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Golimowski et al. 2006

- Main disk (PA = 31.4o) 
- Inner warp (PA = 35.6o) 
- Global “Butterfly” asymmetries 

1/ Disk asymmetries

1997MNRAS.292..896M

Mouillet et al. 1997

If 1 planet between 3 and 20 AU on a tilted (3-5°) orbit: 
0.5 ≤ M/MJup ≤ 17.5

see also some more recent work by Lagrange et al. 2012 & Milli et al. 2014
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Freistetter et al. (2007)

Okamoto et al. 2004

- Main disk (PA = 31.4o) 
- Inner warp (PA = 35.6o) 
- Global “Butterfly” asymmetries  
- 4 Belts (6, 16, 32 and 52 AU)

1/ Disk asymmetries

One 2−5 MJup planet at ∼ 12 AU 

with e ≲ 0.1

 ➥ M. Keppler’s poster
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2/ Falling evaporating bodies

 ➥ H. Beust’s talk

Beust & Morbidelli 1990-2004 ; Beust & Valiron 2007

At least one giant planet at ∼10 AU
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3/ Photometric event on Nov. 10, 1981 ?

 ➥ A. Lecavelier’s talk
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L

Achromatic brightening by 0.06 mag in 10 days

Lecavelier et al. 1995, 1997

Sharp decrease on Nov. 10

Consistent with a Jupiter-size planet > 6 AU
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A long-awaited discovery
The discovery

Lagrange et al. 2009

A.-M. Lagrange et al.: A probable giant planet imaged in the β Pictoris disk L23
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Fig. 1. β Pic and HR 2435 recentered and saturated L′ images (top left
and top right, respectively) in data set A. Below are the divided (bottom
left) and subtracted (bottom right) images. North is up and east to the
left. A candidate companion is clearly detected at a PA of ≃32◦, i.e.,
along the NE side of the disk, at a separation of about 0.′′41 from the star.

– The last approach was actually to use the MISTRAL decon-
volution algorithm (Mugnier et al. 2004), based on a maxi-
mum a posteriori scheme. Nevertheless, MISTRAL relies on
a strict convolution process between image and reference,
which is not the case for our saturated data. A first step is
therefore to perform a posteriori correction of saturated parts
of the image and reference. This is done using a simulated
Airy pattern. The top of the Airy pattern replaces the im-
age saturated pixels. The flux level is adjusted using the first
Airy rings. Such a correction is possible because of the very
good Strehl ratio on the image. Meanwhile, if this a posteri-
ori correction does not significantly affect the restitution of
the object structures, it could obviously degrade the relative
photometry. The deconvolution process is thus an alternative
approach (compared to reference subtraction and division)
to image processing that is less sensitive to image-versus-
reference centering. It allows the best measurements of rel-
ative position with a precision of 0.3 pixels, but it remains
uncertain for the relative photometry due to using saturated
images.

3. A candidate companion in the β Pic disk?

3.1. Results from the highest quality data (set A)

Using three independent approaches, the companion detection is
confirmed at the same location. The resulting images, using the
maximum likelihood algorithm for recentering, are reported in
Fig. 1. The companion candidate (hereafter, the CC) point-like
signal is clearly visible in the divided and subtracted images. The
maximum of the signal is about 190 ADU. Different techniques
(variable aperture photometry, 2D-Gaussian fitting, PSF-fitting)
were used to extract the CC flux, giving consistent results. As the
reference recentering and rescaling actually dominate the flux
measurement precision, flux uncertainties were derived by con-
sidering respective variations of 0.3 pixel and 5% in the subtrac-
tion process. We obtain a contrast of ∆L′ = 7.7 ± 0.3 between
the CC and β Pic. Using deconvolution, we derive a separation
of 411 ± 8 mas and a PA of 31.8 ± 1.3◦ relative to the primary,
i.e. along the NE side of the disk.

0 20 40 60 80 100 120 140 160

PA=30 deg

500 mas

Fig. 2. Top left: simulated planets at PA of 150◦, 210◦, and 330◦. Top
right: composite image of β Pic plus the fake planets. Bottom left: divi-
sion of the composite image by the saturated image of HR 2435. Bottom
right: scaled subtraction of the composite image by the saturated image
of HR 2435. Even a slight (0.3 pixel) relative offset between β Pic and
HR 2435 affects the resulting shape of the fake planets as much as the
candidate one. In particular, triangular shapes can be observed, due to
the proximity of the slightly inner Airy ring.

The use of different methods excludes artefacts created dur-
ing the reduction process. In particular, the result of the deconvo-
lution rules out any effect that could be introduced by imperfect
estimation of the offset between β Pic and HR 2435 saturated im-
ages due, for instance, to a possible contribution of the disk. We
did check anyway that the disk signal is very faint and not sig-
nificantly asymmetric. To rule out detector effects, we looked for
possible remanence and electronic ghosts that could occur be-
cause our images are saturated. Inspection of individual images
excludes any contamination by these two effects that rapidly dis-
appear after a few frames. Artefacts due to the very good, but still
imperfect, AO correction are still possible. However, aberrations
due to a modulation of the deformable mirror would generally
lead to either symmetrical or anti-symmetrical patterns. Static
aberrations should be present just as around β Pic and HR 2435,
as both stars were observed with similar pupil configurations.
We then tested the possible impact of an imperfect removal of
static speckles due to the variation in the parallactic angle during
the observations of β Pic and HR 2435 (up to 8◦). We processed
individual pairs of data for β Pic and HR 2435 taken with par-
allactic angles equal within ±0.4◦ and added up the individual
subtracted images. The CC is still present and appears slightly
sharper (but still compatible with the instrumental resolution).
In addition, since the same signal is also observed a few nights
apart (see below), we conclude that quasi-static aberrations are
unlikely.

