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ABSTRACT

HR 8799 is currently the only multiple-planet system that has been detected with direct
imaging, with four giant planets of masses 7 — 10 M, orbiting at large separations (15-68 AU)
from this young late A star. Orbital motion provides insight into the stability, and possible
formation mechanisms of this planetary system. Dynamical studies can also provide constraints
on the planets’ masses, which help calibrate evolutionary models. Yet, measuring the orbital
motion is a very difficult task because the long-period orbits (50-500 yr) require long time baselines
and high-precision astrometry. This paper studies the three planets HR 8799b, ¢ and d in
the archival data set of HR 8799 obtained with the Hubble Space Telescope (HST) NICMOS
coronagraph in 1998. The detection of all three planets is made possible by a careful optimization
of the LOCI algorithm, and we used a statistical analysis of a large number of reduced images.
This work confirms previous astrometry for planet b, and presents new detections and astrometry
for ¢ and d. These HST images provide a ten-year baseline with the discovery images from 2008,
and therefore offer a unique opportunity to constrain their orbital motion now. Recent dynamical
studies of this system show the existence of a few possible stable solutions involving mean motion
resonances, where the interaction between ¢ and d plays a major role. We study the compatibility
of a few of these stable scenarios (1d:1c, 1d:2c, or 1d:2c¢:4d) with the new astrometric data from
HST. In the hypothesis of a 1d:2c:4b mean motion resonance our best orbit fit is close to the
stable solution previously identified for a three-planet system, and involves low eccentricity for
planet d (eq = 0.10) and moderate inclination of the system (i = 28.0 deg), assuming a coplanar
system, circular orbits for b and ¢, and exact resonance with integer period ratios. Under these
assumptions, we can place strong constraints on the inclination of the system (27.3 — 31.4 deg)
and on the eccentricity for d eq < 0.46. Our results are robust to small departures from exact
integer period ratios, and consistent with previously published results based on dynamical studies
for a three-planet system prior to the discovery of the fourth planet.
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1. Introduction

Direct imaging of exoplanets is a particularly difficult problem because of the very small angular sep-
aration and very high-contrast between the planet and the star (Oppenheimer & Hinkley 2009). The first
images of planets orbiting nearby stars have been obtained relatively recently (Marois et al. 2008; Kalas
et al. 2008; Lagrange et al. 2009, 2010; Marois et al. 2010b) and followed up at different wavelengths (Quanz
et al. 2010; Currie et al. 2011b; Bonnefoy et al. 2011). In addition, other interesting substellar companions
to stars and brown dwarfs have also been discovered using direct imaging (Nakajima et al. 1995; Chauvin
et al. 2005; Thalmann et al. 2009; Currie et al. 2010; Lafreniere et al. 2010; Biller et al. 2010). Several
surveys have already been conducted to search for faint companions (Lafreniere et al. 2007a; Kasper et al.
2007; Nielsen et al. 2008; Leconte et al. 2010; Ehrenreich et al. 2010), and direct imaging will expand in the
near future with new facility instruments on large ground-based telescopes (Macintosh et al. 2008; Beuzit
et al. 2008; Hodapp et al. 2008; Hinkley et al. 2011).

It is interesting to note that multiple systems have been discovered by every major observing techniques
(Wright et al. 2009; K. Gozdziewski, A. Niedzielski, & J. Schneider 2010). These include discoveries using
radial velocities (Fischer et al. 2008; Rivera et al. 2010), transits (Holman et al. 2010; Lissauer et al. 2011a,b),
microlensing (Gaudi et al. 2008), and pulsar timing (Wolszczan 1994). HR 8799 is currently the only multiple
system discovered using direct imaging. The three planets b, ¢ and d were discovered by Marois et al. (2008).
The fourth planet was discovered by Marois et al. (2010b), and confirmed with a single epoch image at VLT
by Currie et al. (2011a). Some of these HR 8799 planets have also been imaged in archival data sets using
other observatories (Fukagawa et al. 2009; Lafreniere et al. 2009; Metchev et al. 2009; Marois et al. 2010a).
Because the system’s discovery is recent there are still few data points available to constrain the general
configuration of the system (e.g. planet masses, inclination, eccentricities, periods). This translates into a
limited understanding of the formation scenarios, dynamical stability of the system, and the atmospheric
properties. In this paper, we provide new astrometric and photometric measurements with a ten year baseline
that will help progress in each of these areas.

HR 8799 is a A Bootis star with spectral type similar to A5V and FOV, and is located at 39.4 pc (Gray
& Kaye 1999). Age is a critical parameter for understanding direct images, since the observed near-infrared
radiation originates from the gravitational potential energy that was released and converted into heat during
their formation. As young giant planets cool down with time, they become less luminous and harder to
detect, but the cooling process lasts hundreds of millions of years (Marley et al. 2007). With an age estimate
between 30 and 60 MYr (Marois et al. 2010b; Zuckerman et al. 2011), the HR 8799 planets are relatively
bright and at relatively large angular separations (~ 0.4 to ~1.7 arcsec) which makes them excellent targets
for direct imaging.

The four giant planets orbit at large separations ( 15-68 AU), and the system also exhibits a complex
disk architecture including a warm asteroid belt analog within 6-15AU, a cold Kuiper belt analog between
90-300 AU, and an extended halo of small grains up to ~ 1000 AU (Su et al. 2009). Estimates for the
inclination of the system using different methods are consistent with a mostly face-on system with all four
planets orbiting in the same direction (counter clock-wise). Inclination estimates are typically below 30-40
degrees (Lafreniére et al. 2009; Su et al. 2009; Moro-Martin et al. 2010), with dynamical stability in favor of
an inclination larger than 20 degrees (Reidemeister et al. 2009). The star is likely to be significantly more
inclined (40 degrees) than the system (Wright et al. 2011).

Such a multiple-planet system is of remarkable interest, with all four planets likely to have formed in
the same protoplanetary disk, with same age and metallicity. The presence of these massive objects at large
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separations makes this system a particularly interesting target from a planetary formation standpoint. The
formation mechanisms for these planets either using gravitational instability or core accretion is an active
topic of research (Rafikov 2005; Kratter et al. 2010; Boss 2011; Currie et al. 2011a).

The dynamical stability of the system over time periods of the order of 100 Myr places upper limits
on the planet masses, since stability favors lower masses in a tightly packed multi-planet system. These
mass constraints also help validate evolutionary and atmospheric models in this mass regime, which still lack
comparison with real data. A lower limit for the masses can be obtained from evolutionary models for the
minimum age of the system, since the star is on the main sequence. Currently the consensus mass ranges
are: 6-7 My, for b, and 7-10 M, for ¢, d, and e (Marois et al. 2008, 2010b; Currie et al. 2011a).

In the absence of astrometric measurements spanning a significant portion of the orbits, dynamical and
stability studies have so far focused on integrating a number of possible scenarios (e.g. coplanar circular
orbits, non coplanar orbits, eccentric orbits) based on initial conditions derived from the discovery data from
2004 and 2008. The few stable solutions identified by these studies are stabilized by mean motion resonances
(MMR) mechanisms (Gozdziewski & Migaszewski 2009; Reidemeister et al. 2009; Fabrycky & Murray-Clay
2010; Marshall et al. 2010). Orbital characterization using a long temporal baseline is a key element for
such stability studies, as it provides a possibility to test the compatibility of the scenarios with the data.
The HST data from 1998 offers a unique opportunity to constrain today the astrometry of this planetary
system with a ten year baseline, and therefore brings insight into orbital configuration, dynamical stability
with possible resonances, and implications for planet masses and formation scenarios.

Understanding the planet’s atmospheric properties also poses a number of challenges. Their SEDs can
be fitted with an L-dwarf style model, but the difficulty is to fit a temperature low enough to give a radius
large enough to be consistent with brown dwarf cooling tracks (e.g. Marois et al. (2008)). Models using
thick cloud layers that are not present in brown dwarfs tend to reproduce the planets’ SEDs with higher
fidelity (Marois et al. 2008; Currie et al. 2011a; Barman et al. 2011; Madhusudhan et al. 2011). The focus of
this paper is on astrometry, and the analysis of the new photometric information for planet ¢ and d in the
F160W filter is beyond the scope of this paper.

