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Images of a fourth planet orbiting HR 8799
Christian Marois1, B. Zuckerman2, Quinn M. Konopacky3, Bruce Macintosh3 & Travis Barman4

High-contrast near-infrared imaging of the nearby star HR 8799
has shown three giant planets1. Such images were possible because
of the wide orbits (.25 astronomical units, where 1 AU is the Earth–
Sun distance) and youth (,100 Myr) of the imaged planets, which
are still hot and bright as they radiate away gravitational energy
acquired during their formation. An important area of contention
in the exoplanet community is whether outer planets (.10 AU) more
massive than Jupiter form by way of one-step gravitational instabil-
ities2 or, rather, through a two-step process involving accretion of a
core followed by accumulation of a massive outer envelope com-
posed primarily of hydrogen and helium3 . Here we report the pres-
ence of a fourth planet, interior to and of about the same mass as the
other three. The system, with this additional planet, represents a
challenge for current planet formation models as none of them can
explain the in situ formation of all four planets. With its four young
giant planets and known cold/warm debris belts4 , the HR 8799
planetary system is a unique laboratory in which to study the forma-
tion and evolution of giant planets at wide (.10 AU) separations.

New near-infrared observations of HR 8799, optimized for detecting
close-in planets, were made at the Keck II telescope in 2009 and 2010.
(See Table 1 for a summary.) A subset of the images is presented in
Fig. 1. A fourth planet, designated HR 8799e, is detected at six different
epochs at an averaged projected separation of 0.3680 6 0.003’’
(14.5 6 0.4 AU). Planet e is bound to the star and is orbiting anticlock-
wise (see Fig. 2), as are the three other known planets in the system. The
measured orbital motion, 46 6 10 mas yr21, is consistent with a roughly
circular orbit of semimajor axis (a) 14.5 AU with a ,50-year period.

Knowledge of the age and luminosity of the planets is critical for
deriving their fundamental properties, including mass. In 2008 we
used various techniques to estimate an age of 60 Myr with a plausible

range between 30 and 160 Myr (here we represent this as 60z100
{30 Myr),

consistent with an earlier estimate of 20–150 Myr (ref. 5). Two recent
analyses (R. Doyon et al., and B. Zuckerman et al., manuscripts in
preparation) independently deduce that HR 8799 is very likely to be
a member of the 30 Myr Columba association6. This conclusion is
based on common Galactic space motions and age indicators for stars
located between the previously-known Columba members and HR
8799. The younger age suggests smaller planet masses, but to be con-
servative, we use both age ranges (30z20

{10 Myr (Columba association)
and 60z100

{30 Myr1) to derive the physical properties of planet e.

Table 1 | HR 8799e astrometry, photometry and physical
characteristics
Epoch, band, wavelength Separation [E, N] from the host star

2009 Jul. 31, Kp band 2.124 mm (60.0190) [20.2990, 20.2170]
2009 Aug. 1, L9 band 3.776 mm (60.0130) [20.3030, 20.2090]
2009 Nov. 1, L9 band 3.776 mm (60.0100) [20.3040, 20.1960]
2010 Jul. 13, Ks band 2.146 mm (60.0080) [20.3250, 20.1730]
2010 Jul. 21, L9 band 3.776 mm (60.0110) [20.3240, 20.1750]
2010 Oct. 30, L9 band 3.776 mm (60.0100) [20.3340, 20.1620]

Parameter Value

Projected separation, avg. from all epochs* (AU) 14.5 6 0.4
Orbital motion (arcsec yr21) 0.046 6 0.010
Period for a face-on circular orbit (yr) ,50
DKs 2.146 mm{ (mag) 10.67 6 0.22
DL9 3.776 mm{ (mag) 9.37 6 0.12
Absolute magnitude at 2.146 mm, MKs (mag) 12.93 6 0.22
Absolute magnitude at 3.776 mm, ML’ (mag) 11.61 6 0.12
Luminosity (log L[) 24.7 6 0.2
Mass for 30z20

{10 Myr (MJup) 7z3
{2

Mass for 60z100
{30 Myr (MJup) 10z3

{3

*The projected separation error (in AU) also accounts for the uncertainty in the distance to the star.
{Planet-to-star flux ratios, expressed as difference of magnitude. No reliable photometry was derived
for the Kp-band 2009 Jul. 31 data.

