed

Fic. 8.—Images of the pupil through the full undersized stigft) and the
apodized stopr{ght). The telescope and NACO pupil are misaligned by 5.7%
of the full diameter.

2004 PASP116:1061-1071
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Fic. 9.—HIP 1306 PSFIéft) and FQPM imager(ght). The exposure time Fic. 10.—HIP 27758 PSFI¢ft) and FQPM imager{ght). The exposure
is 60 s for the coronagraphic imagedah s for thePSF. Not a linear intensity time is 80 s for the coronagraphic image. Not a linear intensity s¢afe ().
scale (°°). FOV is 125. North is up. FOV is 1'25. North is up.
with the 1B2.18 § = 2.18 um, MAX = 36) filter with a full new constraints on the dust distribution. Some well-known

undersized stop. The Strehl ratio with AO compensation was features were marginally detected. Other Herbig AeBe stars
about 28% (seeing’0). The angular separations of components featuring far-IR excess were observed, but no circumstellar
are 1128 and 1075 (Fig. 9). The closer companion photometry €missions were detected (HD 149914, HD 169142 and HD
is strongly affected by the FQPM but can be recovered using the100543). Below, we present the results for the star HD 100546.
FQPM radial attenuation (Fig. 2). Brightness ratios measured on HD 100546 ¥ = 6.7,K = 5.4) was observed on 2004

the FQPM image are respectively 1.6 and 3.5 mag, once corrected\pril 7 with the 1B2.18 filter. The total integration time was

for FQPM attenuation. Although the companion is already de- 480 s for the object and the calibrator star to be subtracted out.
tectable on direct imaging, the signal-to-noise ratio is definitely To preserve the pupil orientation, the calibrator was selected
improved with the coronagraph at close radii, since the contrastat the same declination, with a R.A. difference of 1 hr (assum-

is better, and at large radii because integration is deeper. ing 1 hr of telescope time per target), so that the parallactic
angle was comparable to the one for the target star. The disk,
4.1.2. HIP 27758 which was previously observed by Augereau et al. (2001) with

the Hubble Space Telescope (HST), was detected with the
FQPM as an extended emission with no particular structures
from about 05 out to 62 (Fig. 11). Using the outer edge of
the detected disk, we measured an orientation of BA.
165 + 5° and axis ratio 00.84 = 0.02 (measured by ellipse
%itting to contour lines at"¥), consistent witrtHST data. At
Tloser separations()’5), the residual was very likely a result
of the subtraction process between the star and the calibrator,
which is not optimal. Static aberrations were indeed stronger
for the object, although the Strehl ratio was of about 30% for
both the object and the calibrator. This area was numerically
cancelled in Figure 11.

The surface brightness (corrected from the color index

The binary star HIP 27758 was observed with the 1B2.12
(A = 2.12 um, NAN = 35) filter with a full undersized stop
and a large seeing of'4-1'6 so that the Strehl ratio after
closing the AO loop was about 25.5%. The secondary com-
ponent was already visible on the noncoronagraphic image, a
seen in Figure 10. The angular separation measured on th
coronagraphic imageo(= 0'169 ) does not match the sepa-
ration in the noncoronagraphic image € 0:092 ), which is
closer to theHipparcos value p = 07097). Actually, since the
companion is clearly visible on the coronagraphic image, it
strongly affects our centering ability, and that probably explains
this discrepancy. The jitter was also quite large, and the com-

panion intensity fluctuated a lot on individual exposures so that H—K) differs from the one measured by Augereau et al. (2001)
on average its brightness was fainter. The corrected photometryDy almost 1 mag arcsetbecause its measurement is corrupted

gives a star-to—gompanlon brightness ratio of 2.3 (0.92.mag), by the large amount of diffraction residual at close separations.
in agreement with the measurement for the unocculted image., addition, the determination of the intensity scaling factor
. , (between the star and the calibrator) becomes difficult because