The 1998 images of HR 8799 in the HST data set, were obtained with the NICMOS coronagraph
using the 0.63 arcsec occulting spot. Advanced point spread function (PSF) subtractions based on roll-
deconvolution or angular differential imaging (Schneider & Silverstone 2003; Marois et al. 2006a; Lafreniere
et al. 2007b) are required because the coronagraph alone is not sufficient to provide sufficient dynamic range,
and the images are dominated by residual quasi-static speckles that limit the detection sensitivity (Aime
& Soummer 2004; Soummer et al. 2007; Hinkley et al. 2007). The HST/NICMOS data set was already
reprocessed by Lafreniere et al. (2009), who identified planet b and provided an astrometric measurement
for this planet. Also, Marois et al. (2010a) identified planet ¢ and a possible detection of d but without
astrometric analysis. In this paper, we further the optimization of the PSF subtraction algorithm to identify
the three planets b,c and d in both rolls and detail the astrometric analysis. In Section 2 and 3 we describe
the data and the processing methods for detection, and a statistical approach to obtain astrometric estimates.
In Section 4, we discuss orbit fitting for each planet and study the compatibility of the data with MMR
scenarios that have been invoked to stabilize the system.



2. HR 8799 NICMOS data set from 1998

In this paper we use the archival HST NICMOS coronagraph data set from program 7226 (E. Becklin,
P.I.). This program was designed to search for massive planets or faint companions around 45 nearby young
stars (Lowrance et al. 2005). This data set was obtained with the camera NIC2, using the 0.63 arcsec
diameter mask, and consists of six images in two roll orientations separated by a roll angle of 29.9 degrees
(three images in each orientation) using the broad band filter F160W. Lafreniére et al. (2009) studied this
data set and were able to detect and measure the astrometry of HR 8799b, using 203 reference PSF's taken
from the same program to optimize the PSF subtraction using the LOCI algorithm. Recently Schneider et al.
(2010) achieved a complete recalibration of the NICMOS archive (through HST Cycle 15). This recalibration
provides a Legacy Archive PSF Library (LAPL) (HST AR program 11279) available as High-Level Science
products integrated into the Hubble Legacy Archive'. Improvements include the use of contemporary flats
and observed darks (as opposed to epochal flats and modeled darks’), better bad-pixel correction, and
ancillary information about the target (star position, magnitudes in J,H,K bands) that can help select best-
matching reference PSFs from the library. It is important to note that improvements in PSF calibration can
lead to a substantial improvement in LOCI-processed data, since having random noise sources (e.g. from
insufficient flat or bad-pixel calibrations) reduces the correlation between reference PSFs, and therefore the
efficiency of the LOCIT algorithm. For this work, we selected 466 PSFs from the Schneider et al. (2010) PSF
library (using contemporary flats and observed darks), which also includes all six images of HR 8799.

3. Data processing and methods for astrometry
3.1. Data processing

For each of the six HR 8799 images we first generate cubes of aligned reference PSFs by cross-correlating
the diffraction spikes from the secondary mirror support structures, and by optimizing the shape of the regions
used in the cross-correlation. For each HR 8799 image the corresponding reference PSF stack also includes
the three images of HR 8799 in the other roll. Because the NIC2 PSF is slightly under-sampled at F160W
wavelengths, we first apply a gaussian filter of two pixels full width half maximum (FWHM) before shifting
the images to avoid aliasing artifacts.

For each HR 8799 image, we apply the Locally Optimized Combination of Images (LOCI) algorithm
(Lafreniere et al. 2007b). This algorithm builds a reference PSF based on a linear combination of PSFs
from a reference library, by optimizing the subtraction residuals in the least square sense. A remarkable
feature of this algorithm is that the reference is built locally in small sections of the image, and then pieced
together. This ensures a much better subtraction since speckle correlation between different PSFs depends
on the speckle position within an image. The coefficients used in the linear combination are calculated in an
optimization zone (“O—zone”), and the subtraction is applied to a smaller, subtraction zone (“S—zone”), so
that the presence of a planet has minimal influence on the calculated coefficients. We follow the geometric
implementation of the LOCI zones described in Lafreniére et al. (2007b), and we use the same geometric
parameters to describe the zone shapes (g, Na), where g describes the shape of the zone, Na describes the
number of resolution elements (speckle-equivalent areas) in the @—zone. A third parameter dr is used by
Lafreniére et al. (2007b) to describe the width of the S—zone. Even when exploring a vast (g, Na, and

Thttp://archive.stsci.edu/prepds/laplace/
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dr) parameter space, we were not able to detect all three planets in every image. As a consequence we
implemented a series of improvements to the initial algorithm:

e Zone geometry: we explored several variations of LOCI zone geometries, including the classical LOCI
geometry (Lafrenieére et al. 2007b), large annulus zones (Lafreniere et al. 2009), small S—zone of one
resolution element (Marois et al. 2010a). Our best results are obtained using a S— zone composed of
a single pixel. We therefore discard the third parameter dr, as our S—zone always consists of a single
pixel.

e Masking: the single-pixel S—zone is excluded from the O—zone to preserve better the signal from the
planet PSF. In addition, we also mask out a few pixels from the O—zone surrounding the S—zone.
With a masking zone comparable to a planet PSF size this insures that the signal from a possible
planet would not impact the correlation matrix and therefore this preserves throughput (Marois et al.
2010a).

e S— zone centering: in the original LOCI, the S—zone is situated at the inner-edge of the O—zone
(see Figure 1 in Lafreniere et al. (2007b)). We added a parameter to shift the radial position of the
S—zone within the O—zone so that the pixels surrounding both sides of the S—zone are included in
the optimization region.

e Selection of optimal reference images used for each O—zone: LOCI is more efficient when the number
of constraints (e.g. the number of PSF cores, Na, in the optimization zone) is equal to the number of
degrees of freedom (e.g. number of references that are linearly independent in the O— zone), (Marois
et al. 2010a; Pueyo et al. 2011). For each O—zone we introduce a parameter that optimizes the number
of references images as a function of their degree of correlation. If for example there is a background
source in one of the reference PSFs, this reference will be automatically rejected from the reference
stack for any O-zone that includes the stellar companion because of the poor correlation with the
target. Note that this same PSF might still be usable (and included in the reference stack) for O-zones
that do not encompass the stellar companion.

e Conditioning of the correlation matriz: First, prior to the LOCI-reduction, we apply a classical PSF
subtraction both to the target image and reference stack, i.e. we take a median through the aligned
reference cube, and then subtract this median image with the target and with each reference image.
Thus, we are able to subtract the truly static modes that are significant contributors to the poor
conditioning of the correlation matrix. In some cases, the correlation matrix is still poorly conditioned,
in which case we use matrix regularization.

In our study of the LOCI algorithm, we note that the most important parameter is the zone geometry.
This affects both self-subtraction and signal to noise ratio (SNR). For example, very large zones correspond
to little planet self-subtraction because the impact of the planet in the correlation matrix is diluted in the
large optimization region. Masking is also very important, as this greatly reduces planet self subtraction
since the majority of the planet PSF is excluded from the correlation matrix. However, if the mask is large
compared to the PSF size, it also affects the SNR because the speckles close to the planets are not included in
the correlation matrix, and therefore the algorithm does not subtract the PSF well in the immediate vicinity
of the planet. We find matrix conditioning becomes important when we use a large number of references for
a given O-zone. The regularization of the ill-conditioned correlation matrix can greatly affect the quality of
the subtraction result. Other parameters such as S-zone centering have a lesser impact on the results.
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Our approach involved several successive LOCI reductions. First, we used a classical LOCI implemen-
tation to identify b and c in some of the images, and a low-detection candidate for d in one roll. Then
we refined LOCI optimizations in small regions of interest around each planets using a single-pixel S—zone
LOCI with an exclusion zone surrounding the S—zone. We then successfully detected all three planets in
both rolls. We illustrate this process and show a final composite image in Figure 1 where the background
corresponds to one of the initial LOCI reductions, and where the regions inside the white circles correspond
to the more refined LOCI reductions around each planet position. In this paper we develop methods to
characterize the astrometry and prove that all of our detections are truly companions.

We also searched for planet e in the predicted region based on the 2010 discovery data (Marois et al.
2010b), and identified a possible candidate, but its position is not consistent in both orientations so it is
likely to be a residual speckle. Moreover, HR 8799e would be just outside the edge of the coronagraphic
mask where the NICMOS PSF has known glints (Schneider et al. 1998), which are due to the imperfections
in the coronagraphic hole. While these glints are in principle suppressed by LOCI, they add potential false
alarms in this region.

