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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 (,100Myr) 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 iswhether 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 samemass 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 inwhich to study the forma-
tion and evolution of giant planets at wide (.10 AU) separations.
New near-infrared observations ofHR 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 0.36806 0.003’’
(14.56 0.4 AU). Planet e is bound to the star and is orbiting anticlock-
wise (see Fig. 2), as are the three other knownplanets in the system. The
measured orbitalmotion, 466 10mas yr21, is consistentwith 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 60Myr with a plausible

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

consistent with an earlier estimate of 20–150Myr (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 30Myr 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) 14.560.4
Orbital motion (arcsec yr21) 0.04660.010
Period for a face-on circular orbit (yr) ,50
DKs 2.146 mm{ (mag) 10.6760.22
DL9 3.776 mm{ (mag) 9.3760.12
Absolute magnitude at 2.146 mm, MKs (mag) 12.9360.22
Absolute magnitude at 3.776 mm, ML’ (mag) 11.6160.12
Luminosity (log L[) 24.760.2
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.
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Figure 1 | HR 8799e discovery images. Images of HR 8799 (a star at
39.46 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
allowa 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 andbpoint towards planet e); c, an L9-band image acquired on 1November
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 24AU from the
central star, consistent with roughly circular orbits at inclinations of,40u (refs
11–13). Their masses (7, 10 and 10MJup for b, c and d for 60Myr age1; 5, 7 and
7MJup for 30Myr age) were estimated from their luminosities using age-
dependent evolutionary models25. North is up and east is left.
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Fig. 1.—Polarimetric data (Stokes q and u with !1 j error bars on the
scale of 10 ) for HD 189733 and a Monte Carlo simulated sample. The original!4

data are shown with filled circles: for HD 189733 in the year 2006 (top) and
for 2007 (middle), and for the Monte Carlo simulated data combined for both
years (bottom). The data rebinned for equal phase intervals are shown with
open circles in separate panels. For HD 189733, the constant shifts in Stokes
parameters and were subtracted from the data according to Table 1.Dq Du
The best-fit solutions deduced from the unbinned data are shown with solid
curves. [See the electronic edition of the Journal for a color version of this
figure.]

TABLE 1
Parameters of the HD 189733 System

Parameter Known Value Best-Fit Value

P (days) . . . . . . . . . . . . . . . . . . 2.218581a …
T0 (JD 2,400,000") . . . . . . 53931.12048a …
R*/R, . . . . . . . . . . . . . . . . . . . . 0.76 …
a (AU) . . . . . . . . . . . . . . . . . . . . 0.0312 …
e . . . . . . . . . . . . . . . . . . . . . . . . . . 0.0 0.0b

i (deg) . . . . . . . . . . . . . . . . . . . . 85.68a 98 ! 8
Q (deg) . . . . . . . . . . . . . . . . . . . … 16(196) ! 8
Dq/10!4 . . . . . . . . . . . . . . . . . . . … !2.0 ! 0.3
Du/10!4 . . . . . . . . . . . . . . . . . . . … !0.7 ! 0.3
RL/RJ . . . . . . . . . . . . . . . . . . . . . . 1.15a 1.5 ! 0.2
M/MJ . . . . . . . . . . . . . . . . . . . . . . 1.15 …
RRL/RJ . . . . . . . . . . . . . . . . . . . . . 3.3 …
pRL . . . . . . . . . . . . . . . . . . . . . . . . … 0.14

a Pont et al. (2007). Other fixed parameters are from Butler et al. (2006).
b The uncertainty of e is 0.05.

ried out in cycles of 16 exposures, corresponding to a full
rotation of the retarder. In the 2006 season we made 10–15 s
exposures at positions, yielding eight single observa-2 # 16
tions of q and u per night. These were then averaged to calculate
the nightly mean value and its standard error (1 j). Typical
errors of the 2006 measurements were 0.02%–0.03%. In 2007,
in order to reduce the measurement errors, we increased the
integration time for individual exposures up to 20–30 s and
made measurements at positions, thus increasing the4 # 16
total integration time by a factor of 4. This reduced the errors
by a factor of 2, down to 0.01%–0.015%, which indicates that
the accuracy was limited by the photon noise and did not suffer
from systematic effects. Overall we obtained 93 nightly mea-
surements for each Stokes parameter. This allowed us to reduce
the statistical error down to 0.006% on average in the binned
data (see Fig. 1) and clearly reveal polarization peaks of
∼0.02% near elongations.