4.2. Circumstellar Disks the disk is visible at any P.A. (position angle with respect to

In the past few years, several circumstellar disks aroundthe north) and any separation (usually this factor is estimated
relatively young stars have been discovered, thanks to the cain a region dominated by diffraction residual alone). The plots
pabilities of Lyot coronagraphs both in space and on the groundin Figure 12 show the radial profiles of the disk along the major
(Smith & Terrile 1984; Jayawardhana et al. 1998; Augereau etand minor axes (at respectiveRA. = 165  and®)}{5and
al. 1999). We revisited some of these objects on 2004 April 7 Figure 13 gives the limit of detection for a pointlike object.
and 8 to probe the very close environment of these young For comparison, we also give the same plots for the star HD
massive stars (HD 100546, HD 141569, and HR 4796). No 149914 (similar observing conditions), for which no circum-
additional structures were observed at close radii, putting somestellar emission was detected to estimate the residuals. In such
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DEC in orcsec
DEC in orcsec

Fic. 11.—Coronagraphic image of HD 100546 subtracted with a calibratorletgr The same image is also displayed using contour lines overlaid with the fitted
ellipse ¢ight). The central part was numerically cancelled, since we believe that no information can be retrieved in this region. The offeAtagoh§5 ) and axis
ratio (0.84) of the disk are in agreement with previous observations. The field of view is 6

100 T T T L e e e N T

WOOIIIIIIIV‘IVVV‘VVIVIIIIVIIV
HD100546 — 1B_2.18 — T=448s 4
L HD149814 — IB_2.18 — T=560s 4
PR __ PSF (t=10.5s) _
10721 % ) -
hs 2P rou —— P (=10) -
N 4QPM + subtraction of HD98074 at PA=165° T N QPM raw )
—~ AN . R PR _ _ _ 4QPM + subtraction of HD139364
R oS s _._._ 4QPM + subtraction of HD98074 at PA=75° — W
v hel
= P " q o [
o [ - N F 4
£ {5 - AN 2
= ~a < 4
L —4 1
= 107 o -4 o
i z 10— WAy -
a 2 il
a M )
o [ ‘v
Q o 1 e
o @ | i -
< L o i I .
5 2 Foohog b
Z 2 I ' ! N
< [ i VN
| ."\" (TR s '
h ey gl eyt ]
10-6 — -6 | R A Y i T
10781 | Y [T A My, ! t iyt | —
| b i l\vwllmw (AT L1 Ix
| '“I W e e \,\;:'5'.,,1 J.",n\
i i L e LIV |‘,|,",|Wl‘r”
' W R U T L '|',l'\,' i
| | § ' o e ey PRy
ji [ i T R T
| ] ' I v [
' oy ! i
8 ! o ! \
L0 S S S S T T S Lo I IR NFRR I Ll b
0.0 Q.5 1.0 1.5 2.0 2.5 3.0 0.0 05 1.0 15 2.0 25 30

Angular distance (arcsec) Angular distance (arcsec)

Fic. 12.—Radial profiles of the disk around HD 100546Pa4. = 165 andl (¥&t). The comparison with the radial profile of HD 1499Xight) emphasizes
the presence of the extended emission beydidd(fuch larger attenuation is achieved in this case with the reference star subtraction).
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Fic. 13.—Limit of detection for a pointlike object at @ for HD 100546 [eft) and HD 149914 right). At 0?5, the FQPM allows detection of a companion 9
mag fainter than the star. The subtraction of a calibrator improves the detectivity at close separation, but increases the noise in the battegaegibh
(typically beyond~1'2).

conditions, the limit of detection at'® corresponds to a point-  background noise by 0.49 mag (the background is essentially
like object 9 mag fainter than the star. We measured betterreadout noise limited in the narrowband filter 1B2.18).
detectivity at large radii for the image of HD 149914. This We also found a faint structure on the calibrator star image,
improvement of 0.83 mag results from two differences: (1) an possibly a companion 6.25 mag fainter and located”d480
apodized stop was used for HD 100546, while HD 149914 was (Fig. 14).

observed with a full undersized stop (the difference of trans-  In the background-limited region, the detection threshold at
mission amounts to 0.36 mag), and (2) the number of frames3 ¢ is about 15.3 mag, while the exposure time calculator (ETC)
is larger by a factor 2.5 for HD 149914, thus generating a lower for NACO predicts 17.05 mag. The same difference was no-
ticed for all our sample stars. After careful inspection of the
background and detector noise, we concluded that the stellar
flux was overestimated by 1 mag by the ETC, which partially
accounts for the difference in limiting magnitude. Another, ad-
ditional source of noise might be responsible for the loss of
performance. In 2004 May, the NACO detector was replaced
with a new array that provided a larger full well (a gain of a
factor of 5), which we expect to be more appropriate for im-
aging circumstellar disks.