To further assess the reality of the detection and test the
CC photometry, we added three “fake planets” at similar sepa-
rations but different PA (150◦, 210◦, and 350◦) to the recentered
and stacked image of β Pic. The fake planet images were gener-
ated by scaling and shifting an unsaturated image of β Pic taken
the same night. To match the level of the observed signal, the
magnitudes of the fake planets were scaled to the measured flux
ratio on set A. We then subtracted the scaled image of HR 2435
to that of the composite image. The result is shown in Fig. 2,
from which it is clear that the fake planets produce similar fea-
tures to the observed signal, supporting our contrast estimate.

- VLT/NaCo, L’ band (3.8 µm) 
- 3 datasets from Nov. 10 & 13, 2003 
- field stabilized (no ADI!)

Compatible with a 8 MJup planet 
Along NE side of the disk 
Projected separation of 8 AU 
Teff around 1500 K 
Comoving ?
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A long-awaited discovery
The recovery

Lagrange et al. 2010

- VLT/NaCo, L’ band (3.8 µm) 
- 6 datasets from Oct. to Dec. 2009 
- field stabilized  & ADI
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A long-awaited discovery
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Monitoring

NaCo: from Nov. 2003 until Jan. 2013

NICI: Dec. 2009 until March 2012 

GPI:  November-December 2013

Currie et al. 2011 
Chauvin et al. 2012 
Nielsen et al. 2014 
Boccaleti et al. 2013

MagAO:  December 2012

Macintosh et al. 2014 
Bonnefoy et al. 2014 
Males et al. 2014 
Absil et al. 2013

 ➥ E. Nielsen’s talk
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P = 17 - 22.6 yrs 
a = 8.5 - 9.5 AU 
e < 0.2 
i = 90.7 +-  0.7 deg 
Ω = 211.6 +- 0.5 deg  
Quadrature : summer 2012  

Monitoring

– 19 –
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Fig. 3.— Covariances between parameters (semi-major axis a, eccentricity e, inclination angle

i, argument of periastron ω, position angle of nodes Ω, and epoch of periastron passage T0) for

the MCMC orbital fit with total mass fixed to 1.75 M⊙. Lower semi-major axis corresponds to

lower eccentricity, with the most probable orbits close to circular with small semi-major axis. The

position angle of nodes and inclination angle are tightly constrained and correlated, with position

angle of nodes 3.2σ from the PA inner disk and 7.4σ from the PA of the outer disk.

Nielsen et al. 2014 

Bonnefoy et al. 2014 

 ➥ E. Nielsen’s talk
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Fig. 1.— Marginalized distributions of orbital parameters from our MCMC fit to the orbit of β

Pic b, for the cases where the total mass of the system is fixed at 1.75 M⊙ (red solid lines) and

floating as a free parameter (blue dotted lines). The distributions have been normalized so that

their peaks are unity. Dashed lines mark the median of each distribution, and green points and error

bars denote the position angle of the outer main disk and inner warped disk, without the overall

astrometric calibration error of 0.2◦ that is common to the measurement of the planet and the two

disks. Since the orbital fit draws on data from different instruments, the PDF for position angle

of nodes does include the absolute astrometric uncertainties, though (as expected) the uncertainty

on the PDF is less than the uncertainty for the PA measurement at any epoch.

Lagrange et al. 2012 
Chauvin et al. 2012 
Nielsen et al. 2014
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Radial velocity & dynamical mass

 ➥ S. Borgniet’s talk
Lagrange et al. 2012 
Bonnefoy et al. 2014 
Borgniet et al. in prep
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Now for two priors, RV+imaging gives:
M ≤ 20  MJup (96% probability)

Upper limits before quadrature for a circular orbit 
(Lagrange et al. 2012) : 15.5 MJup for a=10 AU
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Fig. 6.—: NICI images of β Pic b. The color scale is given at right, relative to the peak of the planet in each

image.

16

Fig. 1.— Processed Gemini-NICI images obtained at H band (top-left), Ks band (top-right), and the H20 filter centered on ∼ 3.1 µm
(bottom panels: 23 Dec 2012 data on bottom-left, 26 Dec 2012 data on the bottom right). For clarity, we mask the region interior to ∼

0.′′4 and convolve the image with a gaussian equal to the image FWHM. The planet β Pic b is in the lower-right at a position angle of ∼
210o and a separation of ∼ 0.′′46. The color scale is set such that over the planet’s FWHM the pixel color is white.

Fig. 2.— Processed VLT/NaCo J (left) and H (right) band images presented in the same manner as Figure 1. Owing to very good
speckle suppression, the H-band data’s effective inner working angle beyond which we are sensitive to β Pic b-brightness companions is
significantly smaller than for the J band data and the preceding NICI images (rIWA = 0.′′2).

L50 QUANZ ET AL. Vol. 722

Figure 1. Left: median combination of one cube of unsaturated exposures of β Pictoris used to determine the photometry. The effect of the APP can be seen in the
left side of the PSF where the diffraction rings are effectively suppressed increasing the contrast between 2 and 7 λ/D. Middle: median combination of one cube of
saturated exposures of the PSF reference star HR2435. Right: median combination of all PSF-subtracted science exposures. β Pictoris b is indicated by the arrow. The
right side suffers from subtraction residuals as does the central region of the PSF, which has been masked out.

Table 1
Summary of Observations on 2010 April 3

Parameter β Pictoris HR2435

UT start 00:39:31.1 01:34:21.3
NDIT × DITa 200 × 1 s 200 × 1 s
NINTb 6 6
Parallactic angle start 69.◦469 69.◦451
Parallactic angle end 74.◦492 74.◦499
Air mass 1.38–1.44 1.42–1.48
Typical DIMM seeing 0.′′70–0.′′90 0.′′60–0.′′75
⟨EC⟩c 29.5%–44.4% 22.7%–42.9%
⟨τ0⟩d 4.3–7.9 ms 4.0–7.8 ms

Notes.
a NDIT: the number of detector integration times (i.e., number of
individual frames); DIT: detector integration time (i.e., single frame
exposure time).
b NINT: the number of integrations or data cubes (2 × 3 dither
positions = 6 data cubes).
c Average value of the coherent energy of the PSF per data cube.
Calculated by the Real Time Computer of the AO system.
d Average value of the coherence time of the atmosphere per data
cube. Calculated by the Real Time Computer of the AO system.

obtain data at matching parallactic angles. Also, the star is close
in the sky and has a similar brightness providing comparable
AO correction. For both sources, each data cube was taken at a
slightly different dither position following a three-point dither
pattern which was repeated twice. The on-source integration
time was 20 minutes each. Table 1 summarizes the observations
and the observing conditions. We chose to saturate the core of
the stellar PSFs, but we note that the APP reduces the peak flux
in the PSF core by roughly 40% so that the comparatively long
exposure time of 1 s did not lead to saturation effects outside of
the inner ∼5 pixels.

