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ABSTRACT

Context. Radial velocity and transit methods are effective for the study of short orbital period exoplanets but they hardly probe objects
at large separations for which direct imaging can be used.
Aims. We carried out the international deep planet survey of 292 young nearby stars to search for giant exoplanets and determine their
frequency.
Methods. We developed a pipeline for a uniform processing of all the data that we have recorded with NIRC2/Keck II, NIRI/Gemini
North, NICI/Gemini South, and NACO/VLT for 14 yr. The pipeline first applies cosmetic corrections and then reduces the speckle
intensity to enhance the contrast in the images.
Results. The main result of the international deep planet survey is the discovery of the HR 8799 exoplanets. We also detected 59 vi-
sual multiple systems including 16 new binary stars and 2 new triple stellar systems, as well as 2279 point-like sources. We used
Monte Carlo simulations and the Bayesian theorem to determine that 1.05+2.80

−0.70% of stars harbor at least one giant planet between 0.5
and 14 MJ and between 20 and 300 AU. This result is obtained assuming uniform distributions of planet masses and semi-major axes.
If we consider power law distributions as measured for close-in planets instead, the derived frequency is 2.30+5.95

−1.55%, recalling the
strong impact of assumptions on Monte Carlo output distributions. We also find no evidence that the derived frequency depends on
the mass of the hosting star, whereas it does for close-in planets.
Conclusions. The international deep planet survey provides a database of confirmed background sources that may be useful for other
exoplanet direct imaging surveys. It also puts new constraints on the number of stars with at least one giant planet reducing by a factor
of two the frequencies derived by almost all previous works.

Key words. planets and satellites: gaseous planets – planets and satellites: fundamental parameters – methods: observational –
methods: data analysis – methods: statistical – instrumentation: high angular resolution

1. Introduction

After the first discoveries of exoplanets by indirect detections
in the late 80s and 90s, several teams performed surveys to ob-
tain direct images of substellar objects in the optical and near-
infrared. As the instruments were not optimized for high con-
trast imaging, the first surveys probed brown dwarfs that are
? Tables 11−15 are only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/594/A63

brighter than planets and thus, easier to detect. For example,
Becklin & Zuckerman (1988), Schroeder et al. (2000), Gizis
et al. (2001), Oppenheimer et al. (2001), and Carson et al. (2009)
observed nearby stars, while Neuhäuser & Guenther (2005) and
Lowrance et al. (2005) surveyed young systems, and Chauvin
et al. (2006) targeted stars harboring planets detected by stellar
radial velocity. Taking advantage of new observing modes, such
as spectral differential imaging (SDI; Marois et al. 2000) and an-
gular differential imaging (ADI; Marois et al. 2006) and using
more powerful adaptive optics systems, later surveys of youthful
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Table 1. Target list.

Star α δ Spec. Dist. Age (Myr) Age method Ref. IR
(J2000.0) (J2000.0) type (pc) median min max or Assoc. excess

HIP 682 00:08:25.75 +06:37:00.49 G2V 40 100 30 300 Li/X Yc

QTAND 00:41:17.34 +34:25:16.87 Ge 41 100 30 300 Li/X/UV –

Notes. The complete list is in Table 11, available at the CDS.

stars probed fainter and fainter substellar companions down to
the young gas-giant extrasolar planet regime (Biller et al. 2007;
Kasper et al. 2007; Lafrenière et al. 2007a; Nielsen et al. 2008;
Metchev & Hillenbrand 2009; Chauvin et al. 2010; Heinze et al.
2010; Rameau et al. 2013; Yamamoto et al. 2013; Biller et al.
2013; Nielsen et al. 2013; Wahhaj et al. 2013; Brandt et al. 2014).

For 14 yr, we had been using Keck II, Gemini North and
South, and VLT to run two near-infrared imaging surveys: a
Keck adaptive optics search for young exoplanets (Kaisler et al.
2003) and the international deep planet survey (IDPS; Marois
2010). In this paper, we merge the two and call IDPS the result-
ing survey. The targets were 292 young and nearby stars of A to
M spectral types with a majority of massive stars. The main ob-
jectives of the IDPS were the detection and spectral characteri-
zation of new exoplanets, and the determination of the frequency
of stars harboring giant planets with long orbital periods.

A first paper (Vigan et al. 2012) presented a fraction of the
A stars of the IDPS. In the current paper, we present the com-
plete survey. The target sample is described in Sect. 2. The ob-
servations and instruments that we used are presented in Sect. 3.
Then, Sect. 4 details the pipeline that we developed for the uni-
form data processing of the ∼30 000 frames. The characteristics
of all the detected sources (multistellar systems, exoplanets, and
field stars) are listed in Sect. 5. Finally, we run a Monte Carlo
analysis in Sect. 6 to constrain the frequency of stars with giant
planets.

2. Target sample

As for most of exoplanet direct imaging surveys, the target sam-
ple is composed of young and nearby stars (Table 1) with a me-
dian age of 120 Myr and a median distance of 45 pc (Fig. 1).
The youth ensures that giant planets are bright enough in the
near-infrared to be detected assuming evolutionary models like
COND and DUSTY (Chabrier et al. 2000; Baraffe et al. 2003).
The ages in Table 1 are extracted from previous work (Ref. col-
umn) or were derived by our team using the following tech-
niques described in Zuckerman & Song (2004): lithium, X-ray,
UV emission, UVW velocity, H-alpha, and color-magnitude
diagrams.

All types of main-sequence stars were surveyed with a ma-
jority of massive stars: 5, 107, 63, 24, 44, and 49 B, A, F, G, K,
M stars. The complete sample is composed of 292 stars.

3. Observations

We obtained near-infrared observations with the adaptive op-
tics systems of Gemini North, Gemini South, Keck II, and VLT.
We used public HST data to confirm one of our candidates to
be a background object. The observations are described in the
following sections and in Table 2. The information about the
NACO/VLT observations are gathered in Vigan et al. (2012) and

they are not included in this paper although we use the associated
detection limits for the statistical study (Sect. 6).

