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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 due to 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 detection techniques—
precision radial velocities, transits, and microlensing—have 
been used to detect a diverse population of exoplanets. 
However, these methods have two limitations. First, the 
existence of a planet is inferred through its influence on the 
star about which it orbits; the planet is not directly discerned 
[photometric 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 microlensing) planet-
star separation. The effective sensitivities of the latter two 
techniques diminish rapidly at semi-major axes beyond about 
5 AU. Direct observations allow discovery of planets in wider 
orbits and allow the spectroscopic and photometric 
characterization of their complex atmospheres to derive their 
physical characteristics. 

There is indirect evidence for planets in orbits beyond 
5 AU from their star. 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 semi-major axes greater than about 5 AU in a reasonable 
amount of time is infrared imaging of young, nearby stars. 
The detected near-infrared radiation is escaped internal heat 
energy from the recently formed planets. During the past 
decade, hundreds of young stars with ages ≤ 100 Ma have 
been identified within ~100 pc of Earth (4, 5), and many of 
these have been imaged in the near-IR with ground-based 
adaptive optics (AO) systems and with the Hubble Space 
Telescope. Direct imaging searches for companions of these 
stars have detected some objects that are generally considered 
to be near or above the mass threshold 13.6 MJup dividing 
planets from brown dwarfs [see (6) for an example and (7) for 
a list of known substellar objects orbiting stars], and one 
planetary mass companion that is orbiting a brown dwarf, not 
a star (8). Recently, Lafrenière et al. (9) have detected a 
candidate planet near a young (5 Ma) star of the Upper 
Scorpius association, but a proper motion analysis is required 
to confirm that it is bound to the host star and not an 
unrelated low-mass member of the young association. In this 
issue, Kalas et al. report the detection, in visible light, of a 
candidate planetary mass companion near the inner edge of 
the Fomalhaut debris disk (10). Non-detections of the 
candidate companion at near-IR wavelengths suggest that the 
detected visible flux may be primarily host-star light 
scattering off circumplanetary dust rather than photons from 
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the underlying object. A statistical Bayesian analysis of a 
dedicated AO survey of nearby young F-, G- and K-type stars 
shows that exoplanets are relatively rare at separations 
>20 AU around stars with masses similar to the Sun (11). 

Bright A-type stars have been mostly neglected in imaging 
surveys since the higher stellar luminosity offers a less 
favorable planet-to-star contrast. However, main sequence A-
type stars do have some advantages. The higher-mass A stars 
can retain heavier and more extended disks and thus might 
form massive planets at wide separations, making their 
planets easier to detect. Millimeter interferometric continuum 
observations of the nearest Herbig Ae stars, the precursors to 
A-type stars, indicate that these are encircled by disks with 
masses up to several times the Minimum Mass Solar Nebula 
(12), the minimum amount of solar abundance material 
(0.01MSun) required to form all planets in the solar system 
(13). Associated millimeter line observations resolve these 
gas disks and indicate that their outer radii are 85-450 AU 
(12). The most exceptional example of a young A-star disk is 
the one orbiting IRAS 18059-3211, which is estimated to 
have a mass of 90 times the Minimum Mass Solar Nebula and 
an outer radius extending to ~3,000 AU (14). Radial velocity 
surveys of evolved A stars do seem to confirm these 
hypotheses by showing a trend of a higher frequency of 
planets at wider separations (15). In this article, we describe 
the detection of three faint objects at 0.63′′, 0.95′′, and 1.73′′ 
(24, 38, and 68 AU projected separation) (see Fig. 1) from the 
dusty and young A-type main sequence star HR 8799, show 
that all objects are co-moving with HR 8799, and describe 
their orbital motion and physical characteristics. 

HR 8799 stellar properties. HR 8799 [also V342 Peg & 
HIP114189, located 39.4 pc (16) from Earth] is the only star 
known that has simultaneously been classified as γ Doradus 
(variable), λ Bootis (metal-poor Population I A-type star) and 
Vega-like (far-IR excess emission from circumstellar dust) 
(17, 18). A fit to the Infrared Astronomical Satellite (IRAS) 
and Infrared Space Observatory (ISO) photometry indicates 
that it has a dominant dust disk with temperature of 50 K (3, 
19). Such blackbody grains, in an optically thin disk, would 
reside ~75 AU ( ~2′′) from HR 8799. This would place the 
dust just outside the orbit of the most distant companion seen 
in our images (see Fig. 1), similar to the way the Kuiper Belt 
is confined by Neptune in our solar system. 