For calibration of the polarization angle zero point we ob-
served the highly polarized standard stars HD 204827 and HD
161056. To estimate the value of the instrumental polarization,
a number of zero polarized nearby (!25 pc) stars from the list
by Piirola (1977) were also observed. In fact, the instrumental
polarization at the KVA telescope has been monitored since
2004 within other projects as well (e.g., Piirola et al. 2005).
These measurements demonstrated that in the B passband it
was well below 0.02% and invariable.

3. MODELING

To analyze the observed polarimetric signal, we employ a
simple model based on the Lambert sphere approximation, i.e.,
a perfectly reflecting surface with the geometrical albedo p p
2/3, and Rayleigh scattering (Fluri & Berdyugina 2008). Mod-
eling the observed variations in Stokes q and u allows us to
reconstruct the orientation of the planetary orbit in space and
estimate the effective size of the scattering atmosphere (Lam-
bert sphere). In the model, fixed parameters are the orbital
period P, transit or periastron epoch , semimajor axis a, andT0

the radius of the star , which is considered to be a limb-R∗
darkened sphere. The values used are provided in Table 1. The
limb-darkening was assumed according to Claret (2000) but
its details were found to be insignificant within the measure-
ment errors. Free parameters are the eccentricity e, orbit in-
clination i, longitude of the ascending node Q, radius of the
Lambert sphere , and constant shifts in Stokes parametersRL

and , which can be present in the data due to interstellarDq Du
or circumstellar polarization. In the case of transiting planets,
the orbit inclination can also be determined from photometric
data, which is a valuable test for our model. Otherwise, po-
larimetry provides a unique opportunity to evaluate both i and
Q. Moreover, it is possible to distinguish between inclinations
smaller and larger than 90", which is not possible from transit
data.

In general, it is that scales the amplitude of polarizationRL

variations. The inclination scales the relative amplitudes in
Stokes q and u. For example, at " q and u have the samei p 0
amplitude. If ", the relative amplitude is also influencedi ( 0
by Q, e.g., at " variations appear only in Stokes q ifi p 90

", 90", 180", or 270", and only in Stokes u if ",Q p 0 Q p 45
135", 225", or 315". More examples can be found in Fluri &
Berdyugina (2008). Observed polarization can be both positive
and negative, since its direction is always perpendicular to the
line joining the planet and the star as projected on the sky
plane. Our definition is in accordance with the common as-
sumption that positive q is in the north-south direction, while
the negative one in the east-west direction. Positive and neg-
ative u are at an angle of 45" counterclockwise from the positive
and negative q, respectively (see Fig. 3). The inclination is
defined in such a way that the planet revolves counterclockwise
as projected on the sky for and clockwise for0" ≤ i ! 90"

. Further, Q varies from 0" to 360" starting from90" ! i ≤ 180"
north and increases via east, south, and west.

In many cases, two maxima per period near the elongations

(10-4) 
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Fig. 1.—Polarimetric data (Stokes q and u with !1 j error bars on the
scale of 10 ) for HD 189733 and a Monte Carlo simulated sample. The original!4

data are shown with filled circles: for HD 189733 in the year 2006 (top) and
for 2007 (middle), and for the Monte Carlo simulated data combined for both
years (bottom). The data rebinned for equal phase intervals are shown with
open circles in separate panels. For HD 189733, the constant shifts in Stokes
parameters and were subtracted from the data according to Table 1.Dq Du
The best-fit solutions deduced from the unbinned data are shown with solid
curves. [See the electronic edition of the Journal for a color version of this
figure.]