1National Research Council Canada, Herzberg Institute of Astrophysics, 5071 West Saanich Road, Victoria, British Columbia V9E 2E7, Canada. 2Physics & Astronomy Department, University of California,
Los Angeles, California 90095, USA. 3Lawrence Livermore National Laboratory, 7000 East Avenue, Livermore, California 94550, USA. 4Lowell Observatory, 1400 West Mars Hill Road, Flagstaff, Arizona
86001, USA.
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Figure 1 | HR 8799e discovery images. Images of HR 8799 (a star at
39.4 6 1.0 pc and located in the Pegasus constellation) were acquired at the
Keck II telescope with the Angular Differential Imaging technique (ADI)22 to
allow a stable quasi-static point spread function (PSF) while leaving the field-of-
view to rotate with time while tracking the star in the sky. The ADI/LOCI22,23

SOSIE software24 was used to subtract the stellar flux, and to combine and flux-
calibrate the images. Our SOSIE software24 iteratively fits the planet PSF to
derive relative astrometry and photometry (the star position and its
photometry were obtained from unsaturated data or from its PSF core that was
detectable through a flux-calibrated focal plane mask). a, An L9-band image
acquired on 21 July 2010; b, a Ks-band image acquired on 13 July 2010 (arrows
in a and b point towards planet e); c, an L9-band image acquired on 1 November
2009. All three sequences were ,1 h long. No coronagraphic focal plane mask
was used on 1 November 2009, but a 400-mas-diameter mask was used on 13
July and 21 July 2010. HR 8799e is located southwest of the star. Planets b, c and
d are seen at respective projected separations of 68, 38 and 24 AU from the
central star, consistent with roughly circular orbits at inclinations of ,40u (refs
11–13). Their masses (7, 10 and 10 MJup for b, c and d for 60 Myr age1; 5, 7 and
7 MJup for 30 Myr age) were estimated from their luminosities using age-
dependent evolutionary models25. North is up and east is left.
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Figure 6. Spectra recovered with KLIP FM for HR 8799 c, d, and e showing flux at 10pc. Overplotted are the original
GPI K-band spectra of c and d for the same dataset in dark blue (Ingraham et al. 2014), YJH spectra from Palomar/P1640
(Oppenheimer et al. 2013) (KLIP reduction) in cyan points, YJH spectra and JHK photometry using the VLT/SPHERE
instrument(Zurlo et al. 2016) in black points and squares. The P1640 points are scaled from normalized flux units to match our
data for this comparison. The bottom panel shows a comparison of our three recovered spectra.
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Figure 6. Spectra recovered with KLIP FM for HR 8799 c, d, and e showing flux at 10pc. Overplotted are the original
GPI K-band spectra of c and d for the same dataset in dark blue (Ingraham et al. 2014), YJH spectra from Palomar/P1640
(Oppenheimer et al. 2013) (KLIP reduction) in cyan points, YJH spectra and JHK photometry using the VLT/SPHERE
instrument(Zurlo et al. 2016) in black points and squares. The P1640 points are scaled from normalized flux units to match our
data for this comparison. The bottom panel shows a comparison of our three recovered spectra.

Greenbaum et al., (2018)

↓ Spectra of planets c, d, e

Image Credit: NASA's Goddard Space Flight Center/S. Wiessinger

https://www.youtube.com/watch?v=KVgKidAuf4o


Transiting Planets



Transiting Planets



Transmission Spectroscopy

ob
se

rv
er



transit

eclipse

(Secondary) Eclipse

inin-= —

out-of-eclipse in-eclipse



transit

Phase Variation

eclipse



transit

Phase Variation

eclipse
to

ta
l 
fl

ux

orbital phase / time

host star

planetary 
light

eclipse



Success with 
Hot Jupiter-like Planets at Close-in Orbits

Image Credit: NASA/Ames/JPL-Caltech
The Astrophysical Journal, 774:95 (17pp), 2013 September 10 Deming et al.

Figure 14. Transmission spectrum of HD 209458b derived from HST spec-
troscopy. Our WFC3 results are the solid points. The open squares are our
re-analysis of the STIS bands defined by Knutson et al. (2007b), and the dia-
mond is the narrow sodium band absorption from Charbonneau et al. (2002).
The red line is the transmittance spectrum from an isothermal Burrows model,
having an extra opacity of gray character and magnitude 0.012 cm2 g−1. The
red diamond integrates the red model over the sodium bandpass. The blue line
is a Dobbs-Dixon model for HD 209458b, with no gray opacity, but with λ−4

(Rayleigh) opacity, normalized to magnitude 0.001 cm2 g−1 at 0.8 µm. Be-
cause the blue model has no gray opacity, we scale-down the modulation in this
spectrum by a factor of three for this comparison (see text).
(A color version of this figure is available in the online journal.)

