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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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This is why these planets were not found in 1998
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Figure 1: Note: all images (excluding  top middle) are on the same scale. Top left: NICMOS coronagraphic data from 

HR8799 from program 7226 (cycle 7). Top Middle: Left: (black & white image) Detection of HR8799b in the same data 

by Lafrenière et al. Our method dramatically improves this result by identifying three planets and enabling astromet-

ric measurement of their orbital motions using the 10 year baseline between the NICMOS data (1998) and the discov-

ery Keck data (2008). Top right: “Classical PSF Subtraction” results. This correspond to the level of performance used 

by the previous surveys we propose to re-analyze. Bottom: our detection of the three planets HR8799b,c,d, in both 

orientations of the telescope. These images improve considerably over previous work on this data. The white circles 

indicate the region where a pixel-wise reduction was used and where we display the median of the best SNR images.

6

1998 NICMOS  orientation 1 1998 NICMOS  orientation 2

Coronagraphic 
data

Classical subtractionLafrenière 2009
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Mathematica + GPU? 
250x more pixels!
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What is Citizen Science?

Science Problem 
+ Volunteers from the Public 

New Knowledge

CREDIT: Zooniverse/Pamela Gay

Tuesday, September 13, 2011



Galaxy Zoo  http://www.galaxyzoo.org
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Blue Ellipticals Not Blue, Not Dead
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Major Mergers
CREDIT: Zooniverse/Pamela Gay

Tuesday, September 13, 2011



Overlapping Galaxies Back lighting structure
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Hanny’s Voorwerp Unique Light Echo
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Give peas a chance! Green compact galaxies
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