TABLE 1
Parameters of the HD 189733 System

Parameter Known Value Best-Fit Value

P (days) . . . . . . . . . . . . . . . . . . 2.218581a …
T0 (JD 2,400,000") . . . . . . 53931.12048a …
R*/R, . . . . . . . . . . . . . . . . . . . . 0.76 …
a (AU) . . . . . . . . . . . . . . . . . . . . 0.0312 …
e . . . . . . . . . . . . . . . . . . . . . . . . . . 0.0 0.0b

i (deg) . . . . . . . . . . . . . . . . . . . . 85.68a 98 ! 8
Q (deg) . . . . . . . . . . . . . . . . . . . … 16(196) ! 8
Dq/10!4 . . . . . . . . . . . . . . . . . . . … !2.0 ! 0.3
Du/10!4 . . . . . . . . . . . . . . . . . . . … !0.7 ! 0.3
RL/RJ . . . . . . . . . . . . . . . . . . . . . . 1.15a 1.5 ! 0.2
M/MJ . . . . . . . . . . . . . . . . . . . . . . 1.15 …
RRL/RJ . . . . . . . . . . . . . . . . . . . . . 3.3 …
pRL . . . . . . . . . . . . . . . . . . . . . . . . … 0.14

a Pont et al. (2007). Other fixed parameters are from Butler et al. (2006).
b The uncertainty of e is 0.05.

ried out in cycles of 16 exposures, corresponding to a full
rotation of the retarder. In the 2006 season we made 10–15 s
exposures at positions, yielding eight single observa-2 # 16
tions of q and u per night. These were then averaged to calculate
the nightly mean value and its standard error (1 j). Typical
errors of the 2006 measurements were 0.02%–0.03%. In 2007,
in order to reduce the measurement errors, we increased the
integration time for individual exposures up to 20–30 s and
made measurements at positions, thus increasing the4 # 16
total integration time by a factor of 4. This reduced the errors
by a factor of 2, down to 0.01%–0.015%, which indicates that
the accuracy was limited by the photon noise and did not suffer
from systematic effects. Overall we obtained 93 nightly mea-
surements for each Stokes parameter. This allowed us to reduce
the statistical error down to 0.006% on average in the binned
data (see Fig. 1) and clearly reveal polarization peaks of
∼0.02% near elongations.

For calibration of the polarization angle zero point we ob-
served the highly polarized standard stars HD 204827 and HD
161056. To estimate the value of the instrumental polarization,
a number of zero polarized nearby (!25 pc) stars from the list
by Piirola (1977) were also observed. In fact, the instrumental
polarization at the KVA telescope has been monitored since
2004 within other projects as well (e.g., Piirola et al. 2005).
These measurements demonstrated that in the B passband it
was well below 0.02% and invariable.

3. MODELING

To analyze the observed polarimetric signal, we employ a
simple model based on the Lambert sphere approximation, i.e.,
a perfectly reflecting surface with the geometrical albedo p p
2/3, and Rayleigh scattering (Fluri & Berdyugina 2008). Mod-
eling the observed variations in Stokes q and u allows us to
reconstruct the orientation of the planetary orbit in space and
estimate the effective size of the scattering atmosphere (Lam-
bert sphere). In the model, fixed parameters are the orbital
period P, transit or periastron epoch , semimajor axis a, andT0

the radius of the star , which is considered to be a limb-R∗
darkened sphere. The values used are provided in Table 1. The
limb-darkening was assumed according to Claret (2000) but
its details were found to be insignificant within the measure-
ment errors. Free parameters are the eccentricity e, orbit in-
clination i, longitude of the ascending node Q, radius of the
Lambert sphere , and constant shifts in Stokes parametersRL

and , which can be present in the data due to interstellarDq Du
or circumstellar polarization. In the case of transiting planets,
the orbit inclination can also be determined from photometric
data, which is a valuable test for our model. Otherwise, po-
larimetry provides a unique opportunity to evaluate both i and
Q. Moreover, it is possible to distinguish between inclinations
smaller and larger than 90", which is not possible from transit
data.