Compared to the results by Lafreni¢re et al. (2009) with the same data set, our more detailed LOCI
optimization brings improvement in contrast at short separations for planets ¢ and d, and we obtain a
comparable detection for b. In their images planet c is visible in one roll, and although d is not detected,
there are bright pixels at the right location. We therefore estimate the improvement in SNR by a factor
of ~ 2 in single LOCI reduced images since our single images of d have an SNR of the order of 4, to be
compared with the image by Lafreniére et al. (2009) using a single LOCI-reduction. Because our method
also includes the exploration of a very large LOCI parameter space, detectability is further improved by
combining the images as shown in Figure 1.

3.2. Astrometric characterization

The determination of the orbital motion requires relative astrometry measurements between the star
and the planets. Given the NIC2 pixel size of 76 mas, sub-pixel astrometric accuracy is needed to provide
significant constraints on the orbits. Such measurements are extremely difficult to make in the case of the
HR 8799 planets, since these objects are much fainter than speckles in the coronagraphic PSF. An aggressive
PSF subtraction is therefore required, which can potentially bias the astrometry. Moreover, the relatively
low SNR obtained even after subtraction (in particular for our detection of d) requires careful estimation of
error bars and potential biases in order to fit the orbits properly. In the following sections, we detail each
steps we followed for the astrometric characterization of the HR 8799 planets. These steps include measuring
the star astrometry, generating LOCI-reduced images, studying the astrometric statistics as a function of
signal to noise ratio (SNR), and in particular the agreement between both rolls, estimating our astrometric
biases and residual errors, and testing the possibility of false alarms.

3.2.1.  Star position

Because the star is occulted by the coronagraph, and since there is not a differential measurement that
would eliminate any systematic biases, its position has to be calculated independently from the planets.
This problem has been solved for the next generation of instruments, by creating satellite diffraction spots
(Sivaramakrishnan & Oppenheimer 2006; Marois et al. 2006b). For the star position measurement, we follow



Fig. 1.— Initial coronagraphic image of HR 8799 (top left), Classical PSF subtraction (top right) and final
processed images showing the three planets HR 8799b, ¢ and d in both rolls in the HST NICMOS data from
1998. The figure illustrates the process followed in this work: we first used LOCI over the entire image to
identify potential candidates for all three planets at lower detection levels. We then concentrated the work on
small regions around each planet (indicated by the white circles) to improve detection and astrometry, using
a pixel-wise LOCI reduction with an exclusion region optimized to avoid astrometric biases. The figure shows
a composite image with the preliminary LOCI in the background and with the more refined optimization
shown inside the white circles. We used the median of the best images in these small regions to improve
signal to noise in this image. See also Figure 5 for individual examples of the data. The improvement over
the classical PSF subtraction is an order of magnitude in contrast. All four images are displayed on the same
scale, hence the apparent saturation of the initial coronagraphic image
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the method described by Lafreniére et al. (2009) using a Tiny Tim Model of the NICMOS PSF (Hook &
Krist 1997) to cross-correlate the diffraction spikes. Assuming a coordinate system where zero is located a
the bottom left corner of the image we find (72.46, 211.46) and (72.46, 211.47) for each roll, which is within
0.1 pixel of the estimates by Schneider et al. (2010) (72.41, 211.56), and also in excellent agreement with
the measurement used by Lafreniére et al. (2009) (72.50, 211.42) (Private Communication). We therefore
estimate the error on the star position to have a standard deviation ¢ = 0.1 pixel.

3.2.2.  Post processing astrometric scatter

We first explored a vast parameter space for LOCI to find the algorithmic parameters yielding the best
detectability of each planet. In Figure 2 we show the evolution of the signal to noise ratio (SNR) for planet
b as a function of the two LOCI parameters g and Na (Lafreniére et al. 2007b), which control the geometry
of the optimization zone. The SNR does not exhibit a well-identified maximum for a unique set of LOCI
parameters. As a consequence we used a grid of LOCI parameters and generated 2,100 LOCI-reduced images
for each of the six HR 8799 images (total of 12,600 images) using a single-pixel S-zone LOCI with a 3 x 3
masking box centered on the S-zone, identified below as the least biased algorithm among the variations we
tested (see below). Our algorithm parameterization includes the two LOCI parameters g and Na (Lafreniére
et al. 2007b) that determine the LOCI zone geometry, a parameter to select the number of PSFs to include
in the reference for each O-zone, and a parameter for the radial position of the S-zone relative to the O-zone.

For each reduced image, we used matched filtering to measure the signal and the astrometry. This
approach is optimal in LOCI images where speckle noise has been sufficiently suppressed to leave residual
gaussian noise. This was verified by Lafreni¢re et al. (2009) who found that the residual noise in the
optimization region around the b planet closely follows a Gaussian distribution. We cross-calibrated various
match filter templates (from real data, Tiny Tim or direct simulation) with a perfect PSF of known position,
to avoid any biases from this measurement. Our best results are obtained with an adhoc PSF obtained with
a simulation for the matched filter, verified through the fake planet injection astrometric analysis (described
below in Section 3.2.4) to give the most accurate position of the planet PSF post LOCI reduction. Because
the astrometric position is not perfectly known, and because some sets of LOCI parameters produce low-
contrast images, it is possible that the matched filter settles on a speckle close to the true planet. We
eliminate these images if the match filter does not detect anything within a three-pixel diameter area around
the planet position estimate, considering that this is a very conservative estimation based on direct visual
analysis of the planet candidates. For any other images where the matched filter detects something within
this three-pixel diameter area, we consider a positive detection and record its SNR and astrometry. Here
we are only interested in astrometric characterization and not detection, so we define a local SNR, where
“local” means that we are only optimizing the PSF subtraction in a small region centered around the planet
(see the white circles in Figure 1). We therefore designed our SNR metric to only consider the noise in a
small annulus centered on the planet (the outer radius of this annulus is given approximately by the white
circles in Figure 1).

As the LOCI parameters vary we observe a scatter for the measured astrometric positions. This scatter
is due to a combination of two effects: the aggressive PSF subtraction can alter the shape of the planet PSFs,
and the residual speckles in the LOCI-reduced images, which depend in part on the algorithm parameters,
impact the match filter measurement. This astrometric scatter is illustrated in Figure 3, which shows the
histogram of the X and Y astrometric positions for all the positive “detections” in the sense defined above.
The scatter shown in Figure 3 spans over a 2 x 2 pixel region, but some of these measurements correspond to
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very low-SNR values. Therefore it is not possible to use this result directly to obtain an astrometric position
and error bar for each planet. Moreover, there is no guarantee that the scatter is not biased because of the
effect of the LOCI algorithm on the planet PSF shape, and of residual static speckles on the match filter
measurements.

Fig. 2.— SNR of planet b as a function of LOCI parameters g and Na that define the shape of the
optimization regions. Note that there are several ripples where the SNR is high. Instead of working with
a single high-SNR image and obtain the astrometry from it, we use the SNR as a criterion to select the
best images and obtain astrometry from many measurements on a large number of LOCI-reduced images.
Note that there are also other parameters used in the LOCI optimizations that also lead to SNR. variations
(position of the S-zone within the O-zone, number of PSF references used).

3.2.3.  Reducing the astrometric scatter to sub-pizel level

We reduce astrometric scatter by using the SNR derived from our local matched filter as a proxy to
study the statistical relevance of the astrometric estimates in a given image. For each planet, we select
an ensemble of LOCI-reduced images that have an SNR above a minimum SNR threshold value, and we
compute the mean and standard deviation of the astrometric position in this ensemble. Figure 4 shows how
both quantities evolve as a function of the SNR, threshold for both rolls. The measured astrometric positions
of the three planets overlap between both rolls within their error bars. Also, the mean of the astrometric
measurement in each roll tends to converge for high SNR values, and their scatter is reduced. While it is
tempting to derive astrometric estimates and error bars from the ensemble with the highest SNR, there is
a trade-off between the lack of statistics for the highest SNR values, and using lower SNR images in the
statistics. We thus select images with minimum SNR of 6.5 for b ( 2% best images), 5.0 for ¢ ( 0.3% best
images), and 4.5 for d ( 0.6% best images) to obtain the mean and standard deviation of the astrometric
positions, combining measurements from both rolls. Note that according to Figure 4, the astrometric result
does not depend strongly on the choice of the SNR threshold. In Figure 5 we show individual examples of
the LOCI-reduced images for each planet with SNR ranging evenly from the the minimum SNR threshold
to the maximum SNR for the series.
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Fig. 3.— 3-D histogram of the astrometric distribution for all detections of each planet in the best roll
exploring a large number of sets of LOCI parameters (2,100 LOCI-reduced images per HR 8799 image). The
X and Y axes correspond to the x and y measured positions of the planet in pixels in a 2 x 2 pixel region,
where the origin corresponds to the actual measured position of the real planet. Results are included in the
statistics if the matched filter detects a source within an area of three-pixel diameter centered on the planet
position estimate. These figures include all measurements made in the data without any selection criterion
based on SNR. Note the dispersion of the astrometric data. By exploring a large number of parameters for
LOCI we randomize some of the astrometric errors due to the algorithm itself and speckle noise and mitigate
the astrometric error we would obtain from a single LOCI-reduced image.

