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ABSTRACT

Context. The planetary system discovered around the young A-type HR 8799 provides a unique laboratory to: a) test planet formation theories;
b) probe the diversity of system architectures at these separations, and c) perform comparative (exo)planetology.
Aims. We present and exploit new near-infrared images and integral-field spectra of the four gas giants surrounding HR 8799 obtained with
SPHERE, the new planet finder instrument at the Very Large Telescope, during the commissioning and science verification phase of the instrument
(July–December 2014). With these new data, we contribute to completing the spectral energy distribution (SED) of these bodies in the 1.0–2.5 µm
range. We also provide new astrometric data, in particular for planet e, to further constrain the orbits.
Methods. We used the infrared dual-band imager and spectrograph (IRDIS) subsystem to obtain pupil-stabilized, dual-band H2H3 (1.593 µm,
1.667 µm), K1K2 (2.110 µm, 2.251 µm), and broadband J (1.245 µm) images of the four planets. IRDIS was operated in parallel with the
integral field spectrograph (IFS) of SPHERE to collect low-resolution (R ∼ 30), near-infrared (0.94–1.64 µm) spectra of the two innermost planets
HR 8799 d and e. The data were reduced with dedicated algorithms, such as the Karhunen-Loève image projection (KLIP), to reveal the planets.
We used the so-called negative planets injection technique to extract their photometry, spectra, and measure their positions. We illustrate the
astrometric performance of SPHERE through sample orbital fits compatible with SPHERE and literature data.
Results. We demonstrated the ability of SPHERE to detect and characterize planets in this kind of systems, providing spectra and photometry
of its components. The spectra improve upon the signal-to-noise ratio of previously obtained data and increase the spectral coverage down to the
Y band. In addition, we provide the first detection of planet e in the J band. Astrometric positions for planets HR 8799 bcde are reported for the
epochs of July, August, and December 2014. We measured the photometric values in J, H2H3, K1K2 bands for the four planets with a mean
accuracy of 0.13 mag. We found upper limit constraints on the mass of a possible planet f of 3–7 MJup . Our new measurements are more consistent
with the two inner planets d and e being in a 2d:1e or 3d:2e resonance. The spectra of HR 8799 d and e are well matched by those of L6-8 field
dwarfs. However, the SEDs of these objects are redder than field L dwarfs longward of 1.6 µm.

Key words. techniques: image processing – astrometry – techniques: high angular resolution – techniques: spectroscopic – methods: data analysis

1. Introduction

The intriguing planetary system around HR 8799 is one of the
most interesting objects in the field of extrasolar planets. Four
giant planets have been detected (HR 8799 bcde; Marois et al.
2008, 2010b) as well as a double debris belt (Su et al. 2009;
Hughes et al. 2011; Matthews et al. 2014).

⋆ Based on observations collected at the European Southern
Observatory (ESO), Chile, during the commissioning of the SPHERE
instrument and during the science verification (program number
60.A-9352(A)).
⋆⋆ Spectra of planets 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/587/A57
⋆⋆⋆ Earth in Other Solar Systems Team.

HR 8799 is a γ Dor-type variable star (Gray & Kaye 1999)
with λ Boo-like abundance patterns. Its age has been estimated
to be 20-160 Myr (Cowley et al. 1969; Moór et al. 2006; Marois
et al. 2008; Hinz et al. 2010; Zuckerman et al. 2011; Baines
et al. 2012), and the distance of the system is 39.4 ± 1.0 pc
(van Leeuwen 2007). This system is a benchmark for the study
of young, gaseous giant planets, their formation and evolution.
The planets have relative low contrast (∆H ∼ 12 mag) and are
separated from their host star (15–70 AU) such that they are rel-
atively easy to detect with the new generation of high-contrast
imagers utilizing optimized image processing techniques. For an
assumed age of 30 Myr (Columba association), the measured
luminosities of the planets suggest masses around 5–7 MJup
(Marois et al. 2010b; Currie et al. 2011; Sudol & Haghighipour
2012), in agreement with the upper limits set by dynamical
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stability studies of the system (Goździewski & Migaszewski
2014).

So far, studies of the atmospheres of HR 8799 bcde were
conducted using mostly photometric measurements in the near
infrared. The system has been detected by several instruments,
providing broadband photometry and/or astrometry in z, J, H, K,
L, M filters (Marois et al. 2008, 2010b; Lafrenière et al. 2009;
Hinz et al. 2010; Janson et al. 2010; Serabyn et al. 2010; Currie
et al. 2011; Hinkley et al. 2011a; Galicher et al. 2011; Soummer
et al. 2011; Skemer et al. 2012, 2014; Esposito et al. 2013).
A new generation of high-contrast imaging instruments such
as SPHERE, GPI, ScEXAO+CHARIS, Project 1640 (Beuzit
et al. 2008; Macintosh et al. 2014; McElwain et al. 2012;
Hinkley et al. 2011b) can now provide the spectra of these
objects, enabling deeper study of their chemistry and physi-
cal properties. Spectra of the companions have been obtained
in the JH band for planets b, c, d, and e by Project 1640 at
Palomar (Oppenheimer et al. 2013), in the H and K bands us-
ing Keck/OSIRIS (Larkin et al. 2006) for planets b (Barman
et al. 2011, 2015; Bowler et al. 2010) and c (Konopacky et al.
2013), exploiting GPI for planets c and d (Ingraham et al. 2014),
and in 3.88–4.10 µm with VLT/NACO for planet c (Janson et al.
2010).