In general, it is that scales the amplitude of polarizationRL

variations. The inclination scales the relative amplitudes in
Stokes q and u. For example, at " q and u have the samei p 0
amplitude. If ", the relative amplitude is also influencedi ( 0
by Q, e.g., at " variations appear only in Stokes q ifi p 90

", 90", 180", or 270", and only in Stokes u if ",Q p 0 Q p 45
135", 225", or 315". More examples can be found in Fluri &
Berdyugina (2008). Observed polarization can be both positive
and negative, since its direction is always perpendicular to the
line joining the planet and the star as projected on the sky
plane. Our definition is in accordance with the common as-
sumption that positive q is in the north-south direction, while
the negative one in the east-west direction. Positive and neg-
ative u are at an angle of 45" counterclockwise from the positive
and negative q, respectively (see Fig. 3). The inclination is
defined in such a way that the planet revolves counterclockwise
as projected on the sky for and clockwise for0" ≤ i ! 90"

. Further, Q varies from 0" to 360" starting from90" ! i ≤ 180"
north and increases via east, south, and west.

In many cases, two maxima per period near the elongations
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Figure 3. Polarimetric variability of observed targets: (a) Cygnus X-1, (b) HD
189733, (c) HD 149026, (d) HD 175541, and (e) HR 8974. Stars with most αKS
values less than 0.01 (blue regions) are considered variable. It can be seen that
only (a) Cygnus X-1, the variable control source, is significantly variable.
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Figure 4. Comparison of observed polarization of the HD 189733 transiting
hot Jupiter system. Solid circles are data from this work, open circles are
data from B08, and the curve represents the exoplanet model of B08. Mean
polarizations from each data set have been independently subtracted to show
residual polarimetric variability. Phase 0 indicates mid-transit in order to be
consistent with B08.

important in separating stochastic variability of the host star
from exoplanetary modulation.

To claim variability from this test, I require a variability confi-
dence level of >99%. Therefore, rejection of the null hypothesis
with significance αKS < 0.01 is required to claim variability of
the source. This method is preferred over a χ2 analysis with a
constant polarization model, because no assumptions are made
about intranight measurement distributions and number of mea-
surements (Clarke & Naghizadeh-Khouei 1994). However, K–S
tests of my data show that such measurement distribution is con-
sistent with a Gaussian nature for all targets and for all nights.
That is, neither systematic effects nor intranight variability are
significant for any targets. Plotted in Figure 3 are the αKS values
for all pairs of nights from each star. The likelihood of variability
decreases from Figures 3(a)–(e).

4.2. HD 189733 (V452 Vul)

From Figure 3(b), it can be seen that significant variability
of the system is not observed. In Figure 4, I show nightly
mean polarization of HD 189733 observed with POLISH and
compared with the data from B08. It should be noted that
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Figure 5. Observed polarization of the HD 189733 transiting hot Jupiter system
with best-fit exoplanet model. Telescope polarization and mean polarization,
both effects being at the level of three parts in 104, have been subtracted. Phase
0 indicates mid-transit (inferior conjunction of the exoplanet) in order to be
consistent with B08.
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Figure 6. Observed polarization of the long-period HD 175541 exoplanet
system. Telescope polarization as well as residual mean polarization of about
0.1% have been subtracted.

the bandpasses are different between B08 (B band) and this
work (400–675 nm), but the discrepancy in Figure 4 cannot
simply be due to this. A χ2 analysis shows that the model
reported by B08 to fit their observations fails to accurately
reproduce my observations to the >99.99% confidence level
(χ2 = 99.9, ν = 12). Figure 5 isolates the POLISH data,
and Figure 6 illustrates the nonvariable control system HD
175541 for comparison. To find an upper limit to the polarization
amplitude of HD 189733b, I perform Monte Carlo simulations
for expected exoplanetary polarization using Equations (1)–(4).
I set i = 85 .◦58 (Torres et al. 2008 analysis of Knutson et al.
2007), 0 ! ∆P ! 3 × 10−4, and 0◦ ! Ω ! 180◦. There exists
a reduced χ2 minimum of χ2/ν = 1.27 with a αχ = 0.229
probability of a successful fit for ∆P = 4.0×10−5 and Ω = 169◦

(Figures 5 and 7). This amplitude is larger than the maximum
∆P ≈ 2×10−5 allowed for p = 2/3 (Section 2), indicating that
it cannot be due to the planet. Indeed, a constant fit to the data
in Figure 5 produces a similar reduced χ2 of 1.79, reinforcing
the results of the K–S test that my observations of HD 189733
are consistent with noise.