For the photometric calibration, we also obtained unsaturated
images of β Pictoris (∼50% Full Well) prior to the science
observations described above. We used the same observing
strategy but decreased the detector integration time to 0.2 s.

The data reduction was done using self-developed IDL rou-
tines. The following steps were applied to all three data sets
(i.e., β Pictoris unsaturated and saturated images, HR2435 sat-
urated images). First, in order to eliminate the sky background

emission, we subtracted from each individual frame the cor-
responding frame from another cube taken at a different dither
position (e.g., Cube 2 frame 10–Cube 3 frame 10) and vice versa.
As the first two frames in each cube always showed a higher
detector noise level they were disregarded. We also disregarded
frames where the AO correction was poor (flux measured in the
PSF core less than 50% compared to the previous frame). Then,
bad pixels and cosmic ray hits deviating by more than 3σ in a
5 × 5 pixel box were replaced with the mean of the surround-
ing pixels. After this we continued as follows: the unsaturated
β Pictoris images were aligned and cube-wise median com-
bined, yielding six final images on which we performed pho-
tometry (Figure 1, left panel). The alignment of the images was
done using cross-correlation where the optimal shift between
two images was determined with an accuracy of 0.1 pixel. The
same procedure was applied to the saturated HR2435 images
yielding six individual reference PSF images (i.e., one per cube;
Figure 1, middle panel). The individual frames were not de-
rotated to the same field orientation before the combination, so
that all static telescope aberrations remained constant through-
out the cubes and in the final images. For the saturated frames
of β Pictoris, we determined the parallactic angle for each in-
dividual frame by linear interpolation between the first frame
and the final frame in each cube.11 Using cross-correlation, all
frames from all cubes were then aligned to the same reference
image for which we used the final, median-combined image of
the first cube of the unsaturated β Pictoris exposures. Thereafter
we aligned, scaled, and subtracted one of the six final HR2435
reference PSFs from each individual saturated β Pictoris frame.
The choice of the reference PSF was a trade-off between match-
ing parallactic angle and observing conditions in the individual
cubes. The best results (i.e., strongest signal of the planet, least
residuals) were obtained using reference PSF 2 for the frames
in cubes one and two, PSF 3 for cubes three and four, and PSF 5
for cubes five and six. The scaling was done in the bright, right-
hand side of the PSF where the diffraction rings were clearly
visible. We scaled the reference PSF by minimizing the mean
in the subtracted images in a semi-annulus centered on the star
with an inner radius of 15 pixels, an outer radius of 27 pixels

11 Per default, only the parallactic angle at the beginning and at the end of
each cube are saved in the fits header in NACO’s cube mode.
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tion of � Pictoris over a radius of ⇠150 mas. This and the choice
of the appropriate reading mode (double rd rstd) ensured we had
the necessary detector dynamics to detect the companion. The
star was dithered (±3” amplitude) through the instrument field-
of-view every 200 exposures (1 second) during the observations
to perform a first-order subtraction of bad pixels, detector bias,
and background. We took eigtht additional 100⇥0.5s unsaturated
exposures of the star with a neutral density (ND short) before
and after the sequence of saturated images. These data were later
used for the calibration of the flux and position of � Pictoris b.

We repeated this sequence with the H band filter
(�c = 1.66 µm; width = 0.33 µm) on December 18, 2011. The
parallactic angle variation is close to the one of the J band se-
quence (22.9� variation in field orientation).

We obtained second-epoch observations of � Pictoris in the
H band on January 11, 2012. These observations benefited from
excellent atmospheric conditions and increased field rotation
(34.6�). We lowered the exposure time to 0.4s to maintain the
saturated area to separations shorter than 70 mas. The star was
kept at a fixed position in the instrument field of view (no dither-
ing). We recorded a series of sky frames at the end of the se-
quence to subtract the bias and remove hot pixels. The suppres-
sion of telescope o↵sets and point-spread-function (PSF) drifts
previously observed when tracking the pupil through meridian
(see the NaCo user manual version 91.0) improve the stability of
the PSF and simplify the registration of individual frames (see
Section 3). Two sequences of 8⇥150⇥0.2s unstaturated expo-
sures of the star were taken at the begining and end of the se-
quence for estimating the photometry and the astrometry.

We finally collected a sequence of M’ band
(�c = 4.78 µm; width = 0.59 µm) saturated exposures (184
datacubes with 300 frames each and 0.065s individual integra-
tion times) of the star on November 26, 2012 in pupil-stabilized
mode. The L27 camera (⇠27.12 mas/pixel) was used for these
observations. We recorded eigth unsaturated exposures with
a neutral density (ND long) before and after the sequence
with a higher integration time (0.1 and 0.13s, respectively) for
the same purpose as above. The median observing conditions
were degraded compared to the J and H band observations.
Nevertheless, the observations benefited from the improved
Strehl ratio and PSF stability at these wavelengths.