3.2.4. FEstimating astrometric positions and potential biases

The value of the mean astrometric position derived using the technique above can be potentially biased,
and we study the astrometric errors by carrying out the same method to a reference PSF with fake planets
injected at the same location and brightness as HR 8799. There are two possible sources of astrometric
errors and biases.

The first source is associated with the LOCI implementation. If the algorithm is too aggressive (e.g.
without using masking) LOCT subtracts part of the planet signal, therefore altering the planet PSF shape
and biasing the measurement of its position. Using a classical LOCI implementation without the masking
technique, we measured astrometric biases up to about 2/3 of a pixel (~ 50 mas). With the LOCI masking
technique introduced by Marois et al. (2010a), each subtraction region is excluded from the corresponding
optimization zone so that the S—zone pixels do not impact the correlation matrix. Therefore this technique
mitigates the astrometric biases caused by a partial subtraction of the planet PSF.

The second source of astrometric error is unavoidable and is due to residual speckles very close to
the planet position, which can bias the matched filter measurement (or any other astrometric method e.g.
gaussian fitting). Residual speckles depend upon the number of references images used, how well they are
correlated with the target image, and on the choice of LOCI parameters. Large exclusion zones limit the
LOCIT performance close to the planet by excluding the corresponding pixels from the correlation matrix.
This in turn yields increased speckle noise around the planet position, and associated astrometric errors.
Varying the LOCI parameters introduces some speckle diversity that randomizes the astrometric errors at
some level, but there are speckles that remain static even with different LOCI parameters. With large
exclusion zones (several resolution elements) we measured biases of the order of 1/2 pixel.

There is therefore a trade-off between the aggressiveness of the LOCI subtraction, and the amount of
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Fig. 4.— For each planet b, ¢ and d, we show the mean (thick lines) and standard deviation (shading on
both side) of the astrometric measurements in each roll ( roll 1 in blue with green shading, roll 2 in red
with gray shading) for LOCI subtracted images with SNR above a minimum SNR threshold (shown on
the x-axis). The standard deviation is obtained from the astrometric measurement of the LOCI-reduced
images of the six HR 8799 images (three in each roll). As the minimum SNR increases, fewer images are
included in the statistics. The maximum SNR threshold displayed in these plots corresponds to the SNR
for which there are 10 images with higher SNR than the threshold. As the SNR increases, the astrometric
agreement tends to improve from roll to roll. We use a minimum SNR of 6.5 for planet b, and 5.0 for planet
¢ and 4.5 for planet d to calculate the final astrometry by combining the measurements in both rolls for
these SNR threshold values. The discrepancies between both rolls are indicative of the residual astrometric
biases (speckle noise, star position, systematics) that cannot be calibrated. These effects are accounted for
by measuring the standard deviation of measurements made in both rolls. Note that we use a local SNR
where the noise is calculated in a small region around the planet since we are only interested in astrometric
characterization and not in detection.
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Fig. 5.— The figure shows a few examples of LOCI reduced data that are used in the statistics for the
astrometry in one roll. For each three planet b, ¢, and d (each row) we show five images corresponding to
different sets of LOCI parameters. These images are ordered by decreasing SNR from left to right. The left
images correspond to the single image with highest measured SNR, and the right ones to the images with
lowest SNR used in the statistics. These five images span evenly the range of 293 images for b (2% of the
best images in roll 1), 23 images for ¢ (0.3% of the best images in roll 2) and 66 images for d (0.6% of the
best images in roll 2). Our astrometric measurements are obtained using matched filtering on all of these
images. We claim a minimum SNR of 6.5 for planet b, 5.0 for planet ¢, and 4.5 for planet d. In this paper,
we are concerned mostly with the astrometry of these planets, and thus the SNR is measured in a region
very local to the planet position. If we were to measure the SNR globally for each planet, we would have
lower values of SNR for each planet. The inserts in Figure 1 inside the white circles correspond to a median
of these series of best images. Also, note how varying LOCI parameters help randomize the shape of the
planet and the speckle noise properties around it.
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residual speckle noise close to the planet. After testing many LOCI implementations with various zone
geometries (with and without masking) and exclusion zone sizes, we selected a LOCI implementation that
produces low overall astrometric bias for this data set, while enabling excellent PSF subtraction. The
NICMOS PSF at F160W wavelengths has a FWHM of ~ 2 pixels, thus we selected a single-pixel S—zone
LOCI with a 3 x 3 exclusion region around each S—zone. This ensures that most of the core of a potential
planet PSF is not included in the correlation matrix (low astrometric bias), while speckles very close to the
planet core are (aggressive subtraction, and lower residual speckle noise). This result may vary for other
datasets, in particular for different detector samplings. In addition, this LOCI implementation was the
only one we found that was capable of detecting all three planets successfully in both rolls with roll to roll
agreement consistent with the error bars.

We performed our quantitative study of astrometric errors and biases by injecting fake planets in two
PSFs from the LAPL archive (Schneider et al. 2010) with very similar stellar properties and same exposure
time as HR 8799. For the fake planets brightness we used photometric values based on their H-band and
F160W photometry from (Marois et al. 2008; Lafreniére et al. 2009). Our fake planets are slightly fainter
(~ x1.5) than the real ones, which makes our estimations more conservative.

Our choice of using two PSF's is designed to test whether some of these astrometric errors are consistent
for different PSFs and thus whether they can be calibrated. We verified that there is no ideal set of LOCI
parameters that provides unbiased astrometry at the sub-pixel level for all three planet positions. For each
PSF and each astrometric position (b, ¢ and d), we injected fake planets on a uniform 7 x 7 grid spanning
the size of a full pixel centered on each measured planet position. We therefore generated 49 fake planetary
systems in two different orientations to simulate each roll (total of 98 fake planetary systems). We then
applied the same methodology as for the real HR 8799 data, albeit using a sparser parameter space with
~ 500 LOCT parameters for each fake planetary system (as opposed to 2,100), generating of the order of
100,000 LOCI reduced images, and then studying the astrometric errors and measurement biases for each
fake planet position. This process is illustrated in Figure 6.

In our study, we find that the astrometric biases vary with the position of the planet in the star PSF.
This is most apparent when the planet PSF is located on the diffraction spikes of the star PSF. Typically we
find low biases on planet positions not located on the diffraction spikes, and higher bias for those that land on
the diffraction spikes (Table 1). Furthermore, we find the biases are not sufficiently consistent from PSF to
PSF, and thus these results cannot be used to calibrate the actual HR 8799 reduced images. Planet d in the
roll 1 position and planet ¢ in the roll 2 position are located on the diffraction spikes of the star PSF (Figure
6), which produces astrometric biases on the order of 25-40 mas. For all other positions we find that we
have typical astrometric biases on the order of 0 — 15 mas (< 0.2 pixel), which remain small compared to the
error bars (18 mas for b, 22 mas for ¢, and 29 mas for d, see Table 1 for complete quantitative analysis). In
these final astrometric results we do not include the statistics from planet d in the roll 1 position and planet
¢ in the roll 2 position, to avoid the biases observed in simulations due to the presence of the diffraction
spikes. Nevertheless, in the real HR 8799 data, we find a good agreement between both rolls for the mean
astrometric measurements for all three planets (see Figure 4), an indication of the likely low bias of our
astrometric measurements.