3.1. NIRI at Gemini North

At Gemini North, we observed with the NIRI camera (Hodapp
et al. 2003) and the ALTAIR adaptive optics system (Herriot
et al. 2000). Data were taken from 2004 to 2014 (programs GN-
2007B-Q-59, GN-2008A-Q-77, GN-2008B-Q-64, GN-2009A-
Q-80, GN-2009B-Q-17, GN-2011B-Q-11, GN-2012B-Q-14,
GN-2012B-Q-70, GN-2013A-Q-34, GN-2013B-Q-16, and GN-
2014A-Q-18).

The f /32 camera was used, yielding a 22′′ × 22′′ field of
view and 1024 × 1024 pixel images. The spatial sampling is
21.4 mas or 22.0 mas per pixel if the Altair field lens is used (LI
in Table 2) or not (LO). The lens improves the off-axis AO cor-
rection but induces astrometric distortions (Sect. 4.1). Table 3
gives the specifications of the spectral filters that were used.
Images with ∼30 s exposure time were recorded in an ADI mode.
With NIRI, ADI consists of recording a sequence of many expo-
sures of the target while keeping the instrument rotator off. The
camera and the telescope optics thus remain aligned for all expo-
sures, enabling a very accurate point spread function (PSF) cor-
relation between consecutive exposures. Since the field of view
rotates when the rotator is off, any off-axis source (companion
or background object) moves angularly around the central star
with time. For each frame of the sequence, a locally optimized
combination of images (LOCI, Lafrenière et al. 2007b; Marois
et al. 2010b) produces a reference PSF to subtract. The PSF sub-
tracted frames are then rotated to align north up and they are
median combined. Generally, the more the field of view rotates
during the sequence, the more efficient the speckle subtraction.
Optimal performance is achieved if the observations are acquired
as the target is close to the meridian (±1 h from its transit).

During the first observations of each star (apart from 9 that
saturated the detector even for the shortest exposure time), unsat-
urated short exposures were recorded to calibrate the photometry
in the ∼30 s images. Sometimes, when observing at a second or
later epoch, to save time we did not acquire unsaturated images,
observe more targets, and follow more exoplanet candidates.

3.2. NIRC2 at Keck II

Most of the IDPS data were obtained with the NIRC2 instru-
ment (McLean & Sprayberry 2003; Wizinowich 2006) at Keck II
during ∼70 nights or half-nights between 2001 and 2014.

Two observing modes were employed, and both of these
modes enabled the use of ADI to subtract the speckle pattern. In
the position angle mode (PA in Table 2), north points to the same
direction in all frames of a given sequence. The field of view is
thus fixed while most of the speckle pattern rotates. One can thus
discriminate a fixed off-axis source from the rotating speckle pat-
tern. In the vertical angle mode (V), the pupil rotator is kept off
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Fig. 1. IDPS star age, spectral type, and distance distributions.

and the field rotates, which is equivalent to the ADI mode used
at Gemini. The V mode is usually more effective for speckle

calibration, but this mode was not used before 2004 since we
were still searching for the best observing strategy at this time.

We sometimes recorded saturated and unsaturated data but
usually, we only recorded long exposure sequences using one of
the occulting coronagraphic focal plane masks, with diameters
of 400, 600, 800, or 1000 mas. The masks are not fully opaque
and unsaturated images of the star could be extracted from the
long exposures. During the survey, we used several filters that
are listed in Table 3.

Most of the data were recorded with the 10′′ × 10′′ narrow
field-of-view camera with 9.942 mas/pixels. We also used the
40′′ × 40′′ wide camera with 39.686 mas/pixels (w in Table 2)
in peculiar cases to probe planets at more than 10′′ from their
star or when the observing conditions where bad.

3.3. NICI at Gemini South

Thirty-four stars were observed with the NICI AO camera (Chun
et al. 2008) in 2009, 2012, and 2013 (programs GS-2009B-Q-
14, GS-2012B-Q-8, and GS-2013A-Q-24). The camera provided
a 18.5′′ × 18.5′′ field of view and a 18 mas plate scale. We
recorded 1024 × 1024 pixel images in one or two filters at the
same time (Table 3). All data were taken in ADI mode keeping
the Cassegrain rotator off (V mode). Sometimes, the SDI mode
was also used observing simultaneously at CH4s and CH4l. We
always used the F0.32 (320 mas diameter) or F0.65 (650 mas)
occulting focal plane masks. As for NIRC2, the occulting masks
were not fully opaque and unsaturated images of the star could
be extracted from the long exposures.

3.4. NICMOS on HST and other programs

We reduced public data that were not part of the IDPS to obtain
a second epoch for some of our candidates. We used NIRI, NICI,
NIRC2, NACO, and NICMOS archive data. We list the programs
these data come from in Table 2.

4. Image processing

The pipeline we developed for a uniform processing of all the
IDPS sequences can be divided into four main steps. First,
flat fielding, sky subtraction, bad-pixel and distortion correc-
tions were applied to each frame of a considered sequence
(Sect. 4.1). In the second step, all frames were registered within a
pixel (Sect. 4.2). The procedures used for these two first steps de-
pended on the instrument and on the sequence (procedures were
not the same for registering saturated or unsaturated data for ex-
ample). The last two steps consisted of obtaining calibrated high
contrast images and were common to all the IDPS sequences.
In the third step, a LOCI-like algorithm was applied to each se-
quence to reduce the speckle intensity and provide a final image
with high contrast for each target (Sect. 4.3). In cases where the
field-of-view rotation was small, north was aligned up in each
frame of the sequence and all the frames were stacked, applying
no speckle subtracting algorithm. The fourth step calibrated the
contrast level in the final images, estimated the astrometry and
the photometry of off-axis sources, and gathered the results in a
database (Sect. 4.4).

4.1. Cosmetic corrections

Considering one IDPS sequence, the first step of our data pro-
cessing was the selection of the frames. If their quality was
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Table 2. Observation list.

Star Date Nb × Exp × Coadd FOV rot Tel Filter Config Mode Program
(s) (deg) Coro

HR9 2001-12-01 8 × 15 × 4 4.4 KE Kp w PA
TYC1186-706-1 2008-12-17 9 × 0.5 × 10 1.0 KE Kcont − PA A162N2
HIP 107350 2005-07-18 6 × 30 × 1 10.2 GN CH4s LO V GN-2005A-Q-16
HIP 107412 2007-09-12 139 × 30 × 1 55.6 GN CH4s LI V −

Notes. The complete list is in Table 12, available at the CDS.