The fractional IR luminosity (LIR/Lbol = 2.3 × 10−4) (19, 
20) is too bright to come from a geometrically thin, flat disk 
orbiting at such large distances from HR 8799. Such an 
optically thin disk would need to be warped or “puffed up” in 
the vertical direction, plausibly by the gravitational influence 
of nearby planets. Submillimeter photometry indicates a dust 
mass of 0.1 Earth masses (21), making it one of the most 
massive debris disks detected by IRAS (19). 

When planets form, gravitational potential energy is 
released and turned into heat in their interior. As planets do 
not possess any internal nuclear energy source to maintain 
their temperature, they cool down and become less luminous 
with time. For massive planets, this self-luminosity can 
dominate over their stellar insolation for hundreds of millions 
or billions of years. With some assumptions on the initial 
conditions at the time of formation, a planet’s mass can be 
derived simply by estimating the planet’s luminosity and the 
system age. Our age estimate for HR8799 is based on four 
lines of evidence: the star’s galactic space motion, the star’s 
position in a color-magnitude diagram, the typical age of 
λ Boo and γ Dor class stars and the large mass of the 
HR 8799 debris disk. 

Most young stars in the solar neighborhood have Galactic 
space motions (UVW) that fall in limited ranges. HR 8799’s 
space motion with respect to the Sun, as calculated from 
published distance, radial velocity and proper motion, is 
UVW = (–11.9, –21.0, –6.8 km s−1) (16, 22). This UVW is 
similar to that of other stars with an age between that of the 
TW Hydra association [8 Ma (4, 5)] and the Pleiades [125 
±8 Ma (23)]. The UVW of HR 8799 is similar to that of 
members of the 30 Ma old, southern hemisphere, Columba 
and Carina Associations (5). Calculations of the UVW of the 
young stars HD 984 and HD 221318, which lie near HR8799, 
show that their space motions are similar to that of HR8799. 
We estimate the ages of HD 984 and HD 221318 to be 30 and 
100 Ma, respectively, while the FEPS team estimates the age 
of HD 984 to be 40 Ma (24). Overall, the UVW of HR 8799 
is clearly consistent with those of young clusters and 
associations in the solar neighborhood. Of course, in this 
UVW range of young stars, there are also older stars with 
random motions; so other, independent, methods must also be 
employed to place limits/constraints on the age of HR 8799. 

HR 8799 is also found below the main sequence of the 
Pleiades, α Per (70 Ma) and IC2391 (50 Ma) on a 
Hertzsprung-Russell diagram. This is consistent with a 
younger age compared to that of the Pleiades (25). Even with 
the more recent Tycho measurement and correcting for the 
star’s low metallicity, so that B-V is increased and lies 
between 0.26 and 0.3, HR 8799 still lies low on the 
Hertzsprung-Russell diagram when plotted against known 
young stars (25), consistent with our young age estimate. 

The λ Boo stars are generally thought to be young, up to a 
few 100 Ma (26). The γ Dor class stars are probably also 
young; they are seen in the Pleiades and in NGC 2516 (age 
~100 Ma), but not in the Hyades (age ~650 Ma) (27). 
Finally, the probability that a star has a massive debris disk 
like HR 8799 declines with age (19). Considering all of the 
above, we arrive at an estimate of 60 Ma and a range between 
30 and 160 Ma, consistent with an earlier independent 
estimate of 20−150 Ma (20). The conservative age upper limit 
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for HR 8799 is chosen to be the ~5σ upper limit to the 
Pleiades age. 