We provide an example of the astrometry error statistics performed on one PSF for the separation and
position angle of planet d in roll 1 and roll 2 in Figure 7. Each histogram in the 3D plot corresponds to
the error on the separation and position angle for each of the 49 fake planets injected on the 7 x 7 sub-pixel
grid. The position angle biases are small in both rolls (-0.15 and 0.17 pixels), but there is a large bias on
the angular position in Roll 1 (0.47 pixel) compared to the low bias in roll 2 (0.04 pixel). We indentified
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Fig. 6.— Study of astrometric errors as a function of LOCI parameters. We generate fake planetary systems
by injecting fake planets on a 7x 7 grid, centered on the measured position of the real planets (left). Note the
position of planet ¢ in the roll 2 position and planet d in the roll 1 position, located on the diffraction spikes
of the star PSF (the locations where we measure the largest bias; see Table 1). For each position on the
7 x 7 grid, we explore a LOCI parameter space of ~ 500 parameters, thus generating on the order of 100,000
LOCI reduced images for this study, ~ 50,000 for each star PSF (2 rolls). For each planet and each LOCI
parameter, we measure the error between the true position and the measured position. The 4-D plot (right)
studies the astrometric errors for each LOCI parameter tested. Each bubble corresponds to a set of LOCI
parameters (only 3 parameters of our algorithm are displayed here: the g and Na geometric parameters
from Lafreniere et al. (2007b), and a criterion (labelled “crit” in the figure) used to select the number of
reference frames to be included in each optimization zone). The fourth dimension (bubble diameter), is
proportional to the number of fake planet positions (between 1 and 49) for which the astrometric error is
smaller than 0.1 pixels for planet b in the roll-2 position. Note that the top right corner of this parameter
space typically leads to better astrometry for this radial seperation and position angle in this PSF. Although
the general behavior is consistent with another PSF at the same radial separation and position angle, there
is no ideal value of the parameter space that guarantees the best astrometry across all positions of the PSF,
and therefore we use the statistics to define the planet astrometric measurements instead of relying on a
single image. Furthermore, when comparing the two PSFs tested for astrometric biases, we find that not all
positions from PSF to PSF have consistent astrometric biases for similar parameters.
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this large bias in Roll 1 to come from the location of planet d on the diffraction spike of the star PSF (see
Figure 6).

Fig. 7.— Planet D Radial Seperation and Position Angle for Both Roll Orientations. See Table 1 for the
measurement of the biases from these statistics. For each roll orientation we show two 3D plots. Each plot
contains 49 histograms of the astrometric errors for the radial seperation/position angle of d-planet. The
X-axis gives the measure of the error from the true position. The Y-axis, with range 1-49, corresponds to
one of the 49 tested positions for astrometric bias in the 7 x 7 grid, spanning the area of one pixel (see Figure
6). Note the larger bias for the position angle of planet d in Roll 1, due to the location of the planet PSF
on the diffraction spike of the star PSF. We note for the other PSF tested, the bias for planet d at the roll 1
position is large in the ortho-radial direction (1), thus these biases are not consistent from PSF to PSF and
cannot be calibrated. We do not include these positions in the final astrometry. Other positions show low
bias (0-15 mas) compared to the error bars.

Since the potential astrometric biases cannot be calibrated, and we find we have very low biases outside
of the diffraction spiders of the star PSF, our strategy is to use only the measurements obtained where the
position of the planet PSF does not fall on the diffraction spikes of the star PSF, even though we have excellent
astrometric agreement from roll to roll for all planets. Thus, for the final astrometric numbers, we use the
measurements for planet b in both orientations, planet ¢ in roll 1, and planet d in roll 2. To be conservative,
we define the astrometric error bar by combining the overall scatter of astrometric measurements made from
both roll orientations, and use the largest error between the separation and position angle, and force the
error of the position angle and separation to be equal to the larger of the two measurements. Ideally, the
best approach to minimize astrometric biases would be to use a large number of roll orientations in order
to average possible biases over several positions (e.g. as it can be done using ADI on the ground). The
uncertainty on the absolute north orientation for NICMOS is of the order of 0.1 deg. We corrected for the
rectangular geometry of the pixels when projected on the sky, and higher distortion terms are of the order of
1 mas and therefore not significant compared to the other errors. Also, in order to account for uncalibrated
systematic errors on the absolute North orientation between telescopes, we add a one-sigma error of 0.5
degree to our data for the orbit fitting (shown in a separate column in Table 2).

3.2.5.  Studying false alarm probability for planet d

Although the detection of planets b and ¢ have a high significance, the detection of planet d is of low-
significance in individual LOCI-reduced images (Figure 5). However d has the shortest period and has the
most orbital motion, thus it is most interesting scientifically. We therefore studied in detail the case of d to
eliminate the possibility of a false alarm, and used three independent tests: astrometric analysis of bright
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Table 1: Measured astrometric biases based on fake planets simulations

Planet Roll 1 sep (mas) Roll 1 az (mas) Roll 2 sep (mas)

Roll 2 az (mas)

HR 8799b 13 -10 709 7113 15
HR 8799¢ 5| -16 11 10 14 | 25 16 | 4
HR 8799d 12 || -43 36 || 4 13 | -16 3 10
Note. — This tables shows the measured astrometric biases using fake planets injected in two different PSFs chosen from

the reference library that match the HR 8799 PSF's closely. These results are based on ~100,000 LOCI simulated images. The
injected planets were ~ 1.5 times fainter than the real planets, which reduces SNR and leads to a very conservative estimation of
the biases. For each roll, the table gives the bias for each PSF. The biases are not fully consistent between PSF's, and therefore
we do not attempt calibration. The large biases (identified in bold) correspond to positions of planet ¢ and d on top of the
diffraction spikes (6). Because of the potential biases at these locations we do not include the corresponding measurements in

the final astrometry.

Table 2: Astrometric measurements.

Reference Planet sep (mas) PA (deg) o(mas) SNR fraction
Lafreniére et al. 2009 HR 8799b 1721 +12 55.1 + 0.4 (13mas) n/a n/a n/a
This work HR 8799b 1738 +£18 54.7+ 0.4 (13mas) 23 6.5 2%
This work HR 8799c 966 £22 300+ 0.8 (13mas) 24 5.0 0.3%
This work HR 8799d 549 +28 166 £ 3.0 (29mas) 30 4.5 0.6%
Note. — Astrometric measurements (separation and position angle from North) for all three planets with comparison with

Lafreniére et al. (2009). Measurements for b includes both rolls, while only Roll 1 for ¢ and only Roll 2 for d because of the
presence of the diffraction spikes. The column o gives the overall error used in the orbit fitting, adding a 0.5 degree, one-o error
to account for absolute North calibration difference and other systematics between observatories. The SNR value corresponds
to the minimum SNR threshold to include images in the statistics, and the last column provides the corresponding fraction of

the total images that are included in the statistics with SNR greater than the SNR threshold.
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speckles in the immediate vicinity of d, estimation of the probability of false alarm, and photometry.

The first test is to select the five brightest speckles that appear in the vicinity of d (Figure 8) in many
of the LOCI-reduced images and consider them as planet d candidates. Starting from the position estimates
for these five planet/speckle candidates, we analyze the statistics of the astrometry in a three-pixel diameter
area centered around the estimated position as a function of SNR threshold, exactly as we did for the real
planets. All five candidates are very conservatively rejected. Four of them are only detected in a single
roll with a minimum SNR threshold of 3. In one instance the candidate is detected in both rolls but the
two measured positions are not consistent with the error bars (Figure 9), which indicates that it must be a
speckle. We note that for Figure 9 and Figure 4, the error bars show the true spread of measured astrometric
positions (i.e. one sigma). This means that for the rejected candidate, there were no LOCI images within
one sigma for which the astrometry matched in both rolls among the 6,300 tested images.

Fig. 8.— Example of a LOCI-reduced image showing planet d at the center, and some residual speckles.
We select the five most prominent speckles in the immediate vicinity of d, which appear in a large number
of LOCI-reduced image. By applying the same characterization method to these planet/speckle candidates,
we verify that these candidates can be safely rejected, as they are either detected in as single roll (with a
minimum SNR threshold of 3), or in one instance (red circle) the speckle detected in both rolls but with
positions incompatible with error bars (see Figure 9). Note that this particular speckle also appears in Figure
1, directly above the planet d in roll 2.