State-of-the-art analysis of the atmospheres presents a com-
plex picture of the objects of this system and ad hoc models are
needed to fit the spectrophotometric data. The planets around
HR 8799 show nonequilibrium chemistry in the atmospheres and
they appear dustier than field objects of the same effective tem-
perature (Currie et al. 2011). The fact that HR 8799 bcde are
brighter at 3.3 µm than predicted by the equilibrium chemistry
models optimized for old brown dwarfs suggests that the upper
layers of their atmosphere are not as opaque as expected because
of the lack of CH4 (Skemer et al. 2012). To reconcile the dis-
crepancies between models and data, a patchy cloud coverage
has been suggested by Marois et al. (2008), Currie et al. (2011),
Skemer et al. (2012), Marley et al. (2012), and Morley et al.
(2012). Madhusudhan et al. (2011) proposed a set of models
that are intermediate between two sets of models; one where the
physical extent of the clouds is truncated at a given altitude, and
a second model where clouds extend all the way to the top of the
atmosphere. The fact that we need thick clouds and nonequilib-
rium chemistry to fit the observables could be related to the low
surface gravities of the planets around HR 8799 (Madhusudhan
et al. 2011; Marley et al. 2012). This patchy cloud hypothe-
sis is fully consistent with the high-precision rotational phase
mapping studies of field brown dwarfs with spectra similar to
HR 8799 b, demonstrating heterogeneous clouds (warm thin and
cool thick clouds) for several objects (Apai et al. 2013; Buenzli
et al. 2015).

In this paper, we present new data obtained with
VLT/SPHERE of the objects in the system. We obtain photom-
etry and astrometry in J, H, and K bands for the four planets
and extract YH band spectra for planets d and e. We then pro-
vide an updated interpretation of the complex atmospheres of the
HR 8799 planets, taking advantage of the exquisite quality of the
data obtained.

The outline of the paper is as follow: in Sect. 2 we present
SPHERE near-infrared observations of the system around
HR 8799 during the instrument commissioning and science ver-
ification runs in July, August, and December 2014; in Sect. 3
we describe the reduction methods applied and the results that
we obtained. In Sect. 4 we present the astrometric fitting for the
four planets of HR 8799. In Sect. 5 we present a first comparison
with data from objects of comparable temperature, while a more

Table 1. IRDIS filters used during the observations and their
resolutions.

Filter Wavelength (µm ) Resolution
BB_J 1.245 5
BB_H 1.625 6
H2 1.593 30
H3 1.667 30
K1 2.110 20
K2 2.251 20

detailed analysis is found in Bonnefoy et al. (2016). We give the
conclusions in Sect. 6.

2. Observations

We observed HR 8799 over three different nights during the
SPHERE commissioning runs and four different nights during
science verification. The SPHERE planet-finder instrument in-
stalled at the VLT (Beuzit et al. 2008) is a highly specialized
instrument dedicated to high-contrast imaging. It was built by a
large consortium of European laboratories. It is equipped with an
extreme adaptive optics system, SAXO (Fusco et al. 2006; Petit
et al. 2014), with a 41 × 41 actuators wavefront control, pupil
stabilization, differential tip-tilt control, and it also employs
stress polished toric mirrors for beam transportation (Hugot et al.
2012). The SPHERE instrument is equipped with several coro-
nagraphic devices for stellar diffraction suppression, including
apodized Lyot coronagraphs (Soummer 2005) and achromatic
four-quadrants phase masks (Boccaletti et al. 2008). The in-
strument has three science subsystems: the infrared dual-band
imager and spectrograph (IRDIS; Dohlen et al. 2008), an inte-
gral field spectrograph (IFS; Claudi et al. 2008) and the Zimpol
rapid-switching imaging polarimeter (ZIMPOL; Thalmann et al.
2008).

Two sequences of data were acquired with the integral-field
spectrometer IFS (Claudi et al. 2008) and the dual-band imager
IRDIS (Dohlen et al. 2008) in dual-band imaging mode (Vigan
et al. 2010) working in parallel. The last sequence was taken with
IRDIS alone in the broadband imaging mode with the J band fil-
ter. Finally, a broadband imaging sequence in H band was taken
during the science verification (SV) phase. Data in different
spectral ranges were obtained in the following configurations:

– The first sequence was taken on July, 13th 2014 in
IRDIFS mode (IRDIS in dual-band imaging mode using the
H2H3 filters, and IFS in the Y J mode). The seeing was vari-
able between 0.8−1.0′′. Sixteen datacubes were acquired,
with a total exposure time of 43 min. The total field of view
(FoV) rotation during the observation was 18.1◦.

– An IRDIFS_EXT sequence (IRDIS in dual-band imaging
mode with the K1K2 filters, and IFS in the YH mode) was
taken on August, 12th 2014 with good seeing conditions.
Thirty-two datacubes were acquired for each instrument with
a total exposure time of nearly two hours. The total field ro-
tation was 33.8◦.

– An IRDIS broadband J sequence was taken on August,
14th 2014. Thirty-two datacubes were acquired for an inte-
gration time of ∼1.4 h. The total FoV rotation was 31.2◦.

– Four IRDIS broadband H sequences were taken, between
December, 4th to 8th 2014, during SV. Integration times for
each data set were around 30 min, and field rotations were
around 8◦.

IRDIS filters and resolutions are listed in Table 1. The observa-
tions are summarized in Table 2.
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Table 2. Observations of HR 8799 during SPHERE commissioning and science verification runs.

UT date IRDIS filter IFS Band IRDIS DITa × NDITb IFS DIT × NDIT N. of datacubes FoV rotation
2014-07-13 H2H3 Y J 4 × 40 8 × 20 16 18.1◦

2014-08-12 K1K2 YH (30 + 35) × 6 60 × 3 + 100 × 2 16 + 16 33.8◦

2014-08-14 BB_J – 16 × 10 – 32 31.2◦

2014-12-04 BB_H – 8 × 218 – 1 8.7◦

2014-12-05 BB_H – 8 × 218 – 1 8.7◦

2014-12-06 BB_H – 8 × 218 – 1 8.5◦

2014-12-08 BB_H – 8 × 218 – 1 7.9◦

Notes. (a) Detector Integration Time. (b) Number of frames per dithering position.

All the sequences were taken with the same configuration
of the apodized Lyot coronagraph (Carbillet et al. 2011), which
includes a focal plane mask with a diameter of 185 mas and an
inner working angle (IWA) of 0.′′09.