Upper limits to the polarization amplitude can be determined
from the cumulative distribution function of αχ as a function of
∆P (Figure 7(b)), which is shown in Figure 8. The 68%, 95%,

W09 

B08 
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Figure 1. Stokes q and u with ±1σ error bars for HD189733b. Upper panels:
the new UBV measurements are shown by squares and the binned B-band data
from B08 by open circles, and the W09 measurements by crosses. The U and
V data are shifted in vertical by ±4 × 10−4 for clarity. Lower panels: all the U
and B data from the years 2006–2008 binned together. The mean error of the
binned data is 1.7 × 10−5 and the standard deviation is 1.1 × 10−5. Curves are
the best-fit solutions for the Rayleigh–Lambert atmosphere. The normalized χ2

of the fit is 1.16.
(A color version of this figure is available in the online journal.)

Therefore, the “null” result concluded by W09 is misleading
due to the overlooked wavelength dependence of polarization.

3. ORIGIN OF POLARIZATION

Our primary hypothesis is that the observed polarization is
due to scattering in the planetary atmosphere. The shape of
the phase curve with two peaks near elongations is a strong
argument in its favor (Figure 1). It can be reproduced with a
simple reflecting model (Section 4).

However, one can imagine alternative scenarios for the origin
of the observed polarization. For example, starspots detected
on the host star (e.g., Pont et al. 2007, hereafter P07) may
cause incomplete cancellation of the stellar limb polarization
when they appear near the limb. Assuming typical parameters
of starspots on a K dwarf (Berdyugina 2005) and computing
its most probable limb polarization at 400 nm (Fluri & Stenflo
1999), we evaluated a possible effect for the large spot Feature
A detected by P07. Such a spot near the limb would cause
maximum 5 × 10−7 polarization. If its area is artificially
increased up to 1%, which is the maximum spot area observed
on the stellar disk (Winn et al. 2007), the polarization can be 3
× 10−6. Note that the projected spot area is strongly reduced
toward the limb and cannot be as large as 1% near the limb (this is
in contrast, e.g., to transits, when the projected area of the planet
does not depend on the limb distance). Also, due to possible
simultaneous presence of several spots near different parts of
the limb, an expected effect is even smaller. These calculations
demonstrate that the spot area on HD189733 is simply too small
to be responsible for the 10−4 effect in linear polarization. A
transversal Zeeman effect due to starspot magnetic fields is also
excluded at the level above 10−6 (Moutou et al. 2007).

Another symmetry breaking effect resulting in a non-zero
polarization could be due to tidal interaction of the planet

Table 2
Parameters of the RL Atmosphere

Parameter U B V RI

Ω (◦) 10 ± 15 14 ± 6 5 ± 20 . . .

RRL/RJ 1.19 ± 0.24 1.18 ± 0.10 0.75 ± 0.20 <0.43
pRL ! 0.62 ± 0.30 0.61 ± 0.12 0.28 ± 0.16 <0.09

Notes. Ω values differing by 180◦are equally good. If our V-band data are
combined with those of W09, Ω = 0◦±9◦, RRL = 0.79 ± 0.13, and p = 0.31.

with the star. Following Condon & Schmidt (1975), we have
evaluated the height of tidal bumps on the stellar surface to be
about 1 km. This results in the ellipticity of the star of 2 × 10−6

and the maximum residual limb polarization of 10−9, which is
totally negligible.

We therefore concentrate our efforts on modeling the ob-
served polarization under the assumption that it is caused by
scattering in the planetary atmosphere.