Table 3. Spectral filter specifications.

Tel. Name λ0 λmin − λmax
(µm) or ∆λ

GN

J 1.25 1.15−1.33
H 1.65 1.49−1.78

CH4s1 1.58 6.5%
K 2.20 2.03−2.36
Ks 2.15 1.99−2.30
Kp 2.12 1.95−2.30

GS CH4-H4%S 1.578 4.00%
CH4-H4%L 1.652 3.95%

Ks 2.15 1.99−2.30

KE

J 1.248 1.166−1.330
Hcont 1.5804 1.5688−1.5920
FeII1 1.6455 1.6327−1.6583

CH4s1 1.5923 1.5295−1.6552
H 1.633 1.485−1.781

CH4l1 1.6809 1.6125−1.7493
Kp 2.124 1.948−2.299
Ks 2.146 1.991−2.302

H2 v = 1−01,2 2.1281 2.1112−2.1452
Br_gamma1 2.1686 2.1523−2.1849

PAH 3.2904 3.2627−3.3182
Lp 3.776 3.426−4.126

Notes. GN, GS, and KE stand for Gemini North (NIRI), Gemini South
(NICI), and Keck II (NIRC2). (1) Associated with a blocker PK-50.
(2) Called NB2.108 in the fits headers.

degraded because of clouds, high seeing variations, or bad adap-
tive optics corrections, they were removed from the sequence.
When available, a sky frame was subtracted from all frames. In
the cases of observations at Lp or Mp-bands, the LOCI back-
ground subtraction algorithm presented in Galicher & Marois
(2011) was used to subtract the background residuals.

Each frame of the sky-corrected sequence was corrected
from flat-fielding using calibration data taken at the telescope.
Then, the bad and hot pixels were found from the sky and flat
images, and their flux was set to the median value of neighbor-
ing pixels of the science image. Sometimes, detectors created
a horizontal or vertical stripe pattern in NIRI and NICI images
(Fig. 2). To remove this pattern, we assumed it to be translation
invariant. We estimated the stripe intensity and spatial frequency
from the 25 first rows for vertical stripes or columns for horizon-
tal stripes and we subtracted the pattern to the rest of the image.

Then, the field distortions were corrected. For the NIRC2
narrow camera images, we used the solution from Yelda et al.
(2010) with an accuracy down to ∼0.01 pixel (0.5 mas) for static
distortion correction. When observing with the wide camera,

Fig. 2. Stripe pattern induced by detectors in NIRI and NICI images.

we applied the Keck routine revised by Cameron1 that corrects
for distortions down to a ∼4 mas level. For NICI distortions,
we used the instrument team solutions that have an accuracy
of ∼35 mas for 2009 data. To correct for NIRI distortions, we
compared NIRI and NIRC2 images of the Trapezium region and
we created new distortion maps for images taken with or with-
out the Altair field lens (Fig. 3). In both cases, the accuracy of the
correction is less than a pixel (<21 mas) close to the center of the
detector but reaches 2 to 5 pixels (40−100 mas) further than ∼4′′
from the center. We did not correct for distortions in NICMOS
images and assumed a 1.5 pixel (113 mas) error.

Eventually, we registered all images within ∼1 pixels adding
zero pixels at the borders of the images to ensure no field-of-
view loss when rotating the frames as described in Sect. 4.3.

4.2. Image registration

If images were unsaturated, we used an iterative Gaussian fit pro-
cedure to register each frame of the sequence within a fraction
of pixel (.1/50). We used the same procedure to register coro-
nagraphic images since the occulting mask transmissions was
partially transmissive and left unsaturated images of the central
star on the detector. In NIRC2 and NICI coronagraphic images,
the central part of the star image, which was attenuated by the
focal plane mask, was slightly shifted with respect to the exter-
nal part of the star image (i.e., the speckles that were not affected
by the focal plane mask). We thus registered all the frames using
the deflected central star image and compensated for the bias in-
duced by the mask. Several times during the IDPS, we calibrated
the mask deflections at Keck II observing the HD 172649 binary
system with the 400, 600, 800, and 1000 mas diameter masks
at J, H, and Ks filters.

For NIRI saturated images, we selected the first frame of
the sequence and we masked all the pixels but the regions of
the spider diffraction pattern. We then found the position that
maximized the correlation of the masked image with its 180 deg

1 http://www.astro.caltech.edu/~pbc/AO/distortion.pdf
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Fig. 3. NIRI distorsion maps for images taken with (top) or with-
out (bottom) the Altair field lens. Arrows indicate the distortions at each
position of the detector. For the sake of visibility, we multiplied their
length by 10.

rotation (spiders are symmetrical). Once the first frame was reg-
istered within a pixel, we built a new mask to select the spider
diffraction pattern and an annulus where speckles were not satu-
rated and where the detector noise was negligible. We registered
all the frames of the sequence maximizing their correlation in-
side the new mask with the first frame. Sizes of the annulus were
sequence dependent.

For NIRC2 saturated images, the procedure was very similar
but the centering of the first frame was done by hand (∼1 pix
error) using the hexagonal diffraction signal as a guide because
the spider pattern was not detected.

For NICMOS images, we selected the spider pattern area and
found the position that maximized the correlation of the image
with its 180 deg rotation.

At this point of the pipeline, all sequences were registered
within ≤1 pixel.

Fig. 4. SOSIE sections of interest (left and right central blue section)
and optimizing region (right exterior red region).