The second test is to estimate the probability of false alarm, which we define as the probability to
detect two speckles in both rolls at the correct rotation angle, and within the astrometric error bars. For
that we defined 96 pairs of pixels positions separated by 29.9 degrees between both rolls, as illustrated in
Figure 10. For each of these pairs of positions, we apply the complete astrometric analysis for all the 12,600
images. Note that the pixel positions avoid the position of ¢ and d planet and the empty area corresponds
to the region where we searched for planet e. For five pairs of pixel positions a speckle is detected in both
rolls at an SNR level higher than 3. However, in two cases the astrometric measurements are not consistent
between each roll and thus we have a total of three qualifying false alarms, which yields an estimate for the
probability of false alarm of ~ 3%. This number is conservative in that for real planets we also observe an
improvement of the astrometry with increasing SNR, whereas in these three false alarm cases we observe
little to no convergence or improvement as the SNR increases.

The third test is to study the photometry of the detected planets b, c and d. First we calibrated the effect
of LOCI on the photometry for each planet (even with masking, LOCI will tend to subtract some fraction of
the planet PSF [see section 3.2.4]). We injected fake planets in the reference PSF from the library at the true
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Fig. 9.— Astrometric study for one of the five planet/speckle candidates identified in Figure 8 showing
that this candidate can be safely rejected. As the SNR increases, the measured astrometry from roll to roll
does not converge as it does for measured astrometry for the real planet d, and it is not consistent between
the two rolls given the error bars. Furthermore, the study we perform on astrometric biases using fake
planet injections show that the potential error in measurement is significantly smaller than this roll to roll
discrepancy. We note that the other four speckles studied in Figure 8 were only detected in a single roll.
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Fig. 10.— The 96 positions studied for estimating the false alarm probability. Each pixel position in the
figure to the right ( HR 8799 at first orientation) has a corresponding position in the figure to left ( HR 8799
second orientation), rotated 29.9 degrees about the star center. We note again that in the entire reduced
data set for HR 8799 has 12,600 reduced LOCI images; because we use a single-pixel LOCI method, we
do not reduce the entire 80x80 image because of how expensive it is computationally and instead focus on
regions around the planet (Figure 1). Thus, we select positions to test for the false alarm probability based
on radial separation and the amount of reduced image space available. The two small circles in each image
show the positions of planets ¢ and d, and the small empty region below planet d is where we looked for the
undetected planet e. The large circle in the center shows the location of the coronagraphic hole. We exclude
these regions for the false alarm analysis.

planet position in both rolls, and measured the post-LOCI photometry using the best 50 parameter sets for
each planet and computed the LOCI equivalent throughput as a function of planet brightness. We generated
a calibration curve between true photometry and post-LOCI measured photometry. Finally we measured
the planet photometry in the HR 8799 system for the best 50 images for each planet, and estimated the true
photometry as the mean of these measurements and the photometric error from their standard deviation.
The results are presented in Table 3.

The photometry for HR 8799b agrees with the results from Lafreniére et al. (2009) (18.54 + 0.12).
Assuming identical colors F160W-H for all three planets, we extrapolate the photometry for planet ¢ and d
from the H-band photometry from Marois et al. (2008), and find that planet ¢ ought to be ~17.6 mag and

Table 3: Photometric measurements.
Planet Count Rate (DN s~1) Vega Magnitude
Roll 1 Roll 2 Roll 1 Roll 2 Mean
HR 8799b  24.16 £ 2.54 15.53+£242 18.36£0.11 18.85+0.17 18.61+0.14
HR 8799¢  53.99 £+ 8.29 28.66 £2.80 17.50+0.18 18.18 +0.11 17.84+0.14
HR 8799d 71.18 £34.78 63.23+16.54 17.30+0.50 17.35+0.31 17.33+0.40

Note. — F160W Photometry of the three planets in the HST data. For Comparison the photometry obtained by Lafreniere
et al. (2009) for HR 8799b is 18.54 + 0.12, which is consistent with our measurement.
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d should be ~17.5 mag. These values are in excellent agreement with the photometry we present in Table 3
apart from the value for planet ¢ in Roll 2, where the planet falls close to the diffraction spikes resulting in
an over subtraction of the planet PSF. The consistency of the photometry for planet d between both rolls
and with the expected value based on the H-band photometry reinforces the confidence level in the detection
of the true planet.

4. Orbits and analysis

Several dynamical studies of this planetary system based on a three-planet system have shown that stable
solutions for this system are limited to small regions of the phase space involving mean motion resonances
(MMR) that stabilize the orbits over time scales comparable to the age of the star. Apart from these few
islands of stability the system appears chaotic over timescales shorter than the age of the system. The
most important resonance for the system’s stability is 1d:2c, with also the possibility of a double resonance
1d:2c¢:4b. Other solutions have been identified based on the initial astrometric data published by Marois et al.
(2008) involving a 1d:1c solution where both planets have similar eccentricities (Gozdziewski & Migaszewski
2009). With the recent discovery of the fourth planet (Marois et al. 2010b) and then confirmed by dynamical
studies will certainly have to be revisited, but we assume that stable solutions with four planets are a subset
of the stable solutions for three planets. Several publications (Reidemeister et al. 2009; Lafreniere et al. 2009;
Moro-Martin et al. 2010; Wright et al. 2011) suggest a moderate inclination for the system (13 — 40deg),
from considerations on stellar rotational velocity, disk inclination, and stability. Based on the dynamics for a
face-on coplanar system Marshall et al. (2010) find that systems with moderate eccentricities (e ~ 0.08 —0.2)
are disrupted over short time scales (10* —10° yr). With a fourth planet very close to d (Marois et al. 2010b)
it is likely that this will push the constraints to lower eccentricities for d.

We combine our astrometric measurements for the three planets b, ¢ and d using the 1998 HST data
with the previous astrometric measurements for these planets in 2002 ( Table 1 in Fukagawa et al. (2009)),
2004, 2007 and 2008 ( Table 1 in Marois et al. (2008)), 2007 ( Table 1 in Metchev et al. (2009)), and 2008,
2009 ( Table 2 in Currie et al. (2011a)) to study the possible orbits and discuss stability based on previous
dynamical studies for this system (Gozdziewski & Migaszewski 2009; Reidemeister et al. 2009; Fabrycky &
Murray-Clay 2010; Marshall et al. 2010; Marois et al. 2010b). The results presented in the following section
use all of these astrometric data. We note that our orbit-fitting results are a strong function of which data is
included, and furthermore are highly dependent upon the error bars given for these astrometric data points.
We find large variations in the orbit-fitting results when removing different sets of data points; this can
indicate the presence of uncalibrated systematic errors in the published estimates, in particular that could
be due to absolute North calibration errors between different telescopes. For this reason, we apply more
conservative rejection levels to the orbit-fitting solutions than customary.

We implemented the method described by Catanzarite (2010) to fit Keplerian orbits to these data and
explored orbit fitting for each planet independently first, and then under the hypothesis of MMRs. MMRs
add very strong constraints to the orbits fit because all planet periods and semi-major axes are no longer free
parameters. A single period and semi-major axis are fitted for one of the planets in resonance. The other
periods are directly obtained from the resonance definition, and the other semi-major axes from Kepler’s third
law since the mass of the star is unique. In this case, the fitting method by Catanzarite (2010) needs to be
modified. The mass of the star can either be considered as a known quantity in the fit of 1.47+0.3 Mg (Gray
& Kaye 1999), or as as free parameter to obtain a dynamical mass measurement under the hypothesis of the
MMR. We also use a weighted least-square method to account for different error bars between observations.
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Although MMRs do not require exact integer period ratios for the osculating orbits, this is a reasonable
approximation given our astrometric uncertainties and limited time baseline, and we first consider the case
of exact integer period ratios between the planets. The goal of this study is to check whether the stable
solutions identified by previous dynamical studies with three planets are still compatible with the HST data
points, within error bars. In particular, we do not prove that our best-fit solutions are stable. Since there
are now four known planets around HR 8799, new dynamical studies will be necessary to investigate the full
set of stable solutions that are compatible with the ensemble of astrometric data.