4. RAYLEIGH SCATTERING IN THE PLANETARY
ATMOSPHERE

To model polarization of the light scattered off a planet,
we employ the Rayleigh–Lambert (RL) approximation, i.e.,
assuming (1) Rayleigh scattering for polarization and (2) the
Lambert sphere with the geometrical albedo pL = 2/3 for
intensity (Seager et al. 2000; Fluri & Berdyugina 2010; B08).
Since the albedo of the atmosphere is fixed, the wavelength-
dependent properties of the planet are effectively included into
the radius of the RL atmosphere, RRL, for different bands, which
represents a geometrical limit for the unity optical thickness in
the atmosphere. Note that this model implies a Bond albedo
of 1 and scattered light maximally polarized, so the values for
radii and albedos should only be considered as limits for a
spherically symmetric case. We use the same input parameters
and the χ2 minimization procedure as in B08 and Fluri &
Berdyugina (2010) and apply it to the original measurements
obtained in 2006–2008 for each passband separately. For the
orbit inclination i we used 94.◦32 as it results in a smaller χ2 value
as compared to the complementary value of 85.◦68 reported by
P07. The best-fit values of the two free parameters of the model
Ω and RRL are listed in Table 2. The modeled Stokes q and u
curves are shown in Figure 1. The values for the B band agree
with those obtained by B08 within the standard deviation. If our
V-band data are combined with those of W09, the parameters
are about the same but the errors improve.

To evaluate a wavelength-dependent geometrical albedo
(Table 2), we compare RRL with the results by P08. They em-
ployed analytical transit curves by Mandel & Agol (2002) un-
der the assumption that the planetary body is fully opaque,
which provides lower limits at observed wavelengths. They
modeled the transit curves by allowing the equivalent radius
of the planet, Req, to vary with wavelength and found an in-
crease of the radius by ∼500 km at 0.55 µm as compared
with 1 µm, and by ∼1000 km as compared with mid-infrared.
Using Req = 1.1524 RJ for 0.55 µm (R∗ = 0.755 R&), we
evaluate the geometrical V-band albedo of 0.28 by scaling
pV = pLR2

RL(V )/R2
eq(V ). The transit in the B band (0.44 µm)

was observed about 0.4% deeper than in the V band (Bouchy
et al. 2005), which resulted in Req = 1.26RJ, but it was deduced
with different orbital and stellar parameters than used by P08.
By applying the P08 parameters, we obtain Req(B) = 1.23RJ.
This leads to pB = 0.61, which is a factor of two larger than

3
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Spatially Unresolved Planets 
HD 189733b (Berdyugina et al. 2011a; Wiktorowicz 2009) & τ Boö b (Lucas et al. 2009) 
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Spatially Unresolved Planets 
Single (Fluri & Berdyugina 2010) vs. Multiple Scattering (Buenzli & Schmid 2009; Lucas et al. 2009) 
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POLISH2 
Commissioned April 2011 (~100 nights at each of Lick 3-m and 1-m) 
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50 + 150 kHz + … + (2n-1)f = Stokes V/I 
100 + 200 kHz + … + (2n)f = Stokes Q/I,U/I 

Nearly sinusoidal: 
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POLISH2 
Modulation Frequencies 
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POLISH2 
Vesta Observations (Known ~0.01% Variable) 
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Systematic Effects 
Sensitivity: Photon Noise 
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Spatially Unresolved Planets 
HD 189733b (Wiktorowicz et al., in prep.: Lick 3-m, 35+ nights) 
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Systematic Effects 
Accuracy: Airmass/Sky/Flexure via “Unpolarized” Star HR 4295 

• > 1012 sky photons not needed for 
ppm accuracy on star! 
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Systematic Effects 
Accuracy: Airmass/Flexure (?) via Polarized Star ζ Oph 

Airmass, flexure significant 
for strongly polarized stars 
(≈ P / 200 effect) 
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Systematic Effects 
Accuracy: Telescope Polarization via “Unpolarized” Stars 

• Amplitudes ≈ 10-4 
• Q, U correlated 
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Systematic Effects 
Accuracy: Telescope Polarization via “Unpolarized” Stars 