4.3. High contrast imaging

For NIRC2 and NIRI data, the speckle pattern was reduced in
each frame of the sequence by subtracting an optimized refer-
ence image calculated by the SOSIE algorithm (Marois et al.
2010b). To create the reference image, we divided the target im-
age into sections (left in Fig. 4). For each section (blue central
region, right in Fig. 4), we selected the frames in the sequence
for which the field-of-view rotation would have sufficiently dis-
placed a putative companion (half of the PSF full-width half-
maximum, FWHM), and we defined a region (exterior red re-
gion) setting a FWHM gap. We found the linear combination of
the selected frames that minimized the residual noise in the exte-
rior region. We then subtracted the linear combination in the sec-
tion of interest (blue central section). This reduced the speckle
intensity because the SOSIE coefficients that are needed to sub-
tract the speckles in the blue region are highly correlated with
the SOSIE coefficients that are optimized to subtract the speck-
les in the red region. The FWHM gap avoids self-subtraction
of the planet signal. We tested several geometrical shapes for
the sections and found that annuli were a good trade-off be-
tween computing time and performance (negligible loss in per-
formance). After subtraction, we derived the north axis from
the FITS header keywords for each frame and we rotated all
frames to align their field of view with north up. We eventu-
ally median combined the frames to enhance the signal-to-noise
ratio of putative off-axis sources. In the regions of the image
where no reference frames were available to apply the SOSIE
algorithm (far from the central star if the telescope was dithered
during the sequence or close to the center when the field-of-view
rotation was small), we did no speckle subtraction and only me-
dian combined the frames.

For sequences taken in PA mode (Sect. 3.2), the pupil rotated
between frames rather than the field of view. We rotated each
frame to create a sequence with a fixed speckle pattern and a
rotating field of view. We then applied our SOSIE algorithm.

When only one spectral filter was used with NICI, we used
the same SOSIE algorithm as described before. For images taken
at two spectral bands simultaneously, we developed a SOSIE-
based algorithm that minimizes the speckle intensity using
the spectral images (spectral speckle differential imaging) and
the ADI images simultaneously (see also Artigau et al. 2008).
This data processing was used only for detection. To avoid the
issue of calibration in such ADI/SDI SOSIE images (Maire et al.
2014), we used the ADI SOSIE images (no SDI) to derive the
photometry of the candidates and the detection limits.

Usually, NICMOS sequences are composed of only
2−6 frames, which limits the SOSIE performance. To improve
the speckle subtraction, we built a NICMOS image database
(called IDB) gathering 1012 images that is similar to what
Lafrenière et al. (2009) proposed. To reduce the speckle level
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Table 4. Intensity attenuation of the PSF behind the NIRC2 and NICI occulting masks.

Instrument NIRC2 NICI

Filter J H H H Ks Ks Ks Lp CH4l H K
Mask diameter (mas) 800 600 800 1000 400 600 800 800 320 320 320

Attenuation 70 200 40 39 57 29 28 120 300 238 191

in one section of one frame, we selected the frames of the same
sequence and the 50 most correlated images IDB in this section.
Then, we applied the SOSIE algorithm described previously.

As the ADI observing mode was not used before 2004, the
SOSIE algorithm could not be applied to a non-negligible num-
ber of sequences taken between 2000 and 2004 with NIRC2. For
these sequences, we only rotated all the frames to align the north
up and we median combined them. We tested a SOSIE algorithm
using a library of PSFs taken the same night with the same instru-
mental configuration (similar to the NICMOS-HST data process-
ing) but no improvement was achieved. The reason is certainly
that aberrations vary over the night in a ground-based telescope
(pointing, flexures, temperatures, etc.) and thus, the PSF and the
speckle pattern evolve over the night.

4.4. Photometry and astrometry calibrations

As for any ADI or SDI technique used for speckle calibration,
the astrometry and photometry are biased in the final images.
The procedure we used to estimate these biases requires an un-
saturated PSF (Galicher et al. 2011). When unsaturated images
were available, they were registered following the procedures
described in Sect. 4.2 and we median combined them to obtain
the needed unsaturated PSF.

In the case of NIRC2 coronagraphic images, we used the
attenuated images of the star that were recorded behind the oc-
culting mask. We compensated for the mask transmissions that
were calibrated observing binary systems (Sect. 4.2 and Table 4).
For the 600 and 800 mas masks at H and Lp, we used images
of GJ 803 and HR 8799 taken with and without masks for the
calibration.

All the NICI data were recorded with an occulting mask and
we also used the attenuated image of the star behind the corona-
graph as a reference for photometry. From the NICI documenta-
tion, the attenuation of the 0.32 arcsec occulting mask was ∼300.
We used this value for the CH4 bands as the calibration was per-
formed at CH4l. For the K and H-bands, we used calibrations
published in Wahhaj et al. (2011) in which the attenuations were
238 and 191 at H and K, respectively.

For several data sets, saturated and unsaturated sequences
were not recorded using the same filters although their central
wavelengths and bandwidths were close. We thus considered the
median saturated and unsaturated images. We selected an annu-
lus in which the saturated image was not saturated and where the
unsaturated image was not dominated by the detector noise. We
integrated the flux over the annulus for both images and we de-
termined the factor that gives the photometry in the saturated im-
age from the measured flux in the unsaturated image. We finally
obtained an unsaturated PSF that was calibrated in flux with re-
spect to the saturated data. Doing so, we assumed the PSF pattern
was similar in the two filters, which was a good approximation
as the filter central wavelengths and bandwidths were similar.

When a binary or planet candidate was detected, we used the
calibrated unsaturated PSF to estimate its astrometry and pho-
tometry (Galicher et al. 2011). First, we roughly estimated the

Fig. 5. Estimated (left) and real (right) images of an off-axis source.

flux and position (within 1 pixel) of the source in the SOSIE im-
age. The pipeline then created a data cube of frames that only
contained the unsaturated PSF at the candidate position on the
detector accounting for the field-of-view rotation in each frame
and for the smearing of off-axis source images as the field of
view could rotate during a single exposure. The SOSIE coeffi-
cients that were used to obtain the SOSIE image where the can-
didate was detected were applied on the candidate data cube. The
resulting frames were rotated to align north up. The median of
these frames provided the estimation of the candidate image in
the SOSIE image (Fig. 5). We then adjusted the estimated image
subpixel position and its flux to minimize the integrated flux of
the difference between the real and estimated candidate images.
We used a 3 FWHM diameter disk for the minimization. The 1σ
error bars were the required excursions in position or in flux to
increase the minimum residual flux by a factor of

√
2. We empir-

ically determined this factor running tests on sequences in which
we injected known fake planets.