For b and c¢ planets, the orbital motion over the ~ 10 years baseline is not sufficient to place any
constrain on inclination or eccentricity based on independent orbit fitting for each planet. For planet d,
however, the fit strongly favors an eccentric and/or inclined orbit. Indeed, a face-on circular orbit for d
is unlikely, with x? = 21.8 with 11 degrees of freedom (p-value=0.03). The best fit for a face-on orbit is
obtained for a high eccentricity (eg = 0.63), with x? = 8.76 and 10 degrees of freedom (p-value=0.56). The
best fit for a circular orbit (searching between 0-90 degree inclination) is obtained with a high inclination of
48.1 degrees, with x? = 8.75 and 11 degrees of freedom (p-value=0.64). We show these two extreme cases
solutions for a face-on system (with and without eccentricity) in Figure 11. Bergfors et al. (2011) performed a
similar study of the eccentricity and inclination of planet d using previously published astrometric data, with
approximately 2-year baseline. We note that our results for the eccentricity and inclination of planet d are in
good agreement with their results. Furthermore with a 10-year baseline, we strengthen their conclusion that
planet d must either be slightly eccentric or inclined. For a face-on circular orbit they find the inclination to
be greater than 43 degrees within a 99.73% confidence limit, with a best fit of 63 degrees (compared to our
48.1 degrees). For a face-on eccentric orbit, they find planet d must have eccentricity > 0.4 within a 99.73%
confidence limit, with a best fit eccentricity of ~ 0.7, compared to our eccentricity e = 0.63 in the face-on
configuration.
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Fig. 11.— Top: Orbit fit for planet d in the case of a face-on system with or without eccentricity. We
marginally reject the case of a face-on circular orbit for planet d (x? = 21.8 with corresponding p-value
of 0.03). Based solely on planet d astrometry, the x? values favor eccentricity and/or inclination, which is
consistent with predictions purely based on dynamical constraints.

We studied three possible MMRs discussed in the literature: 1d:2c, 1d:2c:4b, and 1d:1c using a combined
x? for the three planets orbits. All dynamical studies with three planets agreed that the 1d:2c resonance
plays a major role in stabilizing this system, with the possibility of a double resonance 1d:2c:4b as well. We
also investigate the constraints our new data points place on 1d:1c, which seems more unlikely given the
eccentricities required (~ 0.25) and the close proximity with the recently discovered planet e.

We limit our study to the case of co-planar systems and explore a range of inclination from 0 to 60
degrees to cover a larger range of values than discussed in the literature. For 1d:2c and 1d:2c:4b we assume
circular orbits for b and ¢, and only explore eccentricity for d. For 1d:1c we assume both eccentricities to
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be equal for simplicity. We find that the temporal baseline is not large enough to properly constrain stellar
mass when assuming the 1d:1c and 1d:2c resonances. We then use the published stellar mass of 1.47 M,
(Gray & Kaye 1999). When assuming the 1d:2c:4b resonance it is possible to fit a dynamical mass and the
best fit corresponds to star mass of 1.56 Mg, which is consistent with the errors bars from Gray & Kaye
(1999).

We provide p-value maps in Figures 12, 13, and 14 for the range of inclinations and eccentricities
discussed above for 1d:1c, 1d:2¢, and 1d:2c:4b MMRs. Assuming a known star mass (i.e. not fitting the
star mass), we have 27 degrees of freedom for 1d:1c and 28 for 1d:2c, and 50 degrees of freedom for 1d:2c:4b,
which we also verified using Monte-Carlo simulations to construct the empirical x? distributions for each of
the cases we tested.
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Fig. 12.— P-values from the chi-square distribution of the fitted orbits in the case of the 1d:1c main mean
motion resonance that correspond to stable solutions. We assume identical eccentricity for ¢ and d. The
vast majority of this paramter space is completely rejected, and the best fit region has a p-value of ~ 0.03.
We note the stable solution by Gozdziewski & Migaszewski (2009) for 1d:1c has a p-value of 0.03.

The p-value map for 1d:1c (Figure 12) shows that most of the parameter space for eccentricity and
inclination is completely rejected (i.e. the white region, which corresponds to p-values lower than 0.001)
assuming both planets have equal eccentricities for simplicity. Less parameter space would probably be ruled
out if we removed this assumption, but this would add another dimension to the problem. The best fit stable
solution identified by GoZdziewski & Migaszewski (2009) for the 1d:1¢ MMR, does not have exactly identical
eccentricities for both planets. We tested the fit for this particular configuration with eccentricities 0.267 for
d, and 0.248 for ¢, and with an inclination of 11.4 deg. For this specific solution we find y? = 42 with 27
degrees of freedom. This corresponds to a p-value of 0.03 and therefore this MMR solution is unlikely. The
best fit region for the 1d:1c resonance assuming identical eccentricities for simplicity also has a p-value of
~ 0.03. Now that a fourth planet has been discovered this solution seems more unlikely to be stable because
of the close proximity with e and because of the eccentricities involved with ¢ and d. Dynamical studies and
more astrometric measurements will be needed to confirm this conclusion.
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Fig. 13.— P-values from the chi-square distribution of the fitted orbits in the case of the 1d:2c main
mean motion resonance that correspond to stable solutions. We note that most of the parameter space is
compatible, with the exception of higher inclinations (i > 49 degrees). We also note the rejection of a face-on
circular solution for this configuration, and highly eccentric d in face-on system.

For the 1d:2c (Figure 13) resonance we can rule out the case of a circular face-on coplanar system
(p-value ~ 0), as well as systems with inclinations greater than 40 to 50 deg depending on the eccentricity of
d. This calculation assumes that the periods follow exact integer ratios (strict 1:2 resonance), i.e. that the
semi-major axes a./aq are in a perfect ratio as well (P./P;)?/3 = 22/3 according to Kepler’s law. Under this
assumption of a strict 1d:2c resonance we need to invoke eccentricity for d and/or inclination of the system.
We note that our best fit region for this parameter space has a p-value of ~ 0.7.

The p-value map for 1d:2c:4b (Figure 14) places much stronger constraints on the possible solutions
that are compatible with the data, since the period and semi major axes for all three planets depend on two
parameters only (one period and the star mass suffice to determine the tree semi-major axes, assuming a
strict resonance). Imposing stric ratios between the semi-major axes is a very strong constraint because it is
equivalent to setting the projected separation into a specific geometry. Assuming a star mass of 1.47 Mg, we
obtained a well-identified best-fit solution with inclination and eccentricity ¢ = 28.0 deg and eq = 0.115. At
a very conservative 0.1% p-value rejection level there are no solutions for the 1d:2c:4b resonance compatible
with the data for eccentricity eq > 0.46, and for inclinations ¢ < 27.3 and 7 > 33.9 (see Figure 14). The
particular case of a face-on system with all circular orbits is strongly rejected with a p-value ~ 0 (x? ~ 7000)
under this 1d:2c:4b hypothesis.

With a star mass of 1.4740.30 M, the corresponding p-value for the best fit solution is 0.23 for 1d:2c:4b.
If the mass of the star is also included in the fit parameters, we find a marginally higher p-value of 0.26
for a star mass of 1.56 Mg (compatible with the error bars on the mass), with eccentricity eq = 0.100 and
inclination ¢ = 28.0 deg. It is interesting to note that our best-fit eccentricity for d is very close to the
1d:2c:4b best fit solution by GoZdziewski & Migaszewski (2009). We show the corresponding orbits for this
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Fig. 14.— P-values from the chi-square distribution of the fitted orbits in the case of the 1d:2c:4b main
mean motion resonance that correspond to stable solutions for a star mass of 1.47 M. We assume circular
orbits except for d. For 1d:2c:4b the stable solution identified by Gozdziewski & Migaszewski (2009) based
on the discovery data (Marois et al. 2008) has very similar eccentricity to our best fit solution (e4 = 0.115,
marked by the red cross), and remains compatible with the new data set, albeit for a larger inclination. The
red cross marks the best solution we find when we fit for the star mass (best fit corresponds to star mass of
1.56 Mg, [see Figure 15])
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solution in Figure 15, and we summarize the orbital parameters for these two solutions in Table 4.

Since we have not integrated these orbit solutions over the lifetime of the system, we have not tested if
our best fit solutions are dynamically stable. Instead our approach verifies that the stable 1d:2c:4b solution
identified by Gozdziewski & Migaszewski (2009) with 0.075 eccentricity for d, very low eccentricities for b
and ¢ (0.008 and 0.012) and a star mass of 1.455 M remains compatible with the data (p-value= 0.18), if
we assume our best fit inclination of 28.0 deg. Because of short-term perturbations in orbital motions due
to planet-planet interactions, the periods of the osculating orbits may not follow exact integer ratios and
present librations around the exact resonance values. We used a Monte-Carlo simulation to test the impact
of small departures from a strict resonance. In Figure 16 we show the histogram of the p-values of the orbit
fit for 20,000 realizations where the periods of each planet were randomized around our best fit solution
by an amount corresponding to 2% of the period of planet d, assuming a coplanar system with inclination
i = 28.0 deg, circular orbits for b and c¢ and eccentricity for d e; = 0.1. This shows that our conclusion
remains compatible with the data even in the presence of non-exact integer period ratios for the osculating
orbits. A complete dynamical study will remain necessary to conclude on the stability of this resonance,
for example following the method described by Fabrycky & Murray-Clay (2010) for the three-planet system
before the discovery of the fourth planet.