4.3. Extragalactic Sources

Nearby active galactic nuclei (AGNs) are another source of
interest for the application of the FQPM. The challenge is quite
similar to that of stellar environment, since the bright core—
with an underlying central engine—is usually unresolved and
can therefore be attenuated with a coronagraph. Nevertheless,
FiG. 14.—Coronagraphic image with 4 #eld of view (as on Fig. 1) with  g,0h gpjects can be relatively faint, and we cannot expect a large

an additional centrosymmetrical subtraction to remove the disk component. A Strehl ratio. A It the effect of th hi "
pointlike object possibly associated to the calibrator star is detecteté4at 0 reniratio. As a result, the etiect or the coronagrapn IS mostly

with a magnitude difference of 6.25 (positive intensities correspond to the & gain in sensitivity at large angular radii. Because the FQPM
calibrator star contribution). avoids saturation and allows deeper integration, a better signal-
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1.0 ar¢sec

Fic. 15.—Images of the AGN NGC 1068 with th€¢, filtdreft: large-field (117) FQPM image (2003 Novembenyiddie: FQPM image subtracted with a
reference stalHOV = 3’5 )ight: a direct image ik, band from Gratadour et al. (2004; no coronagf®N, = 3'5 ). Not a linear intensity scale. North is up,
east is left.

to-noise ratio is achieved in a background- and/or detector-lim- al. 2004), and the nulling interferometer (Liu et al. 2004). The
ited area. The case of NGC 1068 is unique, since it is a bright FQPM can be compared with these new devices, but it is im-
object 8 = 9.03,K = 7.27) for which we can expect a sig- portant to keep in mind that a coronagraph (or any light-sup-
nificant gain at close separation. This well-known AGN was pression device) is only reducing the contribution of the co-
observed in 2003 November by one of us (D. G.) inkhe filter herent light. Given that, the on-axis light rejection mostly
and also during the commissioning run, although with a much depends on AO performance, rather than the coronagraph ca-
lower Strehl ratio (12, Streh=30%). The data obtained on 2003 pabilities (which are always good, compared to the residual
November more clearly demonstrate the current interest in usingaberrations provided by current AO systems).

a coronagraph on these types of objects, because the seeing was The raw images delivered by the FQPM on NACO provide
definitely more favorable<Q0'7, Strehl=~60%). The FQPM de-  on average a minimal contrast of 10 (near the center) ahd 10
livers unprecedented snapshots of the environment around NGGat 0/5. Using the AIC on a 1.5 m telescope, Baudoz et al.
1068. The images are displayed in Figure 15. Many complex (2000) obtained a contrast of about 50 at the center and 300
structures are revealed by the coronagraph. Some of them weret (/5 in theK band. The shaped pupil-mask technique was
identified previously by Rouan et al. (2004), although inlthe  tested at the Mount Wilson 100 inch (2.5 m) telescope, but no
andM bands. First of all, the coronagraphic attenuation of the significant improvement in contrast was noted for separations
central object allows deeper integrations, revealing large-scalesmaller than (6. However, observations were carried out in
arclike structures to the southwest, extending frdfft tb 86 the visible with a low Strehl ratio. At mid-IR wavelengths, Liu
from the core and aligned with the ionization cone axis. These et al. (2004) reached a total rejection of 30 using a nulling
were not detected in the andM band images. We also detect interferometer on the MMT. The contrast definition is not ap-
the same patterns identified by Rouan et al. (2004), including plicable with interferometers, but such performance is very
the microspiral to the north, bending clockwise with a length of good (see Table 1 for comparison with theoretical rejection)
about 20 pc. A corresponding symmetrical but fainter structure and s the result of a large Strehl ratio (probably more than
is visible to the south of the nucleus, called the “south tail” in 909). SDI is a new observing mode of NACO that provides
Rouan et al. (2004). North of the microspiral, a series of four simultaneous imaging of two narrow bands located in and out
elongated knots is aligned BIA. = 25° . These structures canof the methane absorption feature in tHeband. The stellar

be eXpIained by the interaction of a radio Jet with the interstellar spectra are flatin this region, while p|anetary Companions show
medium. A new unresolved spot is also revealed between they noticeable contrast between the two bands. Therefore, the
first and second knots. Finally, an unidentified structure is clearly speckle noise can be efficiently reduced when the two images
visible to the west of the nucleus. A more detailed study of these gre subtracted out after homothetic rescaling. Close et al. (2004)

data will be given in Gratadour et al. (2004). claim to reach a contrast of 18t 05, while the FQPM provides
a contrast of abouB x 10* when a calibrator is subtracted.
5. COMPARISON WITH OTHER DESIGNS The simultaneous calibration is obviously more efficient for