The commissioning sequences were taken with the following
observing strategy:

– A star centered frame, which is a coronagraphic image of
the star with four satellite spots symmetric with respect to
the central star, was acquired at the beginning and at the end
of each observation by introducing a periodic modulation
on the deformable mirror. The purpose of this observation
is to accurately determine the star position for frame reg-
istering before the application of angular differential image
(ADI) processing (Marois et al. 2006a) and for derivation of
the astrometry for the detected companions relative to the
star (Marois et al. 2006b; Sivaramakrishnan & Oppenheimer
2006). The satellite spots have high S/N (∼50), which per-
mits a good estimation of the center with milliarcsecond
precision.

– Nonsaturated images of the star shifted from the central axis
using a tip-tilt mirror were taken at the beginning and at the
end of the observations with a neutral density filter, ND2.0,
with a transmission ∼1% of the total bandwidth, to calibrate
the flux.

– Coronagraphic images were taken with a 4 × 4 dither-
ing pattern for IRDIS. These images were obtained in
pupil-stabilized mode to take advantage of the angular
ADI technique.

– At the end of sequence six, sky background images were ob-
tained with the same exposure time for the coronagraphic
and unsaturated point spread function (PSF) images.

The broadband H sequences during SV were acquired with the
four satellite spots permanently applied. All the other calibra-
tions described in Sects. 3.2 and 3.3 were acquired during the
next morning as part of the instrument calibration plan.

3. Data reduction, photometry and astrometry

3.1. Astrometric calibration

During each run of observations we observed a dedicated field
in the outer region of the globular cluster 47 Tuc to derive astro-
metric calibrations of IRDIS images (distortion, plate scale, and
orientation), using the Hubble Space Telescope (HST) data as
a reference (Bellini & Anderson, priv. comm.; see Bellini et al.
2014, for the methods used to obtain HST measurements). A de-
tailed description of the astrometric calibration is presented in
Maire et al. (2016).

The 47 Tuc data were reduced and analyzed using the Data
Reduction and Handling software (DRH; Pavlov et al. 2008)

Table 3. Values of the plate scale and the true north for IRDIS observa-
tions measured during in each run of the observations.

Date Plate scale (mas/px) True north (deg)
Left field

July 2014 12.252 ± 0.006 −1.636 ± 0.013
August 2014 12.263 ± 0.006 −1.636 ± 0.013
December 2014 12.251 ± 0.005 −1.764 ± 0.010

Right field

July 2014 12.247 ± 0.006 −1.653 ± 0.005
August 2014 12.258 ± 0.006 −1.653 ± 0.005
December 2014 12.241 ± 0.004 −1.778 ± 0.010

Notes. Values of July and August 2014 have been measured for
the H2H3 filter, while December values refer to BB_H band filter.
The measurements for the left and right parts of the IRDIS detector
are shown.

and IDL routines. To calculate the position of each star in the
FoV, we used the IDL function cntrd1 from the DAOphot soft-
ware (Stetson 1987). We derived our IRDIS calibrations from
the comparison between the measured positions on the detector
of several tenths of stars and the HST observations (March 13,
2006). The typical accuracy of the catalog positions is ∼0.3 mas
and we took into account the time baseline between the HST and
SPHERE observations. The distortion measured on sky is domi-
nated by an anamorphism factor of (0.60 ± 0.02)% between the
horizontal and vertical directions of the detector. The anamor-
phism is common to both instruments because it is produced by
cylindrical mirrors in the common path and infrastructure of the
instrument.

Concerning IFS, as we did not obtain observations of any
relevant astrometric calibrator, we calculated plate scale and ori-
entation with a simultaneous observation of a distortion grid on
both IRDIS and IFS detectors. We estimated for the IFS data a
plate scale of 7.46 ± 0.01 mas/pix and a relative orientation to
IRDIS data of −100.46 ± 0.13 deg.

The astrometric calibrator sequences of 47 Tuc were ac-
quired during the same observing runs as the science observa-
tions reported in this paper and with the same instrument setup
(filter, coronagraph). Values calculated for the plate scale and for
true north are shown in Table 3.

Raw data of both IRDIS and IFS have been corrected for
anamorphism before the post-processing, taking into account
that the IFS detector is rotated with respect to the IRDIS one.

The pixel scale variations from one observing run to an-
other can be ascribed to ambient temperature variations. If
we consider astrometric calibrator observations from the com-
missioning runs, we found the following relation between the

1 http://idlastro.gsfc.nasa.gov/ftp/pro/idlphot/
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Fig. 1. IRDIS images for several filters with the four planets around HR 8799. The color scale is the same for all images, in unit of contrast with
respect to the host star.

pixel scale and the temperature: scale (mas/px) = 0.0060 ·
Tamb(◦C)+12.1655. The residual scatter is 0.012 mas/px. This
relation has been calculated with observations taken with the
H2 filter of IRDIS. For July data, the ambient temperature during
the observations was on average Tamb = 14.9◦C, which means
that the expected pixel scale is 12.255 ± 0.012, compatible with
the value listed in Table 3. We use this corrected value of the
plate scale, which accounts for the temperature during the ob-
servations. The pixel scale of the filter H3 is 12.250 ± 0.012.

3.2. Broad and dual-band imaging

The IRDIS data were preprocessed in the following way: first
we subtracted from each datacube the corresponding sky back-
ground taken right after the sequence, we divided by flat-field
images, and we applied a procedure to identify and interpo-
late bad-pixels. The frames were recentered using the initial
star center exposure with the four satellite spots. The mas-
ter backgrounds and master flat-field have been obtained with
DRH software.

The second step of the reduction has been carried out with
four independent pipelines performing ADI. We did not em-
ploy spectral differential imaging techniques (SDI; Racine et al.
1999) between the IRDIS filter pairs to avoid a flux loss that
is not straightforward because of self-subtraction (Maire et al.
2014). The first data reduction method is based on the prin-
cipal component analysis (PCA) technique that performs the
Karhunen–Loève Image Projection (KLIP) algorithm, following
the model of Soummer et al. (2012). This pipeline has been pre-
sented in Zurlo et al. (2014) and Vigan et al. (2016). For each
product of the preprocessing phase, we created a PCA library
based on all the other collapsed datacubes of the sequence, and
we derotated the product of the PCA as a function of the par-
allactic angle of the reference datacube. A final image was ob-
tained as the median of all the rotated PCA images. In some
cases, the data was binned temporally to reduce the number of
frames and increase the analysis speed.