Using the calibrated unsaturated PSF, we also estimated the
SOSIE throughput in all SOSIE sections (central blue section
in Fig. 4) following a procedure similar to the one used for the
candidate position and flux estimation. The image were thus flux
calibrated.

For every star (IDPS and public data) with unsaturated data,
we produced a contrast curve. When off-axis sources were de-
tected in the image, we added a negative object at their posi-
tion in the raw datacube to remove them from the image and not
bias the contrast at their angular separation (Marois et al. 2010a;
Galicher et al. 2011). The noise distribution in ADI processed
images is well reproduced by a Gaussian function (Marois et al.
2008a) and we estimated the 5σ noise level where σ is the azy-
muthal standard deviation of the residual flux in annulii of 1 λ/D
width rejecting pixels with no flux (out of the field of view).
We did not account for the small amount of noise realizations
(Mawet et al. 2014) whose impact is negligible at the considered
separations. Finally, the 5σ noise levels were divided by the stel-
lar flux estimated from the unsaturated images. Typical contrast
curves of the IDPS are plotted in Fig. 6. The shallow curves cor-
respond to the short sequences taken between 2000 and 2004
with NIRC2. The best performance is commonly reached using
NIRC2 (after 2004) or NICI. All the IDPS contrast curves are
gathered in Table 5.
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Table 5. 5σ contrast curves of the IDPS observations.

Star Date Filter 0.3′′ 0.5′′ 1.0′′ 1.5′′ 2.0′′ 3.0′′ 4.0′′ 5.0′′ 6.0′′ 7.0′′ 8.0′′ 9.0′′ 10.0′′

HR9 2009-11-01 Ks 5.3 6.9 9.7 11.6 12.8 13.5 13.6 13.4 12.6 9.8 − − −

HR9 2009-12-05 CH4l 8.5 10.0 12.7 13.9 14.7 15.2 15.3 15.3 15.3 15.3 15.7 16.6 15.1

Notes. The complete list is in Table 13, available at the CDS.

Fig. 6. Typical deep (full line), median (dotted-dashed line), and shallow (dashed line) IDPS 5σ contrast curves against angular separation. Top
left: H-band. Top right: CH4-bands. Bottom left: K-band. Bottom right: L-band.

Table 6. Targets with crowded field (more than 50 sources).

Name α δ Date
(J2000.0) (J2000.0)

2MASS J17150362-2749397 17:15:04 −27:49:40 2010-07-12
HD 324741 17:54:55 −26:49:42 2004-05-24
HIP 89829 18:19:52 −29:16:33 2009-08-31
HIP 93805 19:06:15 −04:52:57 2008-05-31
HIP 99770 20:14:32 +36:48:23 2008-05-22

5. Detections

5.1. Crowded fields

For 5 targets, we detected more than 50 off-axis sources
(Table 6). These stars are within 10 deg in latitude from the
Galactic plane and the probability that the off-axis sources are

background objects is high. Thus, we put a low priority on these
stars, and finally, we did not reobserved them.

5.2. Binary and triple systems

During the survey, we detected 59 visual multiple systems
with projected separations smaller than 200 AU. Forty of these
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Table 7. Binaries detected during the IDPS.

Star α δ ρ θ Contrast Filter Date Telescope Status Comments/References
(J2000.0) (J2000.0) (arcsec) (deg) (∆mag)

TYC1186-706-1 00:23:34.66 +20:14:28.75 1.74 ± 0.01 136.7 0.6 Kcont 2008-12-17 KE Aa

1.74 ± 0.01 137.4 0.6 Kp 2009-07-30 KE Aa

Notes. In the status column, “A” stands for associated with the star and “B” for background object. “?” means unknown status. The complete table
is in Table 14 available at the CDS. (a,b,c) Companion status confirmed from the IDPS, from previous works, or combining the IDPS and previous
works (reference column) respectively.

Fig. 7. Multistellar system discovered during the IDPS: HIP 107948.

systems are already known physical binaries and 16 are phys-
ical binaries discovered during the IDPS. We also obtained an
image of HIP 117452, which is a triple stellar system (De Rosa
et al. 2011). Finally, we discovered two triple stars: HIP 104365
(Vigan et al. 2012) and HIP 107948 (Fig. 7). The properties of
the binaries (separation, magnitude difference, etc.) are listed
in Table 7. We do not derive the stellar type of the companions
in this paper.

5.3. Exoplanet detections

One of the main results of the IDPS is the discovery of the
four exoplanets orbiting the HR 8799 star (Marois et al. 2008b,
2010b). We also flagged 2279 point-like objects in the IDPS
images, corresponding to ∼1100 individual sources detected at
2−3 epochs. We plot in Fig. 8 the contrast and the angular separa-
tion with respect to the star for the 1396 IDPS detections whose
contrast could be estimated. By observing a given star at multi-
ple epochs and considering proper motions and parallax, we con-
firmed that most of the detected sources are background objects
(Fig. 9). Some candidates have not yet been followed up because
of very bad weather or technical problems. The characteristics of
the 2279 detected sources are reported in Table 8 and are avail-
able on a dedicated website2.

6. Occurence of stars with giant planets

The detection limits (Table 5) and the four exoplanet detections
of the IDPS can be used to run a Monte Carlo statistical analysis
(Sects. 6.2 and 6.3) and calculate an upper limit to the frequency

2 http://lesia.obspm.fr/directimaging/admin/form_user.
php

Fig. 8. Contrast of 1396 point-like sources detected in the IDPS as a
function of their angular separation.

of stars that harbor at least one companion of mass and semi-
major axis within given intervals (Sect. 6.4). Moreover, as exo-
planets were discovered during the survey, we can put a lower
limit on this frequency and we study the impact of the host-
ing star mass (Sect. 6.5.1). We also study the impact of one of
the assumptions that is needed to run the Monte Carlo analysis
(Sect. 6.5.2). Finally, we compare our results to previous works
(Sect. 6.6).

6.1. Sample

We focus our analysis on single star systems rejecting the bi-
naries (Table 7) from the IDPS sample. We also reject the stars
with crowded fields (Sect. 5.1) and the stars for which no con-
trast curve could be derived from the observations. This leaves
229 stars with a median age of 100 Myr and a median distance
of 43 pc (dashed lines in Fig. 10).