the sodium case; Charbonneau et al. (2002, p. 383) remarked
that if the sodium weakness is attributed solely to clouds, then
it “would require . . . cloud tops above 0.4 mbar.” Fortney et al.
(2003) concluded that silicate and iron clouds could reside at
pressures of several millibars in the atmosphere of HD 209458b.
As concerns alternate explanations, note that Figure 13 implies
a semi-forbidden region, where no contours pass into the lower
right of the plot. The cloud-top pressure levels depicted on
the right of Figure 13 imply a clear atmosphere, and even our
lowest modeled mixing ratio (−5.2 in the log) is not sufficient
to weaken the band to account for our observations if the
atmosphere is clear. The total column density along the line
of sight at high pressures in the tangent geometry is so large
that even unrealistically small mixing ratios are insufficient to
weaken the band to the observed degree, in the absence of other
water-destruction mechanisms such as photolysis (unlikely in
the deep atmosphere). We conclude that we are not observing a
clear atmosphere.

Figure 14 shows our full HD 209458b transit depth spectrum
(R2

p/R2
s ), combining both our WFC3 and re-analyzed STIS re-

sults. The combination of these data span wavelengths from
0.2 to 1.6 µm with a consistent observed lower envelope and
overall level in R2

p/R2
s . We first add the caveat that systematic

differences might still remain between the overall level of the
STIS and WFC3 transit depths, in spite of the seeming con-
sistency. Nevertheless, Figure 14 represents the best composite
optical/near-IR transmission spectrum of HD 209458b to date,
so we proceed to ask what it reveals about the exoplanetary
atmosphere.

Now, we compare this combined spectrum to two models.
First, we used a grid of spectra by Adam Burrows, based on a

1200 K isothermal temperature structure, as used above. The
grid utilizes the methodologies described by Burrows et al.
(2001) and Burrows et al. (2010) and Howe & Burrows (2012),
but it incorporates different amounts of extra gray opacity.
We interpolate in this grid to find that an extra opacity of
0.012 cm2 g−1 matches the 1.4 µm water absorption at the
bandhead, and provides suitably low absorption at 1.15 µm.
The lowering of the 1.15 µm absorption occurs because that
intrinsically weaker band requires a longer path length to
produce significant absorption, and long path lengths are masked
by the extra opacity. A Burrows isothermal model having no
extra opacity (not illustrated) shows a much more prominent
peak at 1.15 µm.

The profile of the 1.4 µm band is not matched optimally
by the isothermal models, not as well as on Figure 10 for
example. The real absorption line of sight passes through
different temperatures on day and night hemispheres of the
planet. Figure 10 accounts (crudely) for different temperatures
along the line of sight, not included in the isothermal model
for Figure 14. Including that line-of-sight temperature variation
may be essential to matching the band profile.

The Burrows model on Figure 14 is sufficiently high-
resolution in wavelength to permit meaningful comparison with
the sodium absorption measured by Charbonneau et al. (2002)
and Snellen et al. (2009). We plot the “narrow” band absorption
from Charbonneau et al. (2002) on Figure 14 (triangle point
with error bar). The Snellen et al. (2009) results (not plotted)
are consistent with Charbonneau et al. (2002), considering the
different bandpasses. Integrating the Burrows model having
0.012 cm2 g−1 extra opacity over the band used by Charbonneau
et al. (2002; red diamond point) produces agreement within the
error bar.

One aspect of the observations that are not reproduced by
the simple isothermal Burrows model with gray opacity is the
tendency toward increasing radius in the blue and UV, at
the left edge of Figure 14. An increase of transit radius at
short wavelength may be related to the absorber that causes
a temperature inversion in this planet (Burrows et al. 2007). It
may also be produced by Rayleigh scattering from a population
of small particles, which we do not include in the Burrows
calculations for Figure 14 (but Rayleigh scattering by molecules
is included). In this regard, we overplot a model from Ian Dobbs-
Dixon (blue line on Figure 14), based on the methods described
in Dobbs-Dixon et al. (2012). This model uses a full radiative
hydrodynamic treatment of the temperature structure, which
may explain why it produces a better (but not perfect) account
of the 1.4 µm band profile. It has no extra gray opacity, but it
incorporates extra opacity of 0.004 cm2 g−1 at 0.8 µm, with a
λ−4 dependence. Because that Rayleigh opacity is concentrated
at short wavelengths, we must scale the modulation in the
modeled spectrum downward by a factor of three to match the
observed 1.4 µm band. That scaling is unphysical, but it allows
us to judge the relative importance of gray versus Rayleigh
opacity that will be needed to match the observations. After
scaling, the blue line produces relatively good agreement with
the 1.4 µm data, but overestimates the 1.15 µm feature as well
as slightly overestimating the increase in absorption in the blue
and UV.