The second pipeline is a more recent version of the T-LOCI
algorithm presented in Marois et al. (2014). For each dual-band
filter sequence, we calibrate the speckle pattern of each individ-
ual frame, rotate the frames to align north up, and median com-
bined all the frames to obtain the final image.

To perform the reduction of the images in J band, we ex-
ploited a third pipeline based on the method of the radial ADI
(rADI) as illustrated in Chauvin et al. (2012).

Finally, the BB_H data were reduced with a fourth indepen-
dent pipeline: datacubes were high-pass filtered by subtracting
from each image a version of the image smoothed by a me-
dian filter with a large 11-pixel-wide box width before entering
a PCA algorithm.

The final images obtained for all the IRDIS filters are shown
in Fig. 1. No significant detection of a candidate planet is found
closer than planet e in any of the images. The signal-to-noise ra-
tio (S/N) for the planets goes from a minimum of 11 (planet d in
J band) to a maximum of 220 (planet c in K1 band). Section 6.1
of Zurlo et al. (2014) gives a detailed explanation of how we
calculated the S/N.

To measure photometry and astrometry, we exploited the
method of the “fake negative planets” (Lagrange et al. 2010;
Marois et al. 2010a; Bonnefoy et al. 2011), as illustrated in
Zurlo et al. (2014) and Galicher et al. (2011). To build mod-
els of the planet images accounting for the ADI self-subtraction,
we used the median of the unsaturated images of HR 8799 taken
right before and after the sequences and the previously deter-
mined LOCI coefficients or PCA eigenvectors. No unsaturated
images of HR 8799 were recorded during science verification, so
HR 8799 b served as a PSF to build the planetary system model.
We then adjusted the models to the real planet images to estimate
the astrometry and photometry of the planets. We obtained the fi-
nal results for each independent pipeline with a minimum χ2 fit-
ting, where we simultaneously varied the flux and position of the
fake negative planets (as described in Zurlo et al. 2014). The er-
ror bars for each reduction account for the flux variations of the
unsaturated images of HR 8799, the fluctuations of the results as
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Table 4. IRDIS contrast in magnitudes and absolute magnitudes for
HR 8799 bcde.

Filter b c d e
Contrast [mag]

∆J 14.39 ± 0.09 13.21 ± 0.13 13.20 ± 0.37 13.01 ± 0.21
∆H2 12.80 ± 0.14 11.81 ± 0.12 11.74 ± 0.17 11.63 ± 0.20
∆H3 12.50 ± 0.10 11.50 ± 0.10 11.57 ± 0.16 11.40 ± 0.21
∆K1 11.91 ± 0.06 10.95 ± 0.05 10.96 ± 0.07 10.88 ± 0.10
∆K2 11.73 ± 0.09 10.62 ± 0.07 10.60 ± 0.10 10.58 ± 0.11

Absolute magnitude [mag]

J 16.80 ± 0.09 15.62 ± 0.13 15.61 ± 0.37 15.42 ± 0.21
H2 15.10 ± 0.14 14.11 ± 0.12 14.04 ± 0.17 13.93 ± 0.20
H3 14.80 ± 0.10 13.80 ± 0.10 13.87 ± 0.16 13.70 ± 0.21
K1 14.17 ± 0.06 13.21 ± 0.05 13.22 ± 0.07 13.14 ± 0.10
K2 13.99 ± 0.09 12.88 ± 0.07 12.86 ± 0.10 12.84 ± 0.11

Notes. The broad-band H magnitudes are not provided as no off-axis
PFS was taken during the sequence. This sequence is used for the astro-
metric analysis only in this paper. We refer to Apai et al., in prep. for a
detailed discussion on the possible variability of these planets.

Table 5. Astrometric positions of the planets around HR 8799 in
date 2014.53, derived from IRDIS filters H2H3, and measurements in
date 2014.62, from IFS YH band.

Epoch Planet ∆RA (′′ ) ∆Dec (′′ )
2014.53 HR 8799 b 1.570 ± 0.006 0.707 ± 0.006

HR 8799 c −0.522 ± 0.004 0.791 ± 0.004
HR 8799 d −0.390 ± 0.005 −0.530 ± 0.006
HR 8799 e −0.386 ± 0.009 −0.008 ± 0.009

2014.62 HR 8799 d −0.391 ± 0.004 −0.529 ± 0.004
HR 8799 e −0.384 ± 0.002 −0.005 ± 0.002

2014.93 HR 8799 b 1.574 ± 0.005 0.703 ± 0.005
HR 8799 c −0.518 ± 0.004 0.797 ± 0.004
HR 8799 d −0.402 ± 0.004 −0.523 ± 0.004
HR 8799 e −0.384 ± 0.010 0.014 ± 0.010

Notes. The planet positions in broad H-band in date 2014.93 are also
shown.

a function of the PCA/LOCI parameters, and the accuracy of the
fitting of the planet image models to the real images.

Results from each pipeline have been combined together ex-
cluding single results, which deviate more than the standard de-
viation, σ, of the values themselves. The error bars have been
calculated as the quadratic sum of each independent reduction
error bar plus the standard deviation of the values themselves.
The contrast in magnitude obtained for the four planets is listed
in Table 4, while their astrometric positions are shown in Table 5.
The error budget is listed in Table 6.

3.3. IFS data reduction and spectra extraction

We obtained IFS data in both Y J (0.95–1.35 µm, spectral res-
olution R∼ 54) and YH (0.95–1.65 µm, R∼ 33) modes (Claudi
et al. 2008). We only present the YH data because of the poor
quality of the Y J data obtained in July 2014. The IFS raw data
were preprocessed using the DRH software, up to the creation of
the calibrated spectral datacubes.

The preprocessing consists of background subtraction and
flat-field calibration. Following this, the locations of the spec-
tral traces are determined using a calibration image where the

Table 6. Astrometric error budget for both IRDIS and IFS
measurements.