5. Conclusion

In this paper we studied the HST NICMOS coronagraph archival data set of HR 8799 from 1998,
using the LOCI PSF subtraction algorithm. We improved previous results by Lafreniere et al. (2009) by
optimizing the LOCT algorithm and detecting three planets (b, ¢ and d) in these data. The fourth planet
was not detected in this data set. Our LOCI reduction takes advantage of the quality improvements of the
LAPL PSF library (Schneider et al. 2010), which includes better darks, flats, and bad pixels calibration in
addition to a large number of reference PSFs (we use 466 references PSFs to reduce the HR 8799 data).

LOCIT enables extremely efficient PSF subtraction: the detection sensitivity we obtain is improved by
one order of magnitude compared to a classical PSF subtraction (roll-deconvolution) with this data set. The
LOCI subtraction can therefore slightly affect the planet PSF shape, which can in turn generate sub-pixel
astrometric errors. Some LOCI implementations tend to significantly modify the throughput and shape of
the PSF and introduce astrometric biases up to 2/3 of a pixel (~ 50 mas), as measured using artificial planets
injected in one of the reference PSFs. In order to overcome this potential problem, we studied a number
of variants of the LOCI algorithm to determine the least biased configuration using fake injected planets in
multiple reference PSFs. The best solution we found for this dataset uses the masking technique introduced
by (Marois et al. 2010a) for a single pixel LOCI method, with an exclusion zone equivalent in size to a planet
PSF size, which is excluded from each optimization region in the algorithm.

The second cause of astrometric errors is due to residual speckle noise, which also affects the astrometry
at the sub-pixel level. To overcome this second problem we developed a method for astrometric measurements
on LOCI reduced images. We vary the algorithm parameters to introduce some speckle diversity in the final
images by generating a large number of LOCI-reduced images (12,600). For each LOCI-reduced image,
we use matched-filtering to determine the planets position and SNR. We then studied the statistics of the
astrometry as a function of SNR, and used simulations with fake planets. Since we do not find a single set of
LOCI parameters that provides the highest SNR everywhere in the image, our approach to explore a large
parameter space guarantees good images for each position of interest. This approach also provides a large
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Fig. 15.— Orbit fits for planets b, ¢, and d based on the the best fit solution for the 1d:2c¢:4b mean motion
resonance, assuming a coplanar system with circular orbit for b and ¢, and eccentric orbit for d. The p-value

of the overall solution is 0.26 and the star mass is 1.56 Mg
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Table 4: Summary of the best fit solutions for MMR, 1b:2c:4b

Star mass (Mg) Planet Period (yr) inclination (deg) w eccentricity € sma (AU) p-value TO
1.47 d 115.9 28.0 75.28 0.115 35.9 27.0 0.23 2005.3
1.47 c 231.7 28.0 NA 0.0 35.9 42.9 0.23 1997.5
1.47 b 463.3 28.0 NA 0.0 35.9 68.1 0.23 2043.1
1.56 d 1124 28.0 80.2 0.1 35.5 27.0 0.26 2003.7
1.56 ¢ 224.9 28.0 NA 0.0 35.5 42.9 0.26 1936.7
1.56 b 449.7 28.0 NA 0.0 35.5 68.0 0.26 2047.1

Note. — This table summarizes the main orbital parameters for the best fit solutions assuming a 1d:2c:4b resonance with a

mass of 1.4740.30 Mg (Gray & Kaye 1999), or 1.56 M (our best-fit dynamical mass under this resonance assumption).
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Fig. 16.— Histogram of p-values for ~ 20000 realizations where we vary the the periods of planets b, ¢, and
d around the values for our best fit solution for the 1d:2c:4b resonance, and assuming a uniform spread for
the periods of 2% of the period of d planet. This shows that although our fit assumed exact integer ratios,
our conclusions remain compatible with the data if we consider small departures from the exact integer

period ratios for the osculating orbits, as it can be expected in a MMR configuration.
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number of astrometric measurements, and therefore enable the determination of statistically significant error
bars and the evaluation of potential biases using Monte-Carlo simulations.

Because the detection of d in these HST data is very challenging, we studied the possibility of a false
alarm in great detail. We conservatively estimate the probability of false alarm to be of the order of 3%,
which stems from the joint false-positive detections in both rolls purely based on astrometric agreement. In
addition, our detection is strengthened because the photometry of our detected d planet is consistent between
both rolls. We also rejected the possibility that one of the five brightest speckles in the same vicinity may
in fact be the real planet d.

We derive astrometric positions for b, ¢ and d for this epoch, and find that our measurement for b is
consistent with prior results by Lafreniere et al. (2009). We then fit Keplerian orbits for each planet using
all available published data for b,c and d. In light of recent dynamical studies for this system (Gozdziewski
& Migaszewski 2009; Reidemeister et al. 2009; Fabrycky & Murray-Clay 2010; Marshall et al. 2010; Marois
et al. 2010b), we select a few interesting cases of stable configurations and study their compatibility with
the additional data points from HST, which provide a ten year baseline with the discovery image from 2008.

For the individual orbits of planets b and ¢ the data does not place strong constraints on possible orbits,
except that we can marginally reject a face-on circular orbit for planet d. Our data for planet d favors
either a face-on system with high eccentricity, a highly inclined circular orbit, or an inclined and moderately
eccentric orbit. These results are consistent with (Bergfors et al. 2011). A high eccentricity will likely be
ruled out with the addition of the fourth planet by future dynamical studies.

In the case of mean motion resonances, we are able to place strong constraints on possible orbits
compatible with the data. Following Marois et al. (2010b) we assume that the stability of the four-planet
system will likely be a subset of the stable solutions with three planets. Even with three planets, all
dynamical studies have shown that the stability of the system is limited to a few mean motion resonances,
mainly dominated by the interaction between ¢ and d.

The stable solution involving a 1d:1c resonance from Gozdziewski & Migaszewski (2009) is unlikely with
the addition of the HST data. In any case, it is likely that the presence of a fourth planet will make this
configuration unstable given the significant eccentricity involved and the close proximity for c, d, and e.

For the 1d:2c MMR, we can rule out the possibility of a system with high inclination and also a circular
coplanar face-on system. The rest of the parameter space remains mostly compatible with the data.

We find that the stable solution for the double resonance 1d:2c:4b identified by Gozdziewski & Mi-
gaszewski (2009) remains compatible with the new data, with the particularly interesting result that our
best-fit is very close to this stable solution. This double resonance imposes very strong physical constraints
on the fit (one period and the star mass suffice to define the three periods and the three semi-major axes).
We can thus rule out most of the parameter space of inclinations and eccentricities assuming circular orbits
for b and c¢. The completely circular face-on system hypothesis is rejected under the 1d:2c:4b hypothesis, and
possible inclinations for a coplanar system are confined to a small range around 28.0 deg (27.3 — 33.9). The
best-fit solution is obtained for a low eccentricity for d (e = 0.10) assuming circular orbits for b and ¢. The
range of possible eccentricities compatible with the data is moderate, and we can very conservatively rule
out eccentricities larger than 0.46. Although our best fit p-values are not very high, this can be explained
by indications of possible astrometric biases between datasets with different telscopes, presumably due to
systematics such as absolute north calibration. The fact that our best-fit eccentricity for d corresponds
closely to the stable solution, and that our best-fit solution is robust to small departures from the exact in-
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teger period ratios suggests that dynamical simulations should be carried out to test the 1d:2c:4b resonance
hypothesis further with all data available to date.

With the recent discovery of a fourth planet (Marois et al. 2010b), the already challenging dynamics of
this system becomes even more interesting. These new astrometric data points from HST archival data will
help future dynamical studies improve the understanding of this system, without having to wait too long
for planets to move along their orbits. This work also provides new photometric information for ¢ and d
taken in the F160W filter. Since the fourth planet e has a short enough period (~ 50 yr) its orbit should
be constrained relatively quickly. This study underlines the value of the HST archive for direct imaging
of exoplanets and the importance of such archives and PSF libraries for future missions such as the James
Webb Space Telescope.
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