Finally, we point out one notable discrepancy in the model
comparisons. The STIS point near 0.95 µm cannot be repro-
duced by models while still being consistent with our 1.4 µm
band measurement. Barman (2007) argued for water vapor in
HD 209458b based in part on the STIS data near 0.95 µm, but
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HD 189733b spectrum, assuming P−T profile of a grey atmosphere
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Figure 10. Similar to Figure 8, but here we show a Richardson et al. (2003) model based on the gray P–T profile computed in Section 4.4 (solid black line) compared
to the observed results—large red points with error bars (spectroscopy) and black circles (photometry). The band integrated contrasts predicted for a gray atmosphere
are represented by blue stars (spectroscopy) and green stars (photometry). As in Figure 8, the effective temperature of the planet, Teff , is shown in the upper left, with
uncertainties based on the χ2 distribution, taking into account only the spectroscopic data. A gray atmosphere P–T profile is ruled out because it fails to account for the
6.3 µm bump and for the Charbonneau et al. (2008) 3.6 µm eclipse depth. The minimum reduced χ2 value for this fit, assuming that only Teff is free, is χ2

red = 0.77.
Again, we only used the spectroscopic points for the fit and the χ2

red calculation. As in the blackbody case, here there is only one degree of freedom, Teff .
(A color version of this figure is available in the online journal.)

The model relies on fully non-gray radiative opacities with
layer-by-layer radiative equilibrium and chemical equilibrium
using an extensive set of molecular and atomic abundances.
The model also includes a parameterized generic stratospheric
flux absorber that can cause a temperature inversion and a
parameterized dayside-to-nightside heat transfer efficiency. We
compare the Burrows model adopted by Grillmair et al. (2008)
to our measurements. We also use the Burrows-derived P–T
profile as input to the Richardson et al. (2003) radiative
transfer code and compare the result with our observations.
The Burrows model presented here is similar to the one shown
in Grillmair et al. (2008) and has a heat redistribution parameter
Pn = 0.1 implying that only 10% of the heat absorbed
on the planet’s dayside is transferred to the nightside (the
maximum is Pn = 0.5, or 50%). The absorption coefficient
of the hypothetical unknown high-altitude absorber is set to
κabs = 0.020 cm2 g−1, meaning that the planet is assumed
to have no or negligible stratosphere and relatively inefficient
heat transfer to its nightside. Later studies have also found no
evidence for inversion (Madhusudhan & Seager 2009; Swain
et al. 2009b), and the planet is typically considered to have a non-
inverted atmosphere (e.g., Knutson et al. 2010). The Burrows
model cannot be ruled out based on our analysis. We present the
P–T pressure for this model in Figure 11 and a comparison
between the emission from the Burrows atmosphere to our
observed eclipse depths in Figure 12.

4.6. Discussion of Results and Implications for the Atmosphere

Grillmair et al. (2008) describe a “bump” in their spectrum
near 6.2 µm that they attribute to the opacity minimum between
the P and R branches of the ν2 band at 6.27 µm (the fundamental
vibrational bending mode of water). These authors also notice a
very tenuous rise in emission at 5.9 µm that they are unable to
identify. These features are preserved after the inclusion of the
previously never analyzed observations in this study (Figure 13).
Even though the flux near 5.9 µm still appears higher than that
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Figure 11. Temperature as a function of optical depth based on the Rosseland
opacity (upper panel) and pressure (lower panel) used to calculate the Burrows
model similar to the one adopted by Grillmair et al. (2008). As in Figure 9,
the dashed line indicates the effective temperature of the planet, Teff . Here the
high-altitude absorber is assumed to be relatively unimportant for the emission
spectrum, with κabs = 0.02 cm2 g−1, but it still causes a small temperature
inversion near pressure of 0.01 bar.
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This is surprising, as the timescale for orbital circularization is sig-
nificantly shorter than the ages of these systems14,15. This eccentricity
is too small to have been detected by radial velocity measurements4,6.
The observed delay is moderately inconsistent with the timing of the
16-mm eclipse3, which occurs 29 6 65 s later than predicted6.