Observations. The sensitivity of high-contrast ground-
based AO imaging is limited primarily by quasi-static speckle 
artifacts; at large separations (>0.5′′), the main source of 
speckles is surface errors on the telescope primary mirror and 
internal optics. To remove this noise, we used angular 
differential imaging (ADI) in our observations (28, 29). This 
technique uses the intrinsic field-of-view rotation of 
altitude/azimuth telescopes to decouple exoplanets from 
optical artifacts. An ADI sequence is obtained by keeping the 
telescope pupil fixed on the science camera and allowing the 
field-of-view to slowly rotate with time around the star. Our 
observations were obtained in the near-infrared (1.1 to 4.2 
microns), a regime where the planets are expected to be 
bright and where the AO system provides excellent image 
correction. ADI sequences at various wavelengths were 
acquired using the adaptive optics system at the Keck and 
Gemini telescopes and the corresponding facility near-
infrared cameras, NIRC2 and NIRI, between 2007 and 2008 
(see Fig. 1). During each observing sequence, we typically 
obtained a mix of unsaturated short-exposure images of the 
star, to determine its precise location and brightness, together 
with a set of 30-s exposures that overexposed the central star 
but had maximum sensitivity to faint companions. Some 
coronagraphic images were also acquired with NIRC2 to 
benefit from the simultaneous photometric calibration 
achievable with a partially transmissive focal plane mask. 
The b and c companions were first seen in October 2007 
Gemini data; the d component was first detected in Keck data 
in 2008. The b and c components were also visible in a re-
analysis of non-ADI Keck data obtained for a related program 
in 2004 [the data sets and the reduction technique are 
described further in the supplemental online material (SOM)]. 

Astrometric analysis. Following the initial detection of 
the companions, we evaluated their positions relative to the 
star to confirm that they are co-moving with it (possibly 
including orbital motion) and not unrelated back/foreground 
objects (see SOM; Table 1, table S2, and Fig. 2). Because 
HR 8799b was visible in the 2004 Keck images, we have 
more than 4 years of time baseline for proper motion 
measurements. With the large proper motion of HR 8799 
(0.13′′/year), the HR 8799b object is shown to be bound at a 
significance of 98 times the estimated 1-sigma uncertainty. 
Additionally, the data show that it is orbiting counter-
clockwise. It moved 25 ± 2 mas/year (0.98 AU/year) 
southeast during the 4 year period. Its detected orbital motion 
is near perpendicular to the line connecting the planet and 
primary, suggesting that the system is viewed nearly pole-on 
and that the orbit is not very eccentric. The near face-on 
perspective is further supported by the slow projected 
rotational velocity of HR 8799 [~40 km sec−1 (17)]; this is 

well below average for late-A and early-F type stars (30). If 
we assume that it has a semi-major axis of 68 AU, a circular 
orbit, a pole-on view, and a host stellar mass equal to 1.5 
solar masses, then the orbital period and motion of HR 8799b 
are ~450 years and 0.93 AU/year (24 mas/year) respectively, 
consistent with our measurements. 

HR 8799c is also detected, at lower significance, in the 
2004 data set. The measurement of its 4 year proper motion 
confirms that it is bound to the star at the 90 sigma level. Its 
orbit is also counter-clockwise at 30 ±2 mas/year 
(1.18 AU/year). For its semi-major axis of 38 AU, the orbital 
period is ~190 years and the expected orbital motion is 
1.25 AU/year (32 mas/year). Again, the orbital motion is 
close to being perpendicular to the line connecting the planet 
to the primary. 

HR 8799d was first detected in the July 2008 data set. The 
two months of available proper motion measurements are 
sufficient to confirm that it is bound to the star at the ~6 
sigma level. The available data is also consistent with a 
counter-clockwise orbital motion of 42 ±27 mas/year 
(1.65 AU/year). For a semi-major axis of 24 AU, the orbital 
period is 100 years and the expected orbital motion is 
1.57 AU/year (40 mas/year). 

HR 8799bcd photometric analysis. All three companions 
are intrinsically faint and have red near-IR colors that are 
comparable to those of substellar-mass objects with low 
effective temperatures (see Table 1). Compared to old field 
brown dwarfs (objects with masses between planets and 
stars), all three companions lie at the base of the L dwarf 
spectral sequence—objects known to be cool and have dusty 
clouds in their atmospheres (Fig. 3). Two candidate free-
floating Pleiades brown dwarfs, with comparable colors and 
absolute K-band magnitudes to HR 8799c and d, are 
consistent with a mass of ~11 MJup from evolutionary models 
(31). If HR 8799 is (as is likely) younger than the Pleiades, 
the c and d companions would be even less massive. 
HR 8799b is fainter than all of the known Pleiades substellar 
members and thus is below 11 MJup (Fig. 3). All three 
companions stand apart from the older, more massive brown 
dwarfs in a color-magnitude diagram. The known distance to 
HR 8799, and photometry for each companion that covers a 
substantial fraction of the spectral energy distribution (SED), 
allow for a robust measurement of the bolometric luminosity 
(Lbol). We fit a variety of synthetic SEDs (generated with the 
PHOENIX model atmosphere code) to the observed 
photometry for each companion assuming their atmospheres 
were either cloud-free, very cloudy, partly cloudy (50% 
coverage), or radiated like black bodies. This fitting process 
is equivalent to simultaneously determining bolometric 
corrections for each band-pass for various model 
assumptions. Luminosities were also obtained using the K-
band bolometric corrections for brown dwarfs (32). Although 
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the different models produce different estimates of effective 
temperature, the range of Lbol for each object is small (see 
Table 1), indicating that our estimate is robust against the 
uncertainty in the details of the atmosphere and clouds (see 
the SOM for more details). 