To increase the number of stars in the sample and, thus, de-
rive a more accurate frequency of stars with giant planets, we
combine the IDPS detection limits and detections to the de-
tection limits of two other surveys: Gemini deep planet survey
(Lafrenière et al. 2007a) and a NACO/VLT survey (Chauvin
et al. 2010). Thanks to previous collaborations with these teams,
we know that our detection limits and theirs are consistent. In
future works, it would be interesting to combine all the existing
surveys ensuring all the detection limits are consistent but this is
out of the scope of our paper.
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Table 8. substellar candidates and background sources observed during the IDPS.

Star α δ ρ θ δρ = ρδθ ∆m Filter M mmin,max aproj Date Tel. # Status
(J2000.0) (J2000.0) (") (deg) (mas) (MJup) (AU)

HR9 00:06:50.09 −23:06:27.14 19.691 337.347 40 – Kp – – 770.1 ± 13.0 2001-12-01 KE 1 ?
HIP 682 00:08:25.74 +06:37:00.48 5.472 268.037 14 15.47 ± 0.49 Ks – – – 2012-09-04 KE 1 B

4.945 267.774 12 14.73 ± 0.31 Kp – – – 2006-07-18 KE 1 B

Notes. In the status column, “A” stands for associated with the star, whereas “B” is for background object and “F” for false detection. The flag
“B?"’ means that the errors bars are larger than parallax and proper motion, but given the displacement of all the candidates between the two
epochs, we are confident the object is background.

Fig. 9. Example of the astrometry test for comparing the expected posi-
tion of a background source (blue and green) to the measured positions
(blue and red) for a planet candidate around HIP 12545. Crosses in-
clude error bars on the measured astrometry and on the stellar parallax
and proper motion.

The Lafrenière et al. (2007a) and Chauvin et al. (2010) sur-
veys complete the IDPS because they include more G, K, and
M stars (full lines in Fig. 10). The complete sample of 356 stars
includes 5, 95, 67, 43, 86, and 60 B, A, F, G, K, M stars. The
median age and median distance, which are 100 Myr and 37 pc,
are very similar to those of the IDPS. We use this sample in the
rest of the paper.

6.2. Formalism and assumptions

The analysis is based on the statistical formalism presented in
Lafrenière et al. (2007a). A Monte Carlo simulation is used to
create an ensemble of fake planets computing their projected an-
gular separation with respect to their star assuming given distri-
butions of planetary masses and orbital parameters. Then, con-
sidering a model of planet atmosphere and the age of the targets,
the fake planet fluxes are derived and compared to the detection
limits of the survey to determine what fraction of planets should
have been detected. Finally, the frequency of stars that harbor at
least one exoplanet is derived using the Bayes’ theorem. In this
section, we briefly outline the main steps of the analysis speci-
fying the assumptions.

We simulate Npla fake planets for each target star. First, we
draw Npla semimajor axis values considering a uniform distri-
bution in the interval [amin, amax]. These values are converted

Fig. 10. Distribution of the ages, spectral types, and distances of the
IDPS stars with contrast curves (dashed line) and of the sample used for
the statistical study (full line).
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to planet-star separations following the method of Brandeker
et al. (2006) and assuming the orbital eccentricity distribution
derived by Kipping (2013) from the radial velocity exoplanet
sample, which is a Beta distribution with parameters a = 0.867
and b = 3.03. The projected physical separations are converted
into angular separations based on the distance of the primary
star. Then, we draw Npla masses following a uniform distribution
in the interval [mmin,mmax]. Each planet mass is converted into
flux in the observing spectral band using the COND03 model
(Baraffe et al. 2003) and a random age assuming an asymmet-
ric Gaussian distribution for which the 1σ lower age, 1σ upper
age, and average age are given in Table 1. The planet-to-star con-
trast is then derived from the stellar magnitude. As we compare
this contrast to a 1D-contrast curve, we add a random noise to
account for the variations of the noise in the 2D-reduced im-
age. The random noise is drawn from a Gaussian distribution of
standard deviation that is equal to the noise measured at the sep-
aration of the fake planet. Finally, we derive the probability p j
of detecting a given planet around the jth star from the fraction
of fake planets lying above the 5σ detection limit.

When the star was observed several times, we combine the
detection limits (Table 5) taking the deepest contrast at each sep-
aration. Doing so, we assume the putative planets do not move
in the image from one observation to the others. During the
IDPS, the earliest and latest observations of a given star are sep-
arated by 3.5 yr in average. Considering the median distance to
the stars (∼40 pc) and the average minimum angular separation
of the observations (0.3′′), the closest detectable planets would
have a semimajor axis of 12 AU and, thus, an orbital period of
∼30 yr for the massive stars (2 M�). The putative planets would
then have moved by ∼20 pixels in Keck data and 10 pixels in
Gemini data between the two observations. Such a motion is
small enough so that we can combine the detection limits.

6.3. Exoplanet detection probability

The average of p j over all j values (i.e., over the complete
sample) are plotted in Fig. 11 as a function of the projected
planet-star separation for planet masses going from 0.5 to
13 Jupiter masses. For each curve, we set the mass of the
Npla = 100 000 random planets (mmin = mmax). The peak sen-
sitivity of the survey occurs for projected separations between
20 and 300 AU. For example, if each star of the sample harbored
one 10 MJ at 100 AU, we would have detected 75% of them. The
sensitivity declines for separations larger than 200 AU because
of the median distance of the targets (37 pc) and the ∼10′′ field
of view of NIRC2 (the most used instrument during the IDPS).

6.4. Upper limit on the frequency of stars with giant planets

Using the Bayes theorem, the determination of the p j yields a
credible interval for the frequency of stars with giant planets un-
der the assumptions made about the planet mass and semimajor
axis (uniform distributions), stellar age, and atmosphere model.
The boundaries of the interval depend on the level of credibil-
ity α that is considered (Eq. (6) in Lafrenière et al. 2007a). For
α = 95%, Fig. 12 presents the upper limit on the frequency of
stars harboring at least one giant planet as a function of the
planet mass and the projected separation. The large number of
targets and the low detection limits of the IDPS, combined with
Lafrenière et al. (2007a) and Chauvin et al. (2010) results, en-
ables us to constrain the frequency of stars harboring exoplanets
with masses down to 0.5−1 MJ. For example, we find that there

Fig. 11. Mean probability of detecting giant planets during the sur-
veys as a function of the projected semimajor axis for several planetary
masses.