• Q, orbital phase usually 
uncorrelated, but not always! 
• Same calibrators must be 
observed nightly or else bias 
introduced 
• Bad hypothesis: Can we see 
modulation in known exoplanet 
system? 
• Good hypothesis: If unknown 
which star harbored exoplanet, 
could we identify it? 
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Systematic Effects 
Accuracy: Telescope Polarization Mapping 

• Halt dome motion, allow dome 
to occult mirror while tracking star 
• Maps polarization across mirror 
• Repeat next night to observe 
changes 
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Systematic Effects 
Accuracy: Telescope Polarization Mapping 
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Systematic Effects 
Accuracy: Telescope Polarization Mapping 
Night 1 Night 2 Difference 
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Conclusion 
  •  Scattered light from exoplanets will be polarized 

•  Orbital inclination (resolve M sin i) 
•  Presence or lack of clouds 
•  Composition of clouds if exist 

•  Burden of proof is on observer: must show that modulation requires 
exoplanet, as opposed to “is not inconsistent with” exoplanet 
•  Observe successive occultations for variability from all other sources 

•  HD 189733b polarized, scattered light detection: falsified 
•  Systematic effects severe even on equatorial telescope 

•  Strongly polarized star: airmass/flexure significant 
•  “Unpolarized” star: airmass/flexure insignificant, sky well calibrated 
•  “Unpolarized” stars show variability, assumption that always 

uncorrelated with exoplanet period falsified 
•  Map telescope polarization by occulting mirror with dome 
•  Statistically significant spatial and temporal variations in telescope 

polarization 



polish2 
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Spatially Unresolved Planets 
Longitude of Ascending Node from Scattered Light 
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POLISH2 
Vesta Observations (Known ~0.01% Variable) 
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Spatially Unresolved Planets 
HD 189733b (Wiktorowicz et al., in prep.: Lick 3-m, 35+ nights) 
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polish2 

•  Limb polarized tangent to limb 

•  Integrated stellar polarization = 0 

•  Limb occultation at ingress: 

 Asymmetry 

 Polarization spike 

 Polarization PA parallel to line 

joining stellar / planet centers 

 PA rotates during transit 

CW for “Northern” Hem. transit 

CCW for “Southern” Hem. transit 

Ingress Polarization 
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Limb darkening 

Limb polarization 

Spatially Unresolved Planets 
Transit Polarimetry (Nagirner 1962; Carciofi & Magalhães 2005) 
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Spatially Resolved Planets 
Last But Not Least 

LETTER
doi:10.1038/nature09684

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 (,100Myr) 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 iswhether 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 samemass 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 inwhich to study the forma-
tion and evolution of giant planets at wide (.10 AU) separations.
New near-infrared observations ofHR 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 0.36806 0.003’’
(14.56 0.4 AU). Planet e is bound to the star and is orbiting anticlock-
wise (see Fig. 2), as are the three other knownplanets in the system. The
measured orbitalmotion, 466 10mas yr21, is consistentwith 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 60Myr with a plausible

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

consistent with an earlier estimate of 20–150Myr (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 30Myr 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) 14.560.4
Orbital motion (arcsec yr21) 0.04660.010
Period for a face-on circular orbit (yr) ,50
DKs 2.146 mm{ (mag) 10.6760.22
DL9 3.776 mm{ (mag) 9.3760.12
Absolute magnitude at 2.146 mm, MKs (mag) 12.9360.22
Absolute magnitude at 3.776 mm, ML’ (mag) 11.6160.12
Luminosity (log L[) 24.760.2
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, 5071West 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
39.46 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
allowa 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 andbpoint towards planet e); c, an L9-band image acquired on 1November
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 24AU from the
central star, consistent with roughly circular orbits at inclinations of,40u (refs
11–13). Their masses (7, 10 and 10MJup for b, c and d for 60Myr age1; 5, 7 and
7MJup for 30Myr age) were estimated from their luminosities using age-
dependent evolutionary models25. North is up and east is left.
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