The cooling of hydrogen-helium brown dwarfs and giant 
planets is generally well understood; however, the initial 
conditions associated with the formation of objects from 
collapsing molecular clouds or core accretion inside a disk 
are uncertain. Consequently, theoretical cooling tracks of 
objects at young ages may not be reliable. Recent efforts to 
establish initial conditions for cooling tracks based on core-
accretion models have produced young Jupiter-mass planets 
substantially fainter (<10−5 LSun) than predicted by traditional 
models (33). However, these hybrid models do not yet 
include a realistic treatment of the complex radiative transfer 
within the accretion-shock and thus provide only lower-limits 
on the luminosity at young ages. Warmer, more luminous 
planets originating from core accretion cannot be ruled out. 

Although HR 8799 is young, its upper age limit (~160 Ma) 
is near the time when the differences among cooling tracks 
with various initial conditions are not so dramatic and, given 
the uncertainties associated with all planet evolution models, 
standard cooling tracks are as reliable at these ages as other 
hybrid models. Figure 4 compares the measured luminosities 
and age range for HR 8799 bcd to theoretical “hot start” 
cooling tracks for a variety of masses (34). 

The region occupied by all three companions falls below 
the lowest mass brown dwarf, well inside the planet regime. 
The masses derived from the luminosities, cooling tracks, and 
best age for bcd are respectively 7, 10, and 10 MJup. See 
table 1 for values of additional important properties derived 
from the cooling track comparison, with uncertainties based 
on our current best age range. In the very unlikely event that 
the star is older than our estimated upper limit, it would need 
to be >300 Ma for all three objects to be brown dwarfs. 

The large planet masses and orbital radii in the HR 8799 
system are challenging to explain in the context of a core 
accretion scenario. A number of factors such as stellar mass 
(35), metallicity (36), disk surface density (37), and planet 
migration in the disk (38) influence the core accretion 
process. The stellar mass of HR 8799 is larger than the Sun. 
The star’s metallicity is low, especially in refractory 
elements, but for a λ Boo star this is usually attributed to the 
details of the star’s accretion and atmospheric physics rather 
than an initial low metallicity for the system (26). 

The exceptionally dusty debris disk around HR 8799 may 
indicate that the proto-planetary disk was massive and had a 
high surface density, factors conducive to planet formation. 
Alternatively, the giant planets in the HR 8799 system may 
have formed rapidly from a gravitational instability in the 

early disk (39, 40). Some models (40) of such instabilities do 
favor the creation of massive planets (>6 MJup). 

As suggested by the color-magnitude diagram (Fig. 3), 
each companion appears to be at the edge of (or inside) the 
transition region from cloudy to cloud-free atmospheres. 
Current planet atmosphere models have difficulties fitting the 
color and spectrum features of these objects. The physical 
mechanism responsible for the clearing of clouds in ultra-cool 
atmospheres is not fully understood, but recent cloud models 
with vertical stratification have had some success at 
simulating/producing photometric properties in this transition 
region (41). A modified PHOENIX atmospheric model was 
developed that incorporates cloud stratification. These 
updated models were found to match well-known brown 
dwarfs located in the cloudy/cloud-free transition region. 
With the cloud stratification model, PHOENIX is capable of 
producing spectra that are consistent with the observed 
photometry and the bulk properties (effective temperature, 
radius, and gravity) predicted by the cooling tracks (Fig. 5). 
Clearly these synthetic models do not reproduce all of the 
photometric data, but given the difficulty of cloud modeling, 
the agreement is sufficient to support the effective 
temperatures and radii determined from the cooling tracks. 