Epoch Planet σPS (′′ ) σDith (′′ ) σSC (′′ ) σPP (′′ )
2014.53 b 0.002 0.001 0.001 0.005

c 0.001 0.001 0.001 0.004
d 0.001 0.001 0.001 0.005
e 0.000 0.001 0.001 0.009

2014.62 d 0.001 – 0.001 0.004
e 0.001 – 0.001 0.001

2014.93 b 0.002 0.001 0.001 0.004
c 0.001 0.001 0.001 0.004
d 0.001 0.001 0.001 0.004
e 0.000 0.001 0.001 0.010

Notes. For each planet the error was calculated as a combination of:
plate scale uncertainty (σPS); dithering procedure accuracy (σDith =

0.74 mas, here approximated to 1 mas); star center position uncertainty
(σSC) of 1.2 mas, derived from observation of bright stars during com-
missioning runs; planet position uncertainty (σPP). For the sake of sim-
plicity we listed just the error along the x axis of the detector for the
planet position measurement. The errors due to the anamorphism un-
certainty and the true north uncertainty are less than 0.5 mas for any
planet, so they are not listed here, but included in the calculation of the
error budget.

integral field unit (IFU) is uniformly illuminated with a white
lamp in such a way that the detector is completely filled with
spectra. For wavelength calibration, the IFU is illuminated with
four monochromatic lasers of known wavelength. An instrument
flat is used to correct for the different response of the lenslets to a
uniform illumination and detector quantum efficiency variations.
After this last procedure, we are left with calibrated spectral dat-
acubes comprised of 39 monochromatic images.

An additional step using custom IDL tools has been intro-
duced for better handling of bad pixels and to implement spec-
tral cross-talk corrections (Mesa et al. 2015). After the creation
of the calibrated spectral datacubes, the differential imaging part
of the data reduction is performed applying different pipelines
written in IDL.

We have adopted two different approaches to searching for
additional companions in the HR 8799 system as well as ex-
tracting spectra of the detected planets. Both approaches pro-
vided detection of planets d and e with a median S/N along the
IFS channels of ∼20. To search for additional planets, we utilize
the KLIP algorithm, exploiting all the frames at different wave-
lengths and at different angular positions. No significant signal
has been found closer than planet e.

For extraction of spectra of known objects, we first utilize
ADI separately for each individual IFS channel. As shown in
Table 2, for the first YH observations we took 16 datacubes com-
prised of three frames with a DIT of 60 s, while for the second
observations we took 16 datacubes comprised of two frames
with a DIT of 100 s. We decided to use all 80 frames without
performing any binning in time, rescaling the frames of the sec-
ond data set to the total integration time of the first. For each
spectral frame we performed PCA fitting using the frames of
the same channel of the other datacubes as a library. To avoid
self-subtraction, we selected the frames according to the planet
position in each image of the library, and rejected the frames
where the planet centroid moved less than ∼0.5λ/D with respect
to the reference frame, following the example presented in Pueyo
et al. (2015). For each planet the library is composed of a differ-
ent set of frames, however, we also attempted data reductions
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Fig. 2. 38th IFS spectral channel (1.63 µm) with planets HR 8799 de
obtained with KLIP reduction.

without performing any selection of the frames. In this case, we
used a small number of modes to limit the biases of the PCA.
We used different number of modes (<80), but the result con-
verged rapidly after a few modes (between 2 and 5). To retrieve
the signal of a planet, we tested the impact of our reductions
with synthetic planets injected in the preprocessed datacubes at
different positions or in the forward modeling (see description in
Soummer et al. 2012), assuming the same PCA modes and aper-
ture as employed for the spectral extraction in the science data.
For the forward modeling, we used the off-axis PSF obtained af-
ter the observing sequence because of a slight saturation of the
off-axis PSF obtained before the observation. An example of the
output of this technique is shown in Fig 2.

A second approach, where ADI and SDI were used to-
gether, was then implemented. The single exposures in each of
the 32 spectral datacubes were averaged. The PSF library used
for the PCA fitting taking all frames into account, both along the
temporal and spectral dimensions, where the PSF has moved by
more than a separation criteria Nδ. In this scheme, the library
is constructed using the frames spatially rescaled according to
their respective wavelength. Various tests showed that a value of
Nδ = 0.8 FWHM gives good results in terms of S/N for the detec-
tion of the planets. To account for the flux losses induced by the
speckle subtraction algorithm, forward modeling is performed
via the off-axis PSF of the above-mentioned star as a model for
the PSF of the planet. The model is projected on the same PCA
modes as the science data, and the flux loss is measured as the
attenuation of the flux for the model before and after projection
on the PCA modes. The fluxes of the planets are measured in the
final spectral channels with aperture photometry in an aperture
of diameter 0.8 λ/D (∼4 pixels). The flux is finally corrected
for the flux loss estimated using the forward modeling. The er-
ror bars on the photometry were measured in the same way as
for the IRDIS data described in Sect. 3.2, except that we did not
consider the flux variation during the exposure, as one of the two
PSFs is slightly saturated.

With this approach, we obtained eight spectral extractions
from four independent pipelines. For each planet, a final estimate
of the flux ratio between the star and planet was obtained by
computing the median of the results.

Fig. 3. Contrast and off-axis PSFs curves for the IRDIFS_EXT data set.
The 5σ contrast for the two instruments are plotted as a function of the
angular separation. The off-axis PSF of the star is represented as a black
continuous line. Planets around HR 8799 are also shown as photometric
K2 points, the error bars are inside the dimension of the dots. The dotted
vertical line indicates the coronagraph IWA.

Fig. 4. Mass limits deduced from the contrast curves for the IRDIS
and IFS instruments. An age of 30 Myr is assumed. Two different
models are represented: the “hot-start models” BT-SETTL models, and
the “warm-start models” from Spiegel & Burrows (2012). The separa-
tions where a possible planet f is expected to be (from Goździewski &
Migaszewski 2014) are shown as dashed black lines.

Astrometric measurements for planets HR 8799 de measured
from the IFS are shown in Table 5. The error budget is presented
in Table 6. The error bars are compatible with the expected ones
for these targets, following the simulations of Zurlo et al. (2014).

