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Direct Imaging of Multiple Planets
Orbiting the Star HR 8799
Christian Marois,1,2,3* Bruce Macintosh,2 Travis Barman,4 B. Zuckerman,5 Inseok Song,6
Jennifer Patience,7 David Lafrenière,8 René Doyon9

Direct imaging of exoplanetary systems is a powerful technique that can reveal Jupiter-like planets
in wide orbits, can enable detailed characterization of planetary atmospheres, and is a key step
toward imaging Earth-like planets. Imaging detections are challenging because of the combined
effect of small angular separation and large luminosity contrast between a planet and its host star.
High-contrast observations with the Keck and Gemini telescopes have revealed three planets
orbiting the star HR 8799, with projected separations of 24, 38, and 68 astronomical units.
Multi-epoch data show counter clockwise orbital motion for all three imaged planets. The low
luminosity of the companions and the estimated age of the system imply planetary masses
between 5 and 13 times that of Jupiter. This system resembles a scaled-up version of the
outer portion of our solar system.

During the past decade, various planet de-
tection techniques—precision radial ve-
locities, transits, and microlensing—have

been used to detect a diverse population of exo-
planets. However, these methods have two lim-
itations. First, the existence of a planet is inferred
through its influence on the star about which it
orbits; the planet is not directly discerned [pho-
tometric signals from some of the closest-in giant
planets have been detected by careful analysis of
the variations in the integrated brightness of the
system as the planet orbits its star (1)]. Second,

these techniques are limited to small (transits) to
moderate (precision radial velocity and micro-
lensing) planet-star separation. The effective sen-

sitivities of the latter two techniques diminish
rapidly at semimajor axes beyond about 5 astro-
nomical units (AU). Direct observations allow
discovery of planets in wider orbits and allow the
spectroscopic and photometric characterization of
their complex atmospheres to derive their phys-
ical characteristics.

There is indirect evidence for planets in orbits
beyond 5 AU from their stars. Some images of
dusty debris disks orbiting main-sequence stars
(the Vega phenomenon) show spatial structure on
a scale of tens to hundreds of astronomical units
(2). The most likely explanation of such structure
is gravitational perturbations by planets with semi-
major axes comparable to the radius of the dusty
disks and rings [see references in (3)].

The only technique currently available to
detect planets with semimajor axes greater than
about 5 AU in a reasonable amount of time is
infrared (IR) imaging of young, nearby stars. The
detected near-IR radiation is escaped internal heat
energy from the recently formed planets. During
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Fig. 1. HR 8799bcd discov-
ery images after the light from
the bright host star has been
removed by ADI processing.
(Upper left) A Keck image
acquired in July 2004. (Upper
right) Gemini discovery ADI
image acquired in October
2007. Both b and c are de-
tected at the two epochs.
(Bottom) A color image of
the planetary system produced
by combining the J-, H-, and
Ks-band images obtained at
the Keck telescope in July (H)
and September (J and Ks)
2008. The inner part of the
H-band image has been ro-
tated by 1° to compensate for
the orbital motion of d between
July and September. The central
region is masked out in the up-
per images but left unmasked
in the lower to clearly show
the speckle noise level near d.
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Images of the HR8799 system. [Marois et al., 2008]

We wish to detect exoplanets in coronagraphic imaging data



3/17

We Want Precision Astrometry and Photometry
The Astrophysical Journal, 803:31 (23pp), 2015 April 10 Pueyo et al.
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Figure 9. On-sky projection of the best-fit orbits for the four planets orbiting HR 8799. The right panel zooms in on the portions of the orbits that have been observed
in the 1998–2012 time span. Note that because HR 8799d seems to be orbiting the host star in a different plane than the other three planets, its on-sky trajectory appears
closer to the one of HR 8799e than it actually is. Gray circles denote the Project 1640 epoch, which is the latest epoch considered in our analysis.

Table 2
Astrometric Error Budget

Planet σPA
a σPS

b σStar
c σKLIP

d

HR 8799b 0.′′0064 0.′′0031 0.′′0065 0.′′0039
HR 8799c 0.′′0034 0.′′0017 0.′′0065 0.′′0039
HR 8799d 0.′′0022 0.′′0011 0.′′0065 0.′′011
HR 8799e 0.′′0014 0.′′00069 0.′′0065 0.′′011

Notes.
a σPA: uncertainty on P.A. offset.
b σPS: uncertainty on plate scale determination.
c σStar: uncertainty on host-star location in the focal plane array.
d σKLIP: uncertainty stemming from residual errors induced by the KLIP
reduction and the forward modeling estimator.

categories: nonlinear least-squares fit of Keplerian elements and
dynamical studies. Because of the long orbital periods and the
currently limited orbital phase coverage, the parameter land-
scape explored by nonlinear least-squares methods comprises
a multitude of local minima, making it very difficult to unam-
biguously determine the six Keplerian elements for each planet
separately. Recent papers have estimated the most likely or-
bital architectures assuming either a set inclination for the four
planets (Lafrenière et al. 2009; Bergfors et al. 2011; Esposito
et al. 2013) or orbits that are coplanar and locked in mean mo-
tion resonances18 (Soummer et al. 2011a; Currie et al. 2012,
2014). On the other hand, dynamical analysis can constrain the
dynamical mass of the planets (upon finding orbital architec-
tures stable over durations at least as long as the estimated stel-