Conclusions. The three co-moving companions of 
HR 8799 are significantly different from known field objects 
of similar effective temperature; the only similar object 
known is the planetary mass companion to the brown dwarf 
2M1207. Low luminosities of these companions and the 
young age for HR 8799 indicate that they have planetary 
masses and are not brown dwarfs. The nature of the system 
provides an additional indirect line of evidence for planetary-
mass companions (and hence a low age). There are no known 
systems where multiple brown dwarfs independently orbit an 
early-type star; the only systems we know of with multiple 
companions in independent orbits are the exoplanetary 
systems discovered from the precision radial velocity method. 
Interestingly, our observations show that the HR 8799 planets 
orbit in the same direction, similar to the planets in our own 
solar system and consistent with models of planet formation 
in a disk. In many ways this resembles a scaled-up version of 
our solar system. HR 8799 has a luminosity of 4.9 LSun, so the 
radius corresponding to a given equilibrium temperature is 
2.2 times larger than the corresponding radius in our solar 
system. Because formation processes will be affected by 
luminosity - e.g. the location of the snow line where water 
can condense on rocky material to potentially form giant 
planet cores - one can view the three planetary companions as 
having temperature-equivalent projected orbital separations 
of 11, 17 and 31 AU, to be compared with 9.5, 19, and 30 AU 
for Saturn, Uranus, and Neptune. The HR 8799 planets are 
also consistent with formation through instabilities in a 
massive protoplanetary disk, which may form objects with 
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masses above 5 MJup (40), but the core accretion scenario 
cannot yet be ruled out. 

The presence of these massive planets still leaves dynamic 
room for other Jovian-mass planets or even lower mass 
terrestrial planets in the inner part of the system. In our 
survey, we only observed a few early-type stars before 
making this detection, compared to similar imaging surveys 
of young G-, K-and M-type stars that have covered more than 
a few hundred targets. This may indicate that Jovian-mass 
planetary companions to early-type stars are much more 
common at separations beyond ~20 AU, consistent with what 
was suggested by radial velocity surveys of evolved A-type 
stars (15). 

References and Notes 
1. D. Deming, Proceedings of IAU Symposium 253, in press; 

arXiv:0808.1289 (astro-ph). 
2. P. Kalas, J. R. Graham, M. Clampin, Nature 435, 1067 

(2005). 
3. B. Zuckerman, I. Song, Astrophys J. 603, 738 (2004). 
4. B. Zuckerman, I. Song, Annu. Rev. Astron. Astrophys 42, 

685 (2004). 
5. C. A. O. Torres, G. R. Quast, C. H. F. Melo, M. E. Sterzik, 

Handbook of Star Forming Regions Vol. II. Astronomical 
Society of the Pacific, in press; arXiv:0808.3362 (astro-
ph). 

6. T. Nakajima et al., Nature 378, 463 (1995). 
7. B. Zuckerman, I. Song, Astron. Astrophys, in press; 

arXiv:0811.0429 (astro-ph). 
8. G. Chauvin et al., Astron. Astrophys 425, 29 (2004). 
9. D. Lafrenière et al., Astrophys J., in press 

(arXiv:0809.1424v2 (astro-ph)). 
10. P. Kalas et al., Science (2008); published online 13 

November 2008; 10.1126/science.1166609. 
11. D. Lafrenière et al., Astrophys J. 660, 770 (2007). 
12. V. Mannings, A. I. Sargent, Astrophys J. 490, 792 (1997). 
13. S. J. Weidenschilling, Astrophys. Space Sci 51, 153 

(1977). 
14. V. Bujarrabal, K. Young, D. Fong, Astron. Astrophys 483, 

839 (2008). 
15. J. Johnson et al., Astrophys J. 690, 833 (2007). 
16. E. van Leeuwen, Astron. Astrophys 474, 653 (2007). 
17. R. O. Gray, A. B. Kaye, Astron. J. 118, 2993 (1999). 
18. K. Sadakane, M. Nishida, Publ. Astron. Soc. Pac 98, 685 

(1986). 
19. J. H. Rhee, I. Song, B. Zuckerman, M. McElwain, 

Astrophys J. 660, 1556 (2007). 
20. A. Moór et al., Astrophys J. 644, 525 (2006). 
21. J. P. Williams, S. M., Andrews Astrophys J. 653, 1480 

(2006). 
22. R. E. Wilson, General Catalogue of Stellar Radial 

Velocities, Carnegie Inst. Washington D.C. Publ. 601 
(1953). 