The 5σ contrast curves of IRDIS and IFS for the
IRDIFS_EXT data set are shown in Fig. 3. The limits were cal-
culated by measuring the standard deviation of the residuals in
annuli of width 1 λ/D at increasing angular separation, normal-
ized for the flux of the corresponding PSF.

Contrast in the K2 band of the planets around HR 8799 are
overplotted. IRDIS contrast curve has been calculated on the
KLIP product of the filter K2, while the IFS contrast curve has
been obtained on the KLIP result with just ADI (YH band).

The mass limits deduced from the contrast curves of Fig. 3
are shown in Fig. 4. To calculate the mass limits, we assumed
an age of 30 Myr for the system and two different models: the
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BT-SETTL (Allard et al. 2012) for “hot-start models” as well as
the “warm-start models” from Spiegel & Burrows (2012).

Following Goździewski & Migaszewski (2014), a possible
planet could be located at the 3e:1f and 2e:1f resonance orbits,
corresponding to separation of ∼7.5 and ∼10 AU. The two sep-
arations are overplotted in Fig. 4. In their analysis they found
that a planet of mass 2–8 MJup in the 3e:1f orbit and 1.5–5 MJup
at the 2e:1f orbit could be present without perturbations on the
stability of the system. We found that with IFS we are able
to detect planets with mass of 4.5–7 MJup at the separation of
the 3e:1f resonance and 3–5 MJup at the resonance 2e:1f. This
means that 2–4.5 MJup planets are not excluded by our estima-
tions for the 3e:1f orbit, as we do not exclude 1.5–3 MJup planets
for the 2e:1f orbit.

4. Astrometric fit of the orbits

In this section, we present an illustration of the accuracy of
SPHERE in measuring the astrometric positions of low-mass
companions with respect to the previous generation of high-
contrast imagers. We performed an astrometric fit for the orbits
of planets HR 8799 bcde. The aim of this section is to present
sample orbital solutions compatible with the astrometric data,
but a detailed orbital analysis is beyond the scope of this paper.

We combined the astrometric positions available from the lit-
erature, including Marois et al. (2008, 2010b), Lafrenière et al.
(2009), Fukagawa et al. (2009), Hinz et al. (2010), Currie et al.
(2011), Bergfors et al. (2011), Galicher et al. (2011), Soummer
et al. (2011), Esposito et al. (2013), Currie et al. (2012, 2014),
Maire et al. (2015), Pueyo et al. (2015) with our SPHERE
data (Table 5). We rely on the nominal error bars from the in-
dividual references, although systematic errors between differ-
ent instruments and analysis procedures may be present. The
SPHERE astrometric measurements are compatible with the lit-
erature data and achieve an accuracy similar or better with re-
spect to the published measurements, which is a good test for
this new instrument.

The orbital fit is a minimum χ2 fitting, as described in
Esposito et al. (2013), where all the four orbits are simultane-
ously taken into consideration, using the assumption that the
planet periods are commensurate. The IFS measurement is used
for the closest planet e, as it provides smaller error bars. We as-
sumed circular and non-coplanar orbits and tested three different
configurations for the orbital period ratios between the planets.

The fitted orbits are shown in Fig. 5. The parameters of the
orbital solutions are summarized in Table 7. The uncertainties
on the parameters were estimated using a quadratic combination
of statistical and systematic errors. The statistical errors stem
from the sensitivity of the fit to the errors bars on the astromet-
ric measurements and are derived from 1000 random trials of the
astrometric measurements assuming normal distributions (Maire
et al. 2015). The systematic errors are related to the uncertainties
on the stellar mass and distance (Table 7), which propagate into
the derivation of the semimajor axis. To assess them, we per-
formed two sets of orbital fits. The first set assumes the nominal
values for the stellar mass and distance, and the second set as-
sumes a combination of values at the edge of the derived ranges,
which provides the largest offset in orbital periods. Two orbital
solutions are favored with similar reduced χ2, with the orbital
period ratios 2d:1e and 3d:1e. The IFS data point for planet e
is out of the orbital solution with the orbital period ratio 5d:2e
at ∼2.5σ significance level. Further astrometric monitoring is
required to distinguish between the orbital period ratios 2d:1e
and 3d:1e.

Table 7. Orbital elements fitted on the astrometric data in Fig. 5.

Parameter A B C
HR 8799 b
P (yr) 455.88± 24.70 455.88± 24.70 455.88± 24.70
i (◦) 30.27± 4.95 30.27± 4.95 30.27± 4.95
Ω (◦) 60.89± 4.40 60.89± 4.40 60.89± 4.40
e – – –
ω (◦) – – –
T0 (yr) 2006.55± 6.44 2006.55± 6.44 2006.55± 6.44
a (AU) 67.96± 1.85 67.96± 1.85 67.96± 1.85
HR 8799 c
P (yr) 227.94± 12.35 227.94± 12.35 227.94± 12.35
i (◦) 29.43± 0.35 29.43± 0.35 29.43± 0.35
Ω (◦) 65.68± 2.67 65.68± 2.67 65.68± 2.67
e – – –
ω (◦) – – –
T0 (yr) 1848.18± 9.84 1848.18± 9.84 1848.18± 9.84
a (AU) 42.81± 1.16 42.81± 1.16 42.81± 1.16
HR 8799 d
P (yr) 113.97± 6.18 113.97± 6.18 113.97± 6.18
i (◦) 38.63± 2.84 38.63± 2.84 38.63± 2.84
Ω (◦) 56.09± 3.78 56.09± 3.78 56.09± 3.78
e – – –
ω (◦) – – –
T0 (yr) 1965.27± 1.55 1965.27± 1.55 1965.27± 1.55
a (AU) 26.97± 0.73 26.97± 0.73 26.97± 0.73
HR 8799 e
P (yr) 56.99± 3.09 46.99± 2.79 75.19± 4.05
i (◦) 30.95± 1.43 28.43± 5.39 44.51± 0.45
Ω (◦) 145.73± 7.11 85.50± 3.47 156.08± 2.54
e – – –
ω (◦) – – –
T0 (yr) 1995.61± 0.93 1990.54± 1.02 1992.31± 1.17
a (AU) 16.99± 0.46 14.94± 0.46 20.44± 0.55
χ2