3. Data processing

3.1. Initial steps

Each dataset is composed of a sequence of raw datacubes con-
taining 100 to 300 frames each (see Table 1). We reduced the
data using two independent pipelines (Lagrange et al. 2010;
Bonnefoy et al. 2011; Boccaletti et al. 2012; Chauvin et al. 2012;
Lagrange et al. 2012a; Milli et al. 2012). Pipelines first apply ba-
sic cosmetic steps to all the frames (sky subtraction, flat fielding,
bad pixel interpolation) contained in each raw cubes. They use
weighted bidimensional Mo↵at fitting to find the position of the
saturated star for each exposure and center it on the field of view.
The parallactic and hour angles associated to each frame is com-
puted using the Universal Time corresponding to the first and
last exposures contained in each raw cube1. Frames with low en-
circled energy and small saturated area are flagged and removed
from the datacube. The datacubes are then binned temporally

1 We retrieve the sideral time at Paranal (LST) from the Universal
Time. The LST and target coordinate is used to derive the hour angle.
The hour angle is then converted to parallactic angle.

Fig. 1. Redetection of � Pictoris b in the J (upper-left panel)
band, in the first (upper-right panel) and second epochs (lower-
left panel) H band observations, and in the M’ band (lower-right
panel). Arrows indicate the planet position.

and placed in a final master cube. The master cube and the list
of parallactic angles are used as input for routines that apply the
classical-ADI (CADI; also often called “median-ADI”), radial-
ADI (RADI; Marois et al. 2006), and LOCI (Lafrenière et al.
2007) algorithms to remove the flux distribution of the star. We
also checked our results for three of the most favorable datasets
(see Table 1) with the innovative algorithm of Soummer et al.
(2012) based on principal component analysis (KLIP).

3.2. Photometry and astrometry

The planet � Pictoris b is detected in the J band with the RADI,
LOCI, and KLIP algorithms (see Figure 1). We also retrieved the
planet in our two epochs H band data and single epoch M’ band
data. We find nominal SNR of 8, 17, 23, and 11 with LOCI on
the three set of data (for separation criteria of 1.00, 1.00, 0.75,
and 0.5 ⇥FWHM respectively). To compute these SNR, we mea-
sured the signal in a circular aperture (3-pixels in radius) cen-
tered on the planet. The noise per pixel was estimated on a ring
at the same radius (but excluding the planet) and translated to
the same surface as the circular aperture (quadratically).

The position and flux of the planet is a↵ected by the in-
evitable partial point source self-subtraction occurring in ADI
(Lafrenière et al. 2007; Marois et al. 2010a; Bonnefoy et al.
2011). We estimated the level of self-subtraction by injecting
artificial planets in the raw frames built from renormalized un-
saturated exposures of the star taken before and after the se-
quence of saturated exposures. We first injected artificial planets
at seven di↵erent position angles (256, 301, 346, 31, 76, 121,
and 166�) and di↵erent positive fluxes (flux ratio from 1 ⇥ 10�5

to 1 ⇥ 10�4 for the J band, and 5 ⇥ 10�5 to 1.5 ⇥ 10�4 for the H
band) at the guessed planet separation in the raw J and H band
data and applied the ADI algorithms. We repeated this proce-
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tion of � Pictoris over a radius of ⇠150 mas. This and the choice
of the appropriate reading mode (double rd rstd) ensured we had
the necessary detector dynamics to detect the companion. The
star was dithered (±3” amplitude) through the instrument field-
of-view every 200 exposures (1 second) during the observations
to perform a first-order subtraction of bad pixels, detector bias,
and background. We took eigtht additional 100⇥0.5s unsaturated
exposures of the star with a neutral density (ND short) before
and after the sequence of saturated images. These data were later
used for the calibration of the flux and position of � Pictoris b.

We repeated this sequence with the H band filter
(�c = 1.66 µm; width = 0.33 µm) on December 18, 2011. The
parallactic angle variation is close to the one of the J band se-
quence (22.9� variation in field orientation).

We obtained second-epoch observations of � Pictoris in the
H band on January 11, 2012. These observations benefited from
excellent atmospheric conditions and increased field rotation
(34.6�). We lowered the exposure time to 0.4s to maintain the
saturated area to separations shorter than 70 mas. The star was
kept at a fixed position in the instrument field of view (no dither-
ing). We recorded a series of sky frames at the end of the se-
quence to subtract the bias and remove hot pixels. The suppres-
sion of telescope o↵sets and point-spread-function (PSF) drifts
previously observed when tracking the pupil through meridian
(see the NaCo user manual version 91.0) improve the stability of
the PSF and simplify the registration of individual frames (see
Section 3). Two sequences of 8⇥150⇥0.2s unstaturated expo-
sures of the star were taken at the begining and end of the se-
quence for estimating the photometry and the astrometry.

We finally collected a sequence of M’ band
(�c = 4.78 µm; width = 0.59 µm) saturated exposures (184
datacubes with 300 frames each and 0.065s individual integra-
tion times) of the star on November 26, 2012 in pupil-stabilized
mode. The L27 camera (⇠27.12 mas/pixel) was used for these
observations. We recorded eigth unsaturated exposures with
a neutral density (ND long) before and after the sequence
with a higher integration time (0.1 and 0.13s, respectively) for
the same purpose as above. The median observing conditions
were degraded compared to the J and H band observations.
Nevertheless, the observations benefited from the improved
Strehl ratio and PSF stability at these wavelengths.

3. Data processing

3.1. Initial steps

Each dataset is composed of a sequence of raw datacubes con-
taining 100 to 300 frames each (see Table 1). We reduced the
data using two independent pipelines (Lagrange et al. 2010;
Bonnefoy et al. 2011; Boccaletti et al. 2012; Chauvin et al. 2012;
Lagrange et al. 2012a; Milli et al. 2012). Pipelines first apply ba-
sic cosmetic steps to all the frames (sky subtraction, flat fielding,
bad pixel interpolation) contained in each raw cubes. They use
weighted bidimensional Mo↵at fitting to find the position of the
saturated star for each exposure and center it on the field of view.
The parallactic and hour angles associated to each frame is com-
puted using the Universal Time corresponding to the first and
last exposures contained in each raw cube1. Frames with low en-
circled energy and small saturated area are flagged and removed
from the datacube. The datacubes are then binned temporally

1 We retrieve the sideral time at Paranal (LST) from the Universal
Time. The LST and target coordinate is used to derive the hour angle.
The hour angle is then converted to parallactic angle.