18 Note that Currie et al. (2012, 2014) also conducted an orbital motion
analysis without any resonant assumption and naturally obtained looser
constraints on Keplerian elements than when assuming a Laplace mean motion
resonance.

lar age) and can predict near-future orbital position (Fabrycky
& Murray-Clay 2010; Reidemeister et al. 2009; Goździewski
& Migaszewski 2009; Esposito et al. 2013; Gozdziewski &
Migaszewski 2013; Marois et al. 2010b). However, dynamical
models are generally used in conjunction with strong assump-
tions regarding coplanarity and mean motion resonances. It was
recently shown, under such assumptions, that one could also
include planetary migration mechanisms in a dynamical anal-
ysis and thus deliver joint information regarding the planets’
formation history and masses (Gozdziewski & Migaszewski
2013). When invoking mean motion resonances to stabilize the
system, most authors identified the Laplace 1:2:4:8 resonance
as a promising architecture that is compatible with both the
available astrometric epochs and masses in the planetary regime
(5–10MJup). The objective of the present paper is to comple-
ment both approaches, either a nonlinear least-squares fit or
dynamical studies, by answering the following question: “What
is the most likely set of Keplerian elements for each planet in
the HR 8799 system given the data at hand from 1998 to 2012”?
To do so, we carry out a Bayesian analysis of the published as-
trometric epochs. Because our approach does not need to resort
to any assumptions about the architecture of the system (copla-
narity in particular) or the planetary masses, it should provide a
good empirical baseline to test published dynamically favorable
architectures. We also seek to complement more “data-oriented”
methods that either need strong assumptions on the orbital ar-
chitecture of the system or do not take full advantage of the tools
provided by Bayesian inference (Soummer et al. 2011a; Currie
et al. 2012, 2014; Lafrenière et al. 2009; Bergfors et al. 2011;
Esposito et al. 2013).

Bayesian inference using Markov chain Monte Carlo methods
has been extensively used for the detection and characterization
of exoplanets using indirect methods: radial velocity (Ford 2005,

14

Orbital fits to HR 8799 system.
[Pueyo et al., 2015]
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Problem

Highpass filtered simulated image

Non-Gaussian distributed speckle noise around the same magnitude as the
planet signal that is correlated and evolving at multiple time scales
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This is a Blind Source Separation Problem...
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...But Most Work Has Focused On One Subclass
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The Data


var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton0'){ocgs[i].state=false;}}
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A Sample Data Set

Single exposure. Sum of all exposures

Sample images from a simulated ADI/SDI data set

See: [Lawson et al., 2012]. Simulations by Lisa Poyneer.
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Some Formalism

R̄ , [̄r1, r̄2, . . . , r̄n]
T ∈ Rn×p for r̄i , ri − µ(ri) ∈ Rp

S ,
1

p− 1
R̄R̄T ∈ Rn×n

R̄T c = t

c̃ = (R̄R̄T )−1R̄t

ŝ =

(
I − R̄T S−1

p− 1
R̄

)
t

See: [Lafrenière et al., 2007].



10/17

Principal Component Analysis

First KL mode. PCA processing output.

Zk ,
[
Ik×k 0k×(n−k)

] √Λ−1

√
p− 1

ΦT R̄ ŝ =
(
I − Z̄T

k Z̄k

)
t̄

See: [Soummer et al., 2012, Pueyo et al., 2015, Savransky, 2015]
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Independent Component Analysis

Separate noisy multivariate sample into a mixture of statistically
independent, non-Gaussian signals

Find a linear transformation A such that:

t = As

for vector of unknown, independent source signals s.

For set of independent model CDFs, φ, unmixing matrix A−1 is found by
maximizing joint entropy of φ(A−1t).

A found numerically via gradient descent or equivalent method

See: [Hyvärinen and Oja, 1997, Yilmaz et al., 2006]
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ICA Fames

10 Independent components of data
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ICA Result 1

Summation of all subtracted ICA images. Planet 2 is completely self-subtracted, but
other two are recovered with half of astrometric biasing of PCA.
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ICA Result 2

First planet. Second planet. Third planet.

ICA channels of subframes centered on first, second, and third planets in a derotated
image stack

All three planets recovered in bottom left-hand channel.
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Common Spatial Pattern Filtering

Separate additive mixture of signals by maximizing variance between two
windows of the signal

For windows x1, x2 find vector W such that:

W = arg max
W

‖Wx1‖
‖Wx2‖

Equivalent to simultaneous diagonalization of two covariances

Partition data into subsets R̄1 and R̄2 with covariances S1 and S2

Define Q as:
S−1
2 S1 = QΛQ−1

W is the first column of Q

See: [Ang et al., 2008, Kang et al., 2009]
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CSP Filter Result

CSP significance map. Convolution with PCA output.

CSP derived window function applied to data set from summation of subtracted
images. Planet SNR increased by factor of 1.28
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Conclusions

ICA can systematically decrease astrometric biasing, but suffers greater
photometric biasing than PCA and has a higher computational cost

CSP can correct for throughput loss but does not work as an
astrometrically accurate detection method on its own for point sources

Both are complementary to PCA (use PCA as pre-processing)

Next: ROCs and other BSS algorithms
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