red,b 2.33 2.33 2.33
χ2

red,c 2.04 2.04 2.04
χ2

red,d 1.92 1.92 1.92
χ2

red,e 1.21 3.44 1.18
Mstar (M⊙) 1.51+0.038

−0.024 1.51+0.038
−0.024 1.51+0.038

−0.024

d (pc) 39.4± 1.1 39.4± 1.1 39.4± 1.1

Notes. Case A: orbital solution setting circular orbits and 8b:4c:2d:1e
mean motion resonance. Case B: orbital solution setting circular or-
bits and 4b:2c:1d and 5d:2e mean motion resonances. Case C: orbital
solution setting circular orbits and 4b:2c:1d and 3d:2e mean motion
resonances. For each planet, the notations refer to the orbital period,
inclination, longitude of the ascending node, eccentricity, argument of
periapsis, time of periapsis passage, and semimajor axis. The error bars
on the orbital parameters are at 1σ (see text). We also indicate the re-
duced χ2 for the nominal orbital solution for each planet, and the mass
and distance ranges assumed for the host star for the orbital fitting
(Baines et al. 2012; van Leeuwen 2007). The semimajor axes are de-
rived using Kepler’s third law assuming the fitted orbital periods and
that the planet masses are negligible with respect to the mass of the host
star.

5. Comparison to known objects

In this section, we used the extracted photometry from IRSDIS
and spectrophotometry from the IFS to explore characterization
of the spectral energy distributions (SEDs) of the planetary mass
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Fig. 5. Relative astrometry for the planets around HR 8799. The points available from the literature are represented with black filled circles, while
new SPHERE measurements are represented with purple filled squares. The solid blue lines represent the orbital solution labeled A in Table 7.
Red lines connect the predicted and observed positions for all the data points. The dotted and dashed lines in the panel for HR 8799 e indicate the
orbital solutions labeled B and C in Table 5, respectively.

objects surrounding HR 8799. An in-depth study of these prop-
erties is presented in a companion paper (Bonnefoy et al. 2016).

5.1. Colors

We first compare the IRDIS colors of HR 8799 bcde to those
of MLT field dwarfs. The colors of the field dwarfs were syn-
thetized from SpeXPrism spectral library2. For that purpose,
we smoothed the low-resolution spectra of the sources to the

2 http://pono.ucsd.edu/~adam/browndwarfs/spexprism/

resolution of the narrowest IRDIS filter, using the IRDIS filter
passbands, a model of the Paranal atmospheric transmission gen-
erated with the ESO Skycalcweb application3 (Noll et al. 2012;
Jones et al. 2013), and a model spectrum of Vega (Bohlin 2007).

Certain two-color diagrams enable discrimination of field
dwarf objects with different spectral types at the L-T transition.
They are shown in Figs. 6 and 7. The planets are located at the
transition between late-L and early-T dwarfs, but have redder
colors than the dwarf objects (i.e. are brighter in the K-band than

3 http://www.eso.org/observing/etc/bin/gen/form?INS.

MODE=swspectr+INS.NAME=SKYCALC
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Fig. 6. Comparison of HR 8799 bcde colors based on IRDIS photometry
to those of M, L, T field dwarfs (dots).
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Fig. 7. Same as Fig. 6, except for the J − K1 versus H2 − K1 colors.

expected). This is in agreement with the location of the objects
in color–magnitude diagrams (Marois et al. 2008; Currie et al.
2011).

5.2. Near-infrared slope

We converted the flux-ratio (IFS spectra, IRDIS photometry) be-
tween the HR 8799 planets and their host star into apparent flux,
corrected from telluric absorptions with a model spectrum of
the star (ATLAS9 Model grid; Castelli & Kurucz 2004) with
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Fig. 8. Synthetic ATLAS9 spectrum adjusted to the apparent fluxes of
HR 8799 A.

Teff = 7500 K, log g = 4.5, M/H = 0, vturb = 0 km s−1 scaled in
flux to fit the Tycho2 BV , 2MASS JHKS, and WISE W1W2 pho-
tometry (Høg et al. 2000; Cutri et al. 2003, 2012). This synthetic
spectrum was found to provide a good fit for the existing pho-
tometry. The scaled spectrum of the star is shown in Fig. 8.

We used this flux-calibrated model spectrum of HR 8799 A
to retrieve the flux of HR 8799 bcde in the IRDIS passbands
(Table 8) and to obtain flux-calibrated spectra of the two in-
nermost planets. Figures 9 and 10 show that the J, H2, and
H3 photometry of HR 8799 d and e is consistent with the spec-
tra extracted from the IFS datacubes. We also included the
flux-calibrated K-band GPI spectrum of HR 8799 d obtained by
Ingraham et al. (2014). This spectrum is compatible with IRDIS
K1 and K2 photometry of the planet.

The spectra of the two planets together are shown in Fig. 11.
A comparison of the two spectra with results from

Project 1640 (Oppenheimer et al. 2013) is shown in Fig. 12. A
table with the flux values for each IFS channel is available in the
electronic version of this paper.

We compared the flux-calibrated spectra, H2, H3, K1, and
K2 fluxes of HR 8799 d and e to those of field brown dwarfs
from Testi et al. (2001) and to 1000 empirical templates from the
SpeXPrism library. While the Testi et al. (2001) library mostly
contains spectra of old objects, the SpeXPrism library includes
spectra of some dusty dwarf and peculiar (red) L and T dwarfs.
The comparison illustrates, as previously found in the literature,
that the planet properties are best reproduced by objects at the
L/T transition. The spectral shapes of the SPHERE/IFS spectra
of the two innermost planets are reproduced by those of L6 field
dwarfs (Figs. 9 and 10). Nevertheless, the planet spectra have
higher fluxes than these field dwarfs at longer wavelengths (i.e.
their spectral slopes are redder).