Fig. 1. Redetection of � Pictoris b in the J (upper-left panel)
band, in the first (upper-right panel) and second epochs (lower-
left panel) H band observations, and in the M’ band (lower-right
panel). Arrows indicate the planet position.

and placed in a final master cube. The master cube and the list
of parallactic angles are used as input for routines that apply the
classical-ADI (CADI; also often called “median-ADI”), radial-
ADI (RADI; Marois et al. 2006), and LOCI (Lafrenière et al.
2007) algorithms to remove the flux distribution of the star. We
also checked our results for three of the most favorable datasets
(see Table 1) with the innovative algorithm of Soummer et al.
(2012) based on principal component analysis (KLIP).

3.2. Photometry and astrometry

The planet � Pictoris b is detected in the J band with the RADI,
LOCI, and KLIP algorithms (see Figure 1). We also retrieved the
planet in our two epochs H band data and single epoch M’ band
data. We find nominal SNR of 8, 17, 23, and 11 with LOCI on
the three set of data (for separation criteria of 1.00, 1.00, 0.75,
and 0.5 ⇥FWHM respectively). To compute these SNR, we mea-
sured the signal in a circular aperture (3-pixels in radius) cen-
tered on the planet. The noise per pixel was estimated on a ring
at the same radius (but excluding the planet) and translated to
the same surface as the circular aperture (quadratically).

The position and flux of the planet is a↵ected by the in-
evitable partial point source self-subtraction occurring in ADI
(Lafrenière et al. 2007; Marois et al. 2010a; Bonnefoy et al.
2011). We estimated the level of self-subtraction by injecting
artificial planets in the raw frames built from renormalized un-
saturated exposures of the star taken before and after the se-
quence of saturated exposures. We first injected artificial planets
at seven di↵erent position angles (256, 301, 346, 31, 76, 121,
and 166�) and di↵erent positive fluxes (flux ratio from 1 ⇥ 10�5

to 1 ⇥ 10�4 for the J band, and 5 ⇥ 10�5 to 1.5 ⇥ 10�4 for the H
band) at the guessed planet separation in the raw J and H band
data and applied the ADI algorithms. We repeated this proce-
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tion of � Pictoris over a radius of ⇠150 mas. This and the choice
of the appropriate reading mode (double rd rstd) ensured we had
the necessary detector dynamics to detect the companion. The
star was dithered (±3” amplitude) through the instrument field-
of-view every 200 exposures (1 second) during the observations
to perform a first-order subtraction of bad pixels, detector bias,
and background. We took eigtht additional 100⇥0.5s unsaturated
exposures of the star with a neutral density (ND short) before
and after the sequence of saturated images. These data were later
used for the calibration of the flux and position of � Pictoris b.

We repeated this sequence with the H band filter
(�c = 1.66 µm; width = 0.33 µm) on December 18, 2011. The
parallactic angle variation is close to the one of the J band se-
quence (22.9� variation in field orientation).

We obtained second-epoch observations of � Pictoris in the
H band on January 11, 2012. These observations benefited from
excellent atmospheric conditions and increased field rotation
(34.6�). We lowered the exposure time to 0.4s to maintain the
saturated area to separations shorter than 70 mas. The star was
kept at a fixed position in the instrument field of view (no dither-
ing). We recorded a series of sky frames at the end of the se-
quence to subtract the bias and remove hot pixels. The suppres-
sion of telescope o↵sets and point-spread-function (PSF) drifts
previously observed when tracking the pupil through meridian
(see the NaCo user manual version 91.0) improve the stability of
the PSF and simplify the registration of individual frames (see
Section 3). Two sequences of 8⇥150⇥0.2s unstaturated expo-
sures of the star were taken at the begining and end of the se-
quence for estimating the photometry and the astrometry.

We finally collected a sequence of M’ band
(�c = 4.78 µm; width = 0.59 µm) saturated exposures (184
datacubes with 300 frames each and 0.065s individual integra-
tion times) of the star on November 26, 2012 in pupil-stabilized
mode. The L27 camera (⇠27.12 mas/pixel) was used for these
observations. We recorded eigth unsaturated exposures with
a neutral density (ND long) before and after the sequence
with a higher integration time (0.1 and 0.13s, respectively) for
the same purpose as above. The median observing conditions
were degraded compared to the J and H band observations.
Nevertheless, the observations benefited from the improved
Strehl ratio and PSF stability at these wavelengths.

3. Data processing

3.1. Initial steps

Each dataset is composed of a sequence of raw datacubes con-
taining 100 to 300 frames each (see Table 1). We reduced the
data using two independent pipelines (Lagrange et al. 2010;
Bonnefoy et al. 2011; Boccaletti et al. 2012; Chauvin et al. 2012;
Lagrange et al. 2012a; Milli et al. 2012). Pipelines first apply ba-
sic cosmetic steps to all the frames (sky subtraction, flat fielding,
bad pixel interpolation) contained in each raw cubes. They use
weighted bidimensional Mo↵at fitting to find the position of the
saturated star for each exposure and center it on the field of view.
The parallactic and hour angles associated to each frame is com-
puted using the Universal Time corresponding to the first and
last exposures contained in each raw cube1. Frames with low en-
circled energy and small saturated area are flagged and removed
from the datacube. The datacubes are then binned temporally

1 We retrieve the sideral time at Paranal (LST) from the Universal
Time. The LST and target coordinate is used to derive the hour angle.
The hour angle is then converted to parallactic angle.

Fig. 1. Redetection of � Pictoris b in the J (upper-left panel)
band, in the first (upper-right panel) and second epochs (lower-
left panel) H band observations, and in the M’ band (lower-right
panel). Arrows indicate the planet position.

and placed in a final master cube. The master cube and the list
of parallactic angles are used as input for routines that apply the
classical-ADI (CADI; also often called “median-ADI”), radial-
ADI (RADI; Marois et al. 2006), and LOCI (Lafrenière et al.
2007) algorithms to remove the flux distribution of the star. We
also checked our results for three of the most favorable datasets
(see Table 1) with the innovative algorithm of Soummer et al.
(2012) based on principal component analysis (KLIP).