23. J. R. Stauffer, G. Schultz, J. D. Kirkpatrick, Astrophys J. 
499, 199 (1998). 

24. J. Najita, J. P. Williams, Astrophys J. 635, 625 (2005). 
25. B. Zuckerman, Annu. Rev. Astron. Astrophys 39, 549 

(2001). 
26. R. O. Gray, C. J. Corbally, Astron. J. 124, 989 (2002). 
27. K. Krisciunas, R. A. Crowe, K. D. Luedeke, M. Roberts, 

Mon. Not. R. Astron. Soc 277, 1404 (1995). 
28. C. Marois et al., Astrophys J. 641, 556 (2006). 
29. D. Lafrenière et al., Astrophys J. 660, 770 (2007). 
30. F. Royer, J. Zorec, A. E. Gómez, Astron. Astrophys 463, 

671 (2007). 
31. S. L. Casewell et al., Mon. Not. R. Astron. Soc 378, 1131 

(2007). 
32. D. A. Golimowski et al., Astrophys J. 127, 3516 (2004). 
33. M. S. Marley et al., Astrophys J. 655, 541 (2007). 
34. I. Baraffe et al., Astron. Astrophys 402, 701 (2003). 
35. S. Ida, D. N. C. Lin, Astrophys J. 626, 1045 (2005). 
36. S. Ida, D. N. C. Lin, Astrophys J. 616, 567 (2004). 
37. J. J. Lissauer, Icarus 69, 249 (1987). 
38. W. K. M. Rice, P. J. Armitage, Astrophys J. 598, 55 

(2003). 
39. A. P. Boss, Science 276, 1836 (1997). 
40. R. R. Rafikov, Astrophys J. 621, 69 (2005). 
41. D. Saumon, M. S., Marley, Astrophys J., arXiv:0808.2611 

(2008). 
42. C., Ducourant et al., Astron. Astrophys 477, 1 (2008). 
43. We thank the Keck and Gemini staff, particularly T. 

Armandroff, B. Goodrich, and J.-R. Roy for support with 
the follow-up observations. We thank the UCLA galactic 
center team, especially J. Lu, for the NIRC2 plate scale 
and North orientation errors. We are indebted to E. 
Becklin and R. Racine for their contributions in the earliest 
stages of this research. C.M. and D.L. are supported in part 
through postdoctoral fellowships from the Fonds 
Québécois de la Recherche sur la Nature et les 
Technologies. Portions of this research were performed 
under the auspices of the U.S. Department of Energy by 
LLNL under contract DE-AC52-07NA27344, and also 
supported in part by the NSF Science and Technology 
CfAO, managed by the UC Santa Cruz under cooperative 
agreement AST 98-76783. We acknowledge support by 
NASA grants to UCLA and Lowell Observatory. R.D. is 
supported through a grant from the Natural Sciences and 
Engineering Research Council of Canada. The data were 
obtained at the W.M. Keck and Gemini Observatories. 
This publication makes use of data products from the Two 
Micron All Sky Survey and the SIMBAD database. 

 
Supporting Online Material 
www.sciencemag.org/cgi/content/full/1166585/DC1 
Materials and Methods 



 

 / www.sciencexpress.org / 13 November 2008 / Page 6 / 10.1126/science.1166585 

Tables S1 and S2 
References 

30 September 2008; accepted 5 November 2008 
Published online 13 November 2008; 
10.1126/science.1166585 
Include this information when citing this paper. 

Fig. 1. HR 8799bcd discovery 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 detected at the 2 epochs. (Bottom) one of our 
most sensitive ADI image sets acquired at the Keck telescope 
in September 2008 with all three companions detected. The 
central region of each image is masked-out due to saturation 
or to occultation of the bright central star. 

Fig. 2. HR 8799bcd astrometric analysis. The positions of 
HR 8799bcd at each epoch are shown in both the overall field 
of view and in the zoomed-in insets. The solid oscillating line 
originating from the first detected epoch of each planet is the 
expected motion of a unbound background objects relative to 
the star over a duration equal to the maximum interval over 
which the companions were detected (4 years for b and c, two 
months for d.) All three companions are confirmed as co-
moving with HR 8799 to 98σ for b, 90σ for c and ~6σ for d. 
Counter-clockwise orbital motion is observed for all three 
companions. The dashed lines in the small insets connect the 
position of the planet at each epoch with the star. A schematic 
dust disk—at 87 AU separation to be in 3:2 resonance with d 
while also entirely consistent with the far-infrared dust 
spectrum—is also shown. The inner gray ellipses are the 
outer Jovian-mass planets of our solar system (Jupiter, Saturn, 
Uranus & Neptune) and Pluto shown to scale. 