Many high-contrast techniques have been proposed in thethat purpose. However, the use of the SDI is restricted to the
last few years, but only a few of them have been tested on thesearch for methane companions only.
sky. These include the Achromatic Interfero Coronagraph This simple comparison shows that the FQPM, when in-
(AIC; Gay & Rabbia 1996), the shaped pupil mask (Debes et stalled on NACO, delivers a contrast that is better or compa-
al. 2002), the simultaneous differential imager (SDI; Close et rable to other light-suppression designs (for similar Strehl ra-
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tios), and this performance is mainly set by the residual phaselarge air masses-(.4). For smaller air masses, we recommend
aberrations. to use the undersized stop. In that case, however, the choice
of a calibrator star (to subtract the residual static speckles) is
6. CONCL USION very critical and must be searchgd for at the same par'allact.ic
angle as the target so that the spikes have the same orientation
The FQPM was installed inside NACO and was successfully on both objects. Finally, calibration of radial attenuation might
commissioned, although seeing conditions were varialdié (0 be needed to recover the photometry of off-axis objects at small
to 26, with coherence times as small as 3 ms). Despite poorangular radii (close binaries, for instance).
AO compensation, the observed performance is in agreement The scientific capabilities of the FQPM were also demon-
with theoretical expectations. The chromatism effect is totally strated by the observation of NGC 1068, for which an un-
negligible for spectral resolution larger than about 6, which is precedented contrast was reached at small separations. As for
always the case for the NACO imaging modes. The attenuationthe circumstellar disks, no additional features other than those
factor is limited by the image motion (residual jitter) and low- already known were discovered. Some large-scale features were
order phase aberrations. A comparison with the Lyot corona- marginally detected on HD 100546, HD 141569, and HR 4796.
graph shows that the FQPM is complementary to the Lyot and  Finally, we point out that an achromatic version of the FQPM
can reach a larger contrast at close angular separations ( would have the advantage of being used with any near-IR filter
0735. The Lyot allows deeper integration at large radii and of NACO. For instance, a FQPM also operating in théand
reduces the readout noise, since the central peak attenuation isould be combined with the recently installed simultaneous
much larger than for the FQPM. differential imager (Close et al. 2004) to improve the search
A dedicated observing strategy is required to take advantagefor methane companions like giant extrasolar planets around
of the FQPM capabilities. Centering must be performed ac- nearby young stars. We are indeed conducting a technical de-
curately using a flat-field image to define the mask location. velopment program to develop such an achromatic device.
This position is expected to evolve with the instrumental flex-  Coronagraphs and other light-suppression devices are now
ures and should be monitored throughout the night and some-able to provide a very large rejection of on-axis objects, as
times several times for each object (if very close to zenith). demonstrated by laboratory experiments (Riaud et al. 2003, for
The static defocus introduced by the FQPM thickness alsoinstance), but their capabilities on the sky are damped by the
needs to be compensated for, but this is now performed au-large amount of residual phase aberrations that are left uncor-
tomatically once the FQPM is selected. In addition, NACO rected on ground-based instruments. Significant efforts must
includes a derotator to prevent field-of-view rotation (caused now be made on AO systems in order to approach the detection
by the alt-azimuthal telescope mount). As a result, the pupil limit for extrasolar planets.
image at the cold stop position rotates, and a careful alignment
is required with the apodized Lyot stop to mask the secondary We would like to thank the ESO staff at Garching and Paranal
mirror support. The apodized stop therefore reduces the dif-for making the implementation of the FQPM inside NACO
fraction spikes. However, the fast rotation of the pupil image possible. We are sincerely grateful to N. Ageorges (ESO) for
at high elevations makes this stop useful only for objects at supporting the day and night commissioning in 2004 January.
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