3.2. Photometry and astrometry

The planet � Pictoris b is detected in the J band with the RADI,
LOCI, and KLIP algorithms (see Figure 1). We also retrieved the
planet in our two epochs H band data and single epoch M’ band
data. We find nominal SNR of 8, 17, 23, and 11 with LOCI on
the three set of data (for separation criteria of 1.00, 1.00, 0.75,
and 0.5 ⇥FWHM respectively). To compute these SNR, we mea-
sured the signal in a circular aperture (3-pixels in radius) cen-
tered on the planet. The noise per pixel was estimated on a ring
at the same radius (but excluding the planet) and translated to
the same surface as the circular aperture (quadratically).

The position and flux of the planet is a↵ected by the in-
evitable partial point source self-subtraction occurring in ADI
(Lafrenière et al. 2007; Marois et al. 2010a; Bonnefoy et al.
2011). We estimated the level of self-subtraction by injecting
artificial planets in the raw frames built from renormalized un-
saturated exposures of the star taken before and after the se-
quence of saturated exposures. We first injected artificial planets
at seven di↵erent position angles (256, 301, 346, 31, 76, 121,
and 166�) and di↵erent positive fluxes (flux ratio from 1 ⇥ 10�5

to 1 ⇥ 10�4 for the J band, and 5 ⇥ 10�5 to 1.5 ⇥ 10�4 for the H
band) at the guessed planet separation in the raw J and H band
data and applied the ADI algorithms. We repeated this proce-
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plotted with SpTs of L7.25 based on their locations in the color-magnitude plots.
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Fig. 1.— Left: An average combined set of GPI images of β Pic b from November 2013 with no additional post processing removal of
the background. Right: An average combined set of images from November with a circular annulus defined around the estimated location
of the planet, which has been used to define a surface in each image and spectral channel to subtract the remaining halo light. In order to
remove this halo, we fit a third-order spline surface to an aperture of radius=57.2–114.4 mas centered on the location of the planet, which
includes the space around the planet but does not include the planet itself. A PSF, generated by the average of the four satellite spot
cores, was scaled and subtracted from the planet position in parallel to the spline fit. Images are averaged along the 37 spectral channels
in H -band (∼ 1.5− 1.8µm).

Fig. 2.— H-band spectra of β Pic b using both November and December 2013 observations from GPI. Both spectra are in agreement.
The spectra were taken at different phases of the GPI commissioning process resulting in different effects on the light in the halo and PSF
shape.
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Fig. 4.— The comparison of the H-band spectrum (black) to a 1650K model with 3 different gravities. All three models do not provide
a perfect match to the spectrum. The log(g) = 4.0 model (green) comparison has the best fit but is offset from the observations by a
constant slope. The young, low-gravity brown dwarf 2M2213-21 (red) has a better match to the spectrum then all 3 models. The agreement
between the GPI spectrum and that of known low-gravity brown dwarfs strongly suggests that our GPI spectrum is mostly free of chromatic
systematic errors and the discrepancies with the synthetic spectra are most likely the result of imperfect modeling (e.g., treatment of dust
clouds). The spectra are normalized to match the flux measured in Males et al. (2014).

Fig. 5.— We compare the model 1650K log(g) = 4.0 spectrum (green), and its predicted photometric points (blue) to the spectrum of
2M2213-21 (red) and the measured photometric points of β Pic b (black) (Males et al. 2014).

Chilcote et al. 2014

Bonnefoy et al. 2014

Bonnefoy et al. 2014

Teff=1650 K, log g=4.0

Good test for models: BT-SETTL, DRIFT-
PHOENIX, LESIA, Burrow’s, Barman’s

⇒ R=1.4 RJup
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Mass & initial entropy

Physical properties & origins
Hot vs cold

RHills

Rout

RCore vff

Lint

Lint+Lshock

Pneb

Pout

Tout

Tneb or 
Tequi 

Cold start:
Kinetic energy 
of infalling gas is 
radiated away 
into space.

Hot start:
This energy is 
incorporated 
into the 
structure.

Courtesy C. Mordasini

Hot-start: gravitational energy  fully enters the object

Cold-start: gravitational energy of 
infalling gaz is radiated away into space.

Warm-start: cooling curves depend on the 
the initial entropy (Sinit) and object mass (M)
(Spiegel & Burrows 2012, Marleau & Cumming 2013)

(Marley et al. 2007, Fortney & Marley 2008)

(e.g Chabrier et al. 2000, Burrows et al. 1997)
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Mass & initial entropy

Physical properties & origins

RHills

Rout

RCore vff

Lint

Lint+Lshock

Pneb

Pout

Tout

Tneb or 
Tequi 

Courtesy C. Mordasini

Hot-start:

Cold-start:
infalling gaz is radiated away into space.

Warm-start:
the initial entropy (S
(Spiegel & Burrows 2012, Marleau & Cumming 2013)

(Marley et al. 2007, Fortney & Marley 2008)

(e.g Chabrier et al. 2000, Burrows et al. 1997)

Hummm wait!

« β Pic is 21 Myr old, not 12!… » 
(Binks et al. 2014, Malo et al. 2014)

➥ A. Binks’s talk
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Mass & initial entropy

Physical properties & origins
Hot vs cold

RHills

Rout

RCore vff

Lint

Lint+Lshock

Pneb

Pout

Tout

Tneb or 
Tequi 

Cold start:
Kinetic energy 
of infalling gas is 
radiated away 
into space.

Hot start:
This energy is 
incorporated 
into the 
structure.

Courtesy C. Mordasini

Hot-start: gravitational energy  fully enters the object

Cold-start: gravitational energy of 
infalling gaz is radiated away into space.