Among the sample of SpeXPrism spectra, those of 2MASS
J22443167+2043433 (L7.5/L6.5, Dahn et al. 2002) and SDSS
J151643.01+305344.4 (T0.5-1.5pec, Chiu et al. 2006; Burgasser
et al. 2010) best match the spectra of HR8799d and e, re-
spectively. Barman et al. (2011) has already noted the simi-
larity of SDSS 1516+30 to HR 8799 b. Both SDSS 1516+30
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Table 8. Currently available fluxes of HR 8799 b at 10 pc gathered from narrowband and broadband photometry.

Filter λ FWHM Abs. flux Err. flux + Err. flux –
(µm) (µm) (Wm−2µm−1) (Wm−2µm−1) (Wm−2µm−1)

HR 8799 b
BB_J 1.25 0.20 6.42E-16 6.72E-17 6.09E-17

H2 1.59 0.05 1.26E-15 1.90E-16 1.65E-16
H3 1.67 0.06 1.42E-15 1.61E-16 1.44E-16
K1 2.11 0.10 1.05E-15 8.54E-17 7.90E-17
K2 2.25 0.11 9.71E-16 1.02E-16 9.21E-17

HR 8799 c
BB_J 1.25 0.20 1.90E-15 2.68E-16 2.35E-16

H2 1.59 0.05 3.15E-15 4.14E-16 3.66E-16
H3 1.67 0.06 3.56E-15 4.03E-16 3.62E-16
K1 2.11 0.10 2.54E-15 1.90E-16 1.76E-16
K2 2.25 0.11 2.70E-15 2.39E-16 2.20E-16

HR 8799 d
BB_J 1.25 0.20 1.92E-15 7.92E-16 5.61E-16

H2 1.59 0.05 3.35E-15 6.06E-16 5.13E-16
H3 1.67 0.06 3.34E-15 5.69E-16 4.86E-16
K1 2.11 0.10 2.52E-15 2.23E-16 2.05E-16
K2 2.25 0.11 2.75E-15 3.12E-16 2.80E-16

HR 8799 e
BB_J 1.25 0.20 2.29E-15 5.10E-16 4.17E-16

H2 1.59 0.05 3.71E-15 7.87E-16 6.50E-16
H3 1.67 0.06 3.90E-15 8.69E-16 7.11E-16
K1 2.11 0.10 2.71E-15 3.07E-16 2.76E-16
K2 2.25 0.11 2.80E-15 3.42E-16 3.05E-16

Fig. 9. Spectrum of planet e as extracted from IFS data. IRDIS photometric points are overplotted. A comparison with an L6 isolated brown dwarf
shows a mismatch at K band wavelengths. There is a slight mismatch between IRDIS and IFS measurements, as we separately normalized the
flux of the two detectors with the corresponding PSF, the offset could be induced by another variable.

and 2MASS 2244+20 are shown in Figs. 6 and 7. The col-
ors of 2MASS J22443167+2043433, along with the peculiar
L6 dwarf 2MASS J21481633+4003594 (Looper et al. 2008), de-
viate from the sequence of field dwarfs. These objects are red
dusty dwarfs proposed to be young members of the field popu-
lation (Stephens et al. 2009; Gagné et al. 2014, and references
therein).

In summary, the analysis demonstrates that there is a devi-
ation of HR 8799 bcde spectrophotometric properties from the
sequence of field dwarfs. The properties of HR 8799 d and e are

shared by some red dusty, and possibly young, objects at the
L/T transition. We investigate these properties in more detail in
the companion paper, Bonnefoy et al. (2016).

6. Conclusions

We present first results of the planet hunter SPHERE on the plan-
etary mass objects surrounding the young intermediate mass star
HR 8799. We observed this system during the commissioning
and the science verification runs of SPHERE during the months
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Fig. 10. Spectrum of planet d as extracted from IFS data. IRDIS photometric points are overplotted. The GPI spectrum is also included in the
plot. Comparison with a L6-L8 isolated brown dwarf shows a mismatch at K-band wavelengths. There is a slight mismatch between IRDIS and
IFS measurements, as we normalized separately the flux of the two detectors with the corresponding PSF, the offset could be induced by another
variable.

Fig. 11. Spectra of the two planets HR 8799 de together.
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Fig. 12. Comparison of HR 8799 de spectra retrieved from SPHERE
data and P1640 data (Oppenheimer et al. 2013).

of July, August, and December 2014. Four previously known
planets have been detected in J, H2H3, H, and K1K2 bands
with high S/N (reaching ∼200 in K band). For the first time,
planet HR 8799 e has been detected in J band. Optimized post-
processing methods were exploited in the analysis of these data.
We used independent pipelines based on KLIP and T-LOCI, with
the injection of fake negative companions to have robust mea-
surements of photometry, spectrometry, and astrometry. We ob-
tained photometry in the four dual- and broadband filters as well
as spectra in YH band for HR 8799 de. The quality of these spec-
tra, with mean S/N ∼ 20, make them the highest quality spectra
yet obtained for these objects.

The astrometric positions of the four planets are given for the
epochs of July and December. For the closest planets d and e,
we also provide astrometric positions of August 2014, which
were extracted from IFS data. For this epoch, given the high
S/N ratio and the small pixel scale of IFS, we are able to ob-
tain astrometric positions with error bars of 2–4 mas.

We find that two orbital solutions are the most consistent
with our measurements for the two inner planets, corresponding
to the resonance 2d:1e and 3d:2e.

We found that a possible inner planet f, which is expected
to lie on the 3e:1f and 2e:1f resonance orbits, would be de-
tected by IFS with masses greater than 3–7 MJup . Following
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previous stability simulations, we estimated that for the 3e:1f
orbit 2–4.5 MJup planets are not excluded, and in the 2e:1f orbit
we do not exclude the presence of 1.5–3 MJup planets.

Finally, we demonstrate that the spectrophotometric proper-
ties of HR 8799 d and e in the YH range are similar to those of
brown dwarfs with spectral type L6-L8. These planets show red-
der colors than field objects in the L-to-T transition. Empirical
spectra of old brown dwarfs cannot describe the SED of these
objects at longer wavelengths, and to comprehend the mecha-
nisms that cause this red excess, further analysis is needed.
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