Atmosphere models allow us some insight into the factors that
control the day–night temperature contrast. The response of a planet
to stellar irradiation depends on a comparison between the radiative
timescale (over which starlight absorption and infrared emission
alter the temperature) and the advection timescale (over which air
parcels travel between day and night sides)16–18. If the radiative time is
much shorter than the advection time, the hot dayside reradiates the
absorbed stellar flux and the nightside remains cold. If the radiative
time greatly exceeds the advection time, however, then efficient ther-
mal homogenization occurs. Radiative transfer models of highly irra-
diated giant planets17–21 predict that the bulk of absorption of stellar
flux and emission of thermal flux occurs at pressures from tens of
millibars to several bars, where the predicted radiative timescales18

range from 104 s to 105 s. Advection times are less well constrained,
but estimates of wind speeds16,22–26 (hundreds to thousands of m s21)
suggest advection times of ,105 s. Thus, current models suggest that
the radiative timescale is comparable to the advective timescale, and
temperature differences could reach 1,000 K. In contrast, the small
flux variation that we observe implies that the timescale for altering

the temperature by radiation modestly exceeds the timescale for
homogenizing the temperature between the day and night sides.

It is possible that the observed planetary flux emerges from deeper
in the atmosphere than expected, where the radiative timescales are
longer. In the 8-mm band, models suggest that H2O dominates
the opacity, with additional contributions from CH4 and collision-
induced absorption of H2. Silicate cloud opacity is not expected at
these temperatures27. If the radiative time constants are as small as
expected18, then supersonic wind speeds exceeding ,10 km s21 (,4
times the sound speed) would be necessary to transport energy to the
nightside. The times of minimum and maximum flux also provide
information on the planet’s meteorology. Our observation that the
minimum and maximum do not occur at phases of 0 and 0.5, respect-
ively, indicates advection of the temperature pattern by atmospheric
winds16,22–26,28. The existence of a flux minimum and maximum on a
single hemisphere suggests a complex pattern not yet captured in
current circulation models.

In contrast to the 8-mm phase variation for HD 189733b presented
here, the 24-mm variation reported7 for the non-transiting planet u
Andromedae b was quite large. The reasons for the differing results
are not immediately clear, although the sparse data sampling and
unknown radius for uAnd b mean that the uncertainty in the inferred
day–night contrast is much larger. A higher opacity at 24 mm and a
lower surface gravity for u And b could lead to a photospheric pres-
sure two times smaller, but this difference is probably insufficient to
explain the discrepancy. The dayside of u And b receives 50% more
flux from its star, but it is unclear how this would affect the day–night
temperature contrast. Secondary eclipse depths for several planets
have been in good agreement with the predictions from simple
one-dimensional models17,19–21 that assume a uniform day–night
temperature, consistent with our conclusions for HD 189733b.
Taken together, these results argue for atmospheres that are very dark
at visible wavelengths, probably absorbing 90% or more of the incid-
ent stellar flux, and at the same time able to transport much of this
energy to the nightside.

Received 8 February; accepted 23 March 2007.
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Figure 3 | Brightness estimates for 12 longitudinal strips on the surface of
the planet. Data are shown as a colour map (a) and in graphical form (b); see
below for details. We assume that the planet is tidally locked, and we
approximate it as being edge-on with no limb-darkening, so that the
brightness of the ith slice is Fi(sinwi,2 2 sinwi,1) where 2p/2 # wi,1, wi,2 #p/2
are the edges of the visible portion of each slice, and Fi is the flux from a slice
when it is closest to us. We bin the light curve into 32 bins with 4,000 data
points each, excising the data during the eclipses. We define our goodness-
of-fit parameter as x2zl

P
12
i~1 Fi{Fi{1ð Þ2, where x2 is the goodness of fit

for the light curve, and the second term is a linear regularizing term that
enforces small variations in adjacent slices for large l and allows a unique
solution for Fi for a given value of l. We optimize this function using a 1,000-
step Markov Chain Monte Carlo method to determine the planetary flux
profile and corresponding uncertainties. We chose a value for l that
produced a reasonable compromise between the quality of the fit and the
smoothness of the final brightness map. We varied both the size of the bins
and the number of longitudinal slices, and our resulting slice fluxes are
robust. The brightness values in b are given as the ratio of the flux from an
individual slice viewed face-on to the total flux of the star, with 61s errors.
Panel a shows a Mollweide projection of this brightness distribution, with an
additional sinusoidal dependence on latitude included (note that the data
provide no latitude information). This plot uses a linear scale, with the
brightest points in white and the darkest points in black.
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Summary
• Key observations to characterize atmospheres (and 

surfaces) of exoplanets 

• Direct Imaging 
• Transmission spectroscopy 
• Secondary eclipse 
• Phase curves

Using these techniques,  
how would you find life 
on an Earth-twin? 



C. Sagan et al., (1993) Nature 365, “A search for life on 
Earth from the Galileo Spacecraft” 

L. Kaltenegger (2017)  Annu. Rev. Astron. Astrophys. 
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