Warm-start: cooling curves depend on the 
the initial entropy (Sinit) and object mass (M)
(Spiegel & Burrows 2012, Marleau & Cumming 2013)

(Marley et al. 2007, Fortney & Marley 2008)

(e.g Chabrier et al. 2000, Burrows et al. 1997)

⇒ M= 10 to12 MJup
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Mass & initial entropy

Physical properties & origins

For a given age, predicted luminosities 
increase with mass and Sinit
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Mass & initial entropy

Physical properties & origins
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 ➥ J. Chilcote’s talk

Sinit > 10.5 Kb/baryon

Hot-start conditions, poss. 
induced by the accretion of 

solids

10 MJup ≤ M ≤  15.5 MJup
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Fast spin!

Physical properties & origins

 
 

Figure 2. The Spin-rotation of β  Pictoris b. Panel a) shows the CO+H2O cross correlation signal of 

the planet β Pictoris b (solid line). The dashed line indicates the best fit to the cross-correlation profile 

of the model template with a copy of itself, rotationally broadened by 25 km sec-1. The grey area 

indicates the 1σ uncertainty in the level of broadening of ±3 km sec-1. Panel b) shows the equatorial 

rotation velocity of the solar system planets as function of planet mass, each planet indicated by its 

first letter. Note that Mercury and Venus are not visible on this plot. Tidal interactions with the Sun 

made these planets to significantly spin down to Vspin <<0.1 km sec-1. β Pictoris b is indicated with a 

planet mass of 11±5 MJup, consistent with the solar system mass-Vspin trend extended to higher masses. 

The open circles indicate the projected spin velocities of L4-L7 type brown dwarfs from refs 22 and 

23.  

 

 

 

 

 

 

 

 

 

 

 

 

Snellen et al. 2014

 ➥ J. Birkby's talk
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Formation history

Physical properties & origins

J. Rameau et al.: A survey of young, nearby, and dusty stars to understand the formation of wide-orbit giant planets

so far at large orbit separations have similar properties and dis-
tributions.

5.2.2. Constraining the parametric laws for the giant planet
distribution

This likelihood approach answers the question : ’How consistent
is a given giant planet population with our observing results?’
Answering this question requires 1/ to know all giant planet pop-
ulation parameters and 2/ to know the fraction of stars with giant
planets according to this given distribution. For each star, we can
then derive the number of expected detections given the detec-
tion sensitivity and compare to our observations. Such compari-
son allows us to constrain a given distribution of wide orbit giant
planets. Likewise, a giant planet population in which 95 % of the
predicted planets would have lead to detections can be consid-
ered as strongly inconsistent with our survey. Finally, this study
relies on the strong assumption that we know the frequency of
giant planets in the range where our survey is sensitive to.

In the following, we use a population of planets given by
power laws similar to the ones from Cumming et al. (2008) and
we also add an additional parameter which is acutoff , the semi-
major axis beyond which there are no planets. Our intervals of
interest for the simulation are [1, 1000] AU and [1, 13] MJ, nor-
malized with f = 10.5 % over the range [0.3, 10] MJ, [2, 2000]
days in period from Cumming et al. (2008). fnorm is thus set with
the ratio of the integrated power laws for a pair (α, β) over
[1, 13] MJ and [1, 1000] AU and the same over the RV ranges.

We explored a grid of α, β, and acutoff with a sampling of
0.2 for the power law indices and 20 AU for the cutoff to de-
rive the expected number of planets for each combination of
parameters over the A-F sample (similar results are obtained
with the A-F dusty sample). We illustrate the confidence level
at which we can reject each model in Figure 9 as a function of
β and acutoff for the A-F sample for two values of α : −1.5 and
1.1, values corresponding to the extrema of our grid and thus
showing the trend of the rejections. All results (ours and pre-
vious publications) are consistent with a decreasing number of
giant planets (β ≤ −0.61) while their mass increase. Considering
the Cumming et al. (2008) distributions, a semi-major axis cut-
off around 45 − 65 AU at 95 % CL is found.

We remind that mixing power-laws derived from RV and gi-
ant planets with possibly different formation processes and evo-
lutions has to be considered with caution.

5.3. Giant planet formation by gravitational instability

Gravitational instability is a competitive scenario to form giant
planets, specially at large separations. Such a process becomes
more efficient within massive disks, i.e. around massive stars.
Since our statistical sample contains A-F and/or dusty stars, i.e.
massive stars, we were strongly tempted to test the predictions
of GI models with our observing results. We hence adopted the
same approach as Janson et al. (2011). The reader is refered to
Gammie (2001) for a detail description. The 1D current model
of disk instability provides formation criteria, which if fulfilled,
create an allowed formation space in the mass-sma diagram. The
first one is the well known Toomre parameter (Toomre 1981)
which has to be low enough to allow local gravitational instabil-
ity in a keplerian accretion disk :

Q =
csκ
πGΣ

≤ 1

where Q is the Toomre parameter, cs the sound speed, κ the
epicyclic frequency and Σ the gas surface density. The Toomre
parameter is fulfilled at larger radius only when the local mass is
high enough. Therefore, fulfilling the Toomre criteria leads to a
given value Σ which can be converted to mass and thus states a
lower limit in the mass-sma diagram :

πr2Σ ≥
H
r
M⋆

where H = cs/Ω is the disk scale height. The other parame-
ter which drives the instability is the cooling time, τc which,
if higher than a few local keplerian timescale Ω−1, i.e. at
small separation, stabilizes the disk through turbulent dissipa-
tion (Gammie 2001; Rafikov & Goldreich 2005). It thus puts an
upper boundary in the mass-sma diagram :

Mf = Σ(2πH)2

where 2πH is the wavelength of the most unstable mode. Such
boundaries, being global and excluding long term evolution, as-
sume planets formed in-situ with masses of the disk fragments.
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Fig. 11. Disk instability model predictions for β Pictoris. The
lower solid curve corresponds to the Toomre criteria which ex-
cludes the formation of planets below it. The upper dashed curve
corresponds the cooling criteria which only allows disk fragmen-
tation below it. The allowed formation space is in between. The
1D average detection limit curve has been over plotted (blue
solid line) but with a projected separation. The location of β
Pictoris b has been over plotted to the graph with new error bars
from Bonnefoy et al. (2013).