Fig. 12. Upper limit on the frequency of stars harboring at least one
giant planet as a function of the planet mass and projected semimajor
axis.

are less than 20% of stars harboring one or more 1 MJ exoplanets
between 30 and 300 AU; and less than 10% of stars with one or
more 2 MJ exoplanets between 30 and 400 AU.

6.5. Frequency of stars with giant planets

Because substellar objects are detected around stars in our sam-
ple (Table 9), we can also put a lower limit on the frequency
of stars with giant planets following the formalism presented
in Lafrenière et al. (2007a, Eq. (6)). When calculating the
frequency of stars harboring at least one giant planet within
[mmin,mmax] and [amin, amax], only the exoplanets of Table 9,
whose mass and separation are included in these intervals are
considered detected during the survey. For example, the detected
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Table 9. Detected substellar objects in our sample.

Star Planet

Name Type Name Mass (MJ) Sep. (AU) Ref.
HR 8799 A5V b 5−11 68 1

c 5−8 38 1
d 5−10 24 1
e 5−10 15 2

HD 130948 G1V b 13−75 47 3
HIP 30034 K2 b 13−14 260 4

References. 1) Marois et al. (2008b); 2) Marois et al. (2010b);
3) Lafrenière et al. (2007a); 4) Chauvin et al. (2010).

Fig. 13. Probability density function of frequency of stars with at least
one giant planet in the given intervals of masses and semimajor axes:
[mmin,mmax] = [0.5, 14] MJ and [amin, amax] = [20, 300] AU.

exoplanets for [mmin,mmax] = [0.5, 14] MJ and [amin, amax] =
[20, 300] AU are HR 8799 b, c, d, and HIP 30034 b. Also, even
if several of the HR 8799 planets are flagged as detected, the
HR 8799 system counts for one detection only, i.e., one star with
at least one giant planet.

6.5.1. Mass of the hosting star

Under all the assumptions described in the previous sections,
we derive the probability density function of the frequency of
stars with at least one giant planet of mass in [mmin,mmax] =
[0.5, 14] MJ and semimajor axis in [amin, amax] = [20, 300] AU
(black full line in Fig. 13). The mode of the distribution (i.e.,
frequency for which the distribution is maximum) is 1.05+2.80

−0.70%.
The error bars give a 95% confidence interval. This means that
1.05+2.80

−0.70% of stars harbors at least one giant planet of 0.5−14 MJ
between 20 and 300 AU with a 95% certitude.

Surveying exoplanets with orbital periods shorter than four
years around stars of 1 to 5 M� (i.e., semimajor axis of <2 AU)
and with masses up to 30 MJ, Reffert et al. (2015) found that the
frequency of stars with giant planets depends on the stellar mass,
reaching a maximum for hosting stars of ∼1.9 M�. We test this
assertion on our sample for stars hosting at least one giant planet

between 20 and 300 AU and in the range of 0.5 to 14 MJ. We split
our sample into 168 massive stars (B, A, F types, >1.1 M�, red
dashed line) and 188 low-mass stars (G, K, M-types, <1.1 M�,
blue mixed line) and we overplot the associated probability den-
sity functions in Fig. 13. The mode of the distribution for the
massive stars is 1.30+5.85

−0.95% with 95% confidence error bars. For
the low-mass stars, we find 0.90+4.05

−0.65%. The two confidence in-
tervals overlap and there is no significant difference at a 95%
confidence level between the frequencies of massive and low-
mass stars that host an exoplanetary system. We cannot extend
the Reffert et al. (2015) result to giant planets orbiting at large
separations using our sample.

6.5.2. Planet mass and semimajor axis distributions

The various assumptions that are made to performed a statistical
analysis impact the final results. Although studying each param-
eter effect is out of the scope of this paper, we tested one ef-
fect. Instead of assuming uniform distributions of planet masses
and semimajor axes, we now use power laws similar to what
was measured for close-in exoplanets by Cumming et al. (2008).
Hence, the number dN of simulated exoplanets whose mass is
in the interval [m,m + dm] and semimajor axis is in the interval
[a, a + da] is proportional to m−1.31 a−0.61 dm da. All the other as-
sumptions being the same as before, we obtain that 2.30+5.95

−1.55%
of stars harbor at least one giant planet of 0.5−14 MJ between 20
and 300 AU with a 95% certitude. Thus, changing the assump-
tion on the planet mass and semimajor axis distributions, the de-
rived frequency increases by a factor of ∼2: the most probable
frequency ranges from 1.05% (uniform distributions, Sect. 6.5.1)
to 2.30%, and the 95% interval ranges from [0.35%, 3.85%] (uni-
form distributions) to [0.75%, 8.25%]. The two 95% intervals
overlap but the impact of the assumed planet mass and semima-
jor axis distributions is obvious in this case.

This result was expected because the power law distributions
predict a lot more light and close-in planets than uniform dis-
tributions, which are planets the IDPS is less sensitive to. This
leads to the open question: which distribution shall we use for the
planet mass and semimajor axis? On the one hand, we can argue
that the distributions derived by Cumming et al. (2008) come
from observations and should be a good a priori. On the other
hand, we can wonder whether the formation process is or is not
the same for close-in and outer giant planets, and thus, whether
the distributions are or are not the same. In any case, future stud-
ies are needed to determine the impact of each assumption that
is made to derive exoplanet frequencies. In the rest of the current
paper, we provide the frequencies for both assumptions on the
planet mass and semimajor axis.

6.6. Comparision to other surveys

We compare to previous results the frequencies of stars that
harbor at least one giant planet as derived from our sample
(Table 10). We use mass and separation intervals as close as pos-
sible to those chosen by the other teams and we confirm all re-
sults. Having a larger number of stars and deep detection limits,
we put stronger constraints reducing the estimated frequencies
by a factor of two or more in almost all cases. Also, the differ-
ence between the frequencies derived for the two planet mass
distributions that we consider (uniform or power laws) is small
when we focus on planets more massive than ∼1 MJ. Whereas
each team makes different assumptions, all results are consistent
with each other. This is interesting and future works should be
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Table 10. Frequencies of stars harboring at least one giant planet in given intervals of masses and semimajor axes derived from our work and from
previous publications.