Fig. 3. Absolute magnitude in H-band versus H-K color. Old, 
field (grey dots) and young Pleiades brown dwarfs (plusses) 
are shown along with 2 very low-mass brown 
dwarfs/planetary mass companions (filled black symbols). 
Open symbols are HR 8799b (square), c (diamond), and d 
(circle). 

Fig. 4. Luminosity versus time for a variety of masses (34). 
The three coeval points are HR 8799b (square), c (diamond), 
and d (circle); c and d data points are displaced horizontally 
for clarity. The locations of the low mass object AB Pic b on 
the planet/brown dwarf dividing line and a planetary mass 
companion (2M1207b) to the brown dwarf 2M1207 are also 
shown [note that alternative models proposed for 2M1207 
lead to somewhat larger luminosity and mass (~8 MJup) for 
the companion (42)]. The deuterium burning mass limit, 
currently believed to be ~13.6 MJup, has been incorporated 
into a “working definition” of a planet by the International 

Astronomical Union and is used here to separate planets 
(which also must orbit a star) from brown dwarfs. The 
boundary between stars and brown dwarfs is set by stable 
hydrogen burning. 

Fig. 5. Synthetic spectra from model atmospheres containing 
clouds located between 10 and 0.1 bar of pressure are 
compared to the measured fluxes (with 3 sigma error bars) for 
HR 8799 b, c and d. Response curves for each filter band pass 
are indicated along the x axis. The predicted magnitudes from 
the synthetic spectra, averaged over the filter passbands, are 
shown by the filled symbols. 

 



Table 1: HR 8799 planetary system data
HR 8799

Spectral type A5V
Mass 1.5± 0.3 MSun (17)
Luminosity 4.92± 0.41 LSun (17)
Distance 39.4± 1.0 pc (128± 3 ly) (16)
Proper motion [E,N] [107.88± 0.76,−50.08± 0.63] mas/year (16)
Age 60[30− 160] Ma
Metallicity log([M/H]/[M/H]Sun) = −0.47 (17)
J, H, Ks, L’ 5.383± 0.027, 5.280± 0.018, 5.240± 0.018, 5.220± 0.018

Separation w.r.t the host star in [E, N]′′

HR 8799b c d
2004 July 14 (±0.005′′) [1.471, 0.884] [−0.739, 0.612] −
2007 Oct. 25 (±0.005′′) [1.512, 0.805] [−0.674, 0.681] −
2008 July 11 (±0.004′′) [1.527, 0.799] [−0.658, 0.701] [−0.208,−0.582]
2008 Aug. 12 (±0.002′′) [1.527, 0.801] [−0.657, 0.706] [−0.216,−0.582]
2008 Sept. 18 (±0.003′′) [1.528, 0.798] [−0.657, 0.706] [−0.216,−0.582]
Projected Sep. (AU) 68 38 24
Orbital Motion (′′/year) 0.025± 0.002 0.030± 0.002 0.042± 0.027
Period for pole view
cir. orbits (years) ∼ 460 ∼ 190 ∼ 100
MJ (1.248µm) 16.30± 0.16 14.65± 0.17 15.26± 0.43
MH (1.633µm) 14.87± 0.17 13.93± 0.17 13.86± 0.22
MCH4S (1.592µm) 15.18± 0.17 14.25± 0.19 14.03± 0.30
MCH4L (1.681µm) 14.89± 0.18 13.90± 0.19 14.57± 0.23
MKs (2.146µm) 14.05± 0.08 13.13± 0.08 13.11± 0.12
ML′ (3.776µm) 12.66± 0.11 11.74± 0.09 11.56± 0.16
Luminosity (LSun) −5.1± 0.1 −4.7± 0.1 −4.7± 0.1
Teff (K) 870[800− 900] 1090[1000− 1100] 1090[1000− 1100]
Radius (RJup) 1.2[1.1− 1.3] 1.2[1.2− 1.3] 1.2[1.2− 1.3]
Mass (MJup) 7[5− 11] 10[7− 13] 10[7− 13]
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