The model computes both boundary curves for each star in
the sample, taking into account the stellar mass, luminosity, and
metallicity, the later being extracted from Ammons et al. (2006)
or set to the solar one when the information was not available
and luminosities derived from isochrones of Siess et al. (2000)
using their absolute K magnitude, spectral type age, and metal-
licity. The model is very sensitive to the stellar luminosity since

15

Rameau et al. 2013

Bonnefoy et al. 2013
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Toward a consistent picture?

Warp & belts

F.E.B.
Slightly eccentric orbits still possible (e < 0.17). Need lower bounds on the eccentricity

It 
works

 ➥ H. Beust's talk

Mouillet et al. 1997

 ➥ M. Keppler's poster
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Toward a consistent picture?

Transit event
H. Beust, priv.  com.

It 
works

 ➥ H. Le Cavelier's talk
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Toward a consistent picture?

Transit event

H. Beust, priv.  com.

But 2-4% 
of chances 
to transit

 ➥ H. Le Cavelier's talk
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Additional astrometric measurements

1/ Constraints on the eccentricity →  F.E.B. model

2/ Inner disk structures vs planet orbit

3/ Constraints on the inclination → « next » transit

4/ Additional planets by direct imaging

With GPI & SPHERE: 

+ Increased baseline for the R.V. → dynamical mass & additional planets
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aids in quantifying the relative detections (or non-detection in the case of CH4) when lines 
from individual molecules overlap. 

 

Fig. 4.  Comparison of synthetic spectra (red) with different carbon and oxygen abundances to 
the low-pass filtered spectrum of HR8799c (black). The central wavelength range is omitted due 
to the lack of strong absorption features. Under the assumption that HR 8799c formed near its 
current location (i.e., little to no migration), the best matching carbon and oxygen abundances 
from the model grid are 8.33 and 8.51 (~0.06 and 0.13 below the solar values, using the 
traditional astronomical log base-10 abundance scale where the hydrogen abundance is 12.0), 
corresponding to C/O ~ 0.65 (middle panel).  If HR 8799c somehow formed beyond 100 AU and 
migrated to its current location, the best matching C and O abundances are both substellar: 8.29 
and 8.45, respectively, with C/O ~ 0.7 (not depicted).   In either case, large C/O (~0.9, bottom 
panel) results in CH4 increasing significantly and H2O decreasing in the spectrum, while for 
small C/O (~0.44, top panel), CO and H2O increase.  Thus, both cases increase or decrease the 
prominent molecular lines identified in the K-band spectrum by factors that are easily excluded 
by the data (for instance, the large CH4 absorption feature at 2.32 µm for C/O ~0.9).  Note that 
the exclusion of the high and low C/O values is independent of Kzz because the adopted value 
(108) always quenches the CO and CH4 mole fractions at their maximum and minimum values, 
respectively. Raising Kzz would have no impact and lowering Kzz would only increase CH4.  
All abundance values for C and O in the model grid are given in Tables S1 and S2. 
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Determining the atmospheric abundances

– 12 –

Fig. 2.— The predicted gas phase C/O ratio as a function of radius for five representative

disks, ordered by spectral type, compared with the ‘typical’ disk model in Fig. 1. The
derived temperature profile parameters, T0 and q, are listed. The C/O ratios are calculated
assuming that the stellar C/O ratio is solar, i.e. 0.54, and a static disk.Instruments: VLT/SINFONI, Keck/OSIRIS 

But we might be limited by errors in atmospheric models. 

Konopacki et al. 2013 Oberg et al. 2011
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Surface inhomogeneities & 3D atmospheric structure

– 6 –
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Fig. 2.— Unresolved light curves from aperture photometry on UT 2013-04-16. Estimated error

bars are plotted at the beginning of each light curve and example residual reference lightcurves

(reference star - high S/N reference lightcurve) are plotted as small dots.Multi-λ lightcurves (with the IFS go GPI and SPHERE) : 
spots and/or holes in the cloud deck vs different atmospheric pressure

Biller et al. 2013
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Surface inhomogeneities & 3D atmospheric structure

Doppler imaging : 
One of the most promising target for the E-ELT (ELT-HIRES, ELT-MIR)

Crossfield et al. 2014

 ➥ J. Birkby's talk
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and polarization fraction, SED > 5 µm, new spectra, 
additional epoch with CRIRES+… 

+ repeat the measurements !



Conclusions

Paris - 09/09/2014Mickaël Bonnefoy 29

The planet properties fits with indirect hints (so far)

• Low-eccentricity orbit, with s.m.a. around 9 AU!
• Not in the main disk!
• Low-res spectra: similar to young early-L brown-dwarfs!
• Dusty, low surface-gravity atmosphere!
• Hot-start-like initial conditions, mass=10-15.5 MJup!
• Rotation, follow the trend of solar-system planets!
• C.A. more plausible than G.I., or need to stop inward migration+planet from growing

Lots of things remain to be learned!

Detailed portrait of β Pictoris b since 2009

• F.E.B.!
• Warp & belts!
• Transit event of 1981

• variability (weather, cloud deck structure)!
• primordial enrichment (C/O, Fe/H)!
• better constraints on the orbit!
• and more (polarization fraction,…)
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The planet properties fits with indirect hints (so far)

• Low-eccentricity orbit, with s.m.a. around 9 AU
• Not in the main disk!
• Low-res spectra: similar to young early-L brown-dwarfs!
• Dusty, low surface-gravity atmosphere!
• Hot-start-like initial conditions, mass=10-15.5 MJup!
• Rotation, follow the trend of solar-system planets!
• C.A. more plausible than G.I., or need to stop inward migration+planet from growing

Lots of exciting things to attempt!

Detailed portrait of 

• F.E.B.
• Warp & belts!
• Transit event of 1981

• variability (weather, cloud deck structure)
• primordial enrichment (C/O, Fe/H)!
• better constraints on the orbit!
• and more (polarization fraction,…)

Thank you

Contributions: A.-M. Lagrange, H. Beust, G. Chauvin

o