Stellar type Frequency (in %) Separation Planet mass Mass&SMA Reference
95% certitude (AU) (MJ) distribution

Mode Min. Max.

BA 1.90 0.50 10.05 59−460 4−14 uniform law This work
BA 2.05 0.50 11.05 59−460 4−14 power law This work
BA − − 20 59−460 >4 Nielsen et al. (2013)a

BA 2.70 0.65 14.30 25−940 4−14 uniform law This work
BA 2.75 0.70 14.70 25−940 4−14 power law This work
BA − − 50 25 − 940 >4 Nielsen et al. (2013)a

FGK 1.20 0.30 6.60 25−856 4−14 uniform law This work
FGK 1.10 0.30 6.05 25−856 4−14 power law This work
F2-K7 − − 20 25 − 856 >4 Nielsen & Close (2010)a

M − − 8.30 9−207 4−14 uniform law This work
M − − 8.60 9−207 4−14 power law This work
M0-M5 − − 20 9 − 207 >4 Nielsen & Close (2010)a

M − − 9.15 10−200 1−13 uniform law This work
M − − 11.85 10−200 1−13 power law This work
M − − 11 10−200 1−13 Bowler et al. (2015)
GKM 1.30 0.35 7.00 30−900 5−14 uniform law This work
GKM 1.05 0.30 5.85 30−900 5−14 power law This work
GKM − − 2 ≥30 ≥5 Kasper et al. (2007)a

FGKM − − 3.30 10−500 0.5−13 uniform law This work
FGKM − − 6.25 10−500 0.5−13 power law This work
FGKM − − 57 10−500 0.5−13 Lafrenière et al. (2007a)
FGKM − − 2.75 25−340 0.5−13 uniform law This work
FGKM − − 5.20 25−340 0.5−13 power law This work
FGKM − − 17 25−340 0.5−13 Lafrenière et al. (2007a)
FGKM − − 2.40 50−230 0.5−13 uniform law This work
FGKM − − 4.50 50−230 0.5−13 power law This work
FGKM − − 10 50−230 0.5−13 Lafrenière et al. (2007a)
FGKM 0.60 0.15 3.25 100−300 5 − 14 uniform law This work
FGKM 0.60 0.15 3.30 100−300 5 − 14 power law This work
FGKM − − 15 100−300 >5 Chauvin et al. (2015)a

FGKM 0.50 0.15 2.80 50−300 10−14 uniform law This work
FGKM 0.50 0.15 2.75 50−300 10−14 power law This work
FGKM − − 10 50−300 > 10 Chauvin et al. (2015)a

BAFGKM 0.45 0.15 2.60 40−150 1−14 uniform law This work
BAFGKM 0.75 0.20 4.10 40−150 1−14 power law This work
BAFGKM − − 10 40 − 150 >1 Chauvin et al. (2010)a

BAFGKM 0.45 0.15 2.55 10−150 1−20 uniform law This work
BAFGKM 0.85 0.25 4.70 10−150 1−20 power law This work
BAFGKM − − 6 10−150 1−20 Biller et al. (2013)
BAFGKM 0.35 0.10 1.95 10−100 5−70 uniform law This work
BAFGKM 0.45 0.15 2.45 10−100 5−70 power law This work
BAFGKM 1.70 0.52 4.90 10−100 5−70 Brandt et al. (2014)

Notes. Credible intervals are given for confidence levels of 95%. (a) The authors do not provide all the upper limits.
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done to understand which assumption(s) the derived frequencies
mainly depend on.

7. Conclusion
We have completed the IDPS for giant planets around 292 young
nearby stars of all spectral types with a majority of massive
stars. We developed a pipeline for a uniform processing of the
data that have been recorded for 14 yr using several instruments:
NIRC2/Keck II, NIRI/Gemini north, NICI/Gemini South, and
NACO/VLT. We achieved contrasts of ∼12.5 ± 2.5 mag at 1′′ at
H, CH4, K and Lp-bands.

We detected a total of 2279 point-like sources. Most of these
sources were confirmed to be background objects. Four were
confirmed to be exoplanets. They are the now well-characterized
HR 8799 planets (Marois et al. 2008b, 2010b). We also discov-
ered 16 stellar binary systems and 2 triple stars.

We used the Bayesian formalism developed in Lafrenière
et al. (2007a) to derive the frequency of stars with giant plan-
ets from the detection limits of the survey as well as the con-
firmed exoplanets. To complete the IDPS sample, we combined
our results with the Lafrenière et al. (2007a) and Chauvin et al.
(2010) surveys that mainly observed low-mass stars (G, K and
M stars). The complete sample includes 356 stars of all spec-
tral types with a median age of 100 Myr and a median distance
of 37 pc. We determined that 1.05+2.80

−0.70% of stars harbor at least
one giant planet of 0.5−14 MJ between 20 and 300 AU. We also
found no evidence that giant planets at large separations are more
likely formed around BAF stars than around GKM stars. We
confirm previous results reducing the measured frequencies of
stars with at least one giant planet by a factor of two or more in
almost all cases. The fact that the results of the different stud-
ies are consistent is encouraging, but we should keep in mind
that each team uses different assumptions (planet atmosphere
models, orbital parameter distributions, star aging, etc.) and one
might wonder on which assumption(s) the derived frequencies
mainly depend. For example, we showed in this paper that the
assumption on the planet mass and semimajor axis distributions
can change the conclusions and it will be essential to address
this question to prepare the interpretation of the Gemini Planet
Imager (Macintosh et al. 2008) and the Spectro-Polarimetric
High-contrast Exoplanet REsearch (Beuzit et al. 2008) surveys.
Most of their targets are part of the IDPS sample but the extreme
adaptive optics systems will probe lighter and closer-to-their-star
exoplanets, which will complete our knowledge of giant planets
at large separations.
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