
Direct Detection of Exoplanets���

with Polarimetry!

Sloane Wiktorowicz 

Sagan Fellow, UC Santa Cruz 

Sagan Symposium: Nov. 9, 2012 polish2 



10
!4

10
!3

10
!2

10
!1

10
0

10
1

10
2

10
!8

10
!7

10
!6

10
!5

10
!4

10
!3

10
!2

!
500 nm

 / D
3m

C
o

n
tr

a
s
t

 

 

Secondary Eclipse

Secondary Eclipse

Direct Imaging

Scattered Light

Exoplanet Contrast 

IR Optical 

IR 

Optical 

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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Face-on 

Inclination from 
Polarimetry 

Stam et al. 2004 
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Edge-on 

Inclination from Polarimetry 
< 10-5 precision 
(> 1010 photons) 

Stam et al. 2004 

Mininum P ⇒ Inclination 
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Stam et al. 2004 

Clear 

Tropospheric cloud 

Tropospheric cloud + stratospheric haze Maximum P ⇒ Albedo 
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Coffeen & Gehrels 1969 
Hansen & Hovenier 1974 
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Wiktorowicz & Matthews, 2008, PASP, 120, 1282 
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Coffeen & Gehrels 1969 
Hansen & Hovenier 1974 
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Berdyugina et al. (2011a) 
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•Standard star data 
•Exoplanet model fit 
•Exoplanet host data 
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Non-Spherical HJ 



•  Scattered light from exoplanets is polarized, allows direct 
detection regardless of inclination 

•  Albedo, inclination, and scattering properties (cloud structure, 
composition) may be probed 

•  Upgraded POLISH2 may directly detect up to a dozen 
exoplanets at the Lick 3-m 

•  Survey: 1) hot Jupiters, 2) eccentric Jovians, 3) extended/tidally 
distorted Jovians, and 4) a super-Earth 

•  3 potential exoplanet detections 

•  Systematics important at the 10-5 level and are being mitigated 

Conclusions polish2 
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•  Light scattered by atmospheres is linearly polarized 
– H2 Rayleigh scattering 
–  Aerosol, cloud particle Mie scattering 

•  Two polarization cycles per orbit 

•  Change in polarization vector ⇒ inclination, albedo, 
atmospheric composition 
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Hinds Instruments 

•  Birefringence: 
horizontal E field 
lags/leads vertical 

•  Non-birefringent 
material stressed ⇒ 
birefringence 
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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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The Astrophysical Journal, 747:82 (17pp), 2012 March 1 Cowan et al.

Figure 5. WASP-12b at 4.5 µm, where we have treated the IPSVs as a polynomial function in both x and y centroid, as described in Section 3.2.3. The top panel shows
the systematics-corrected light curve and best-fit astrophysical model (top inset), the residuals after subtracting the best-fit transit, eclipse and thermal phase model,
along with the best-fit ellipsoidal variations model (middle inset), and the residuals after removing ellipsoidal variations (bottom inset). Ellipsoidal variations of the
planet do not affect in-eclipse data since the planet is hidden from view; hence we remove the in-eclipse data from this panel. The bottom left panel shows the weight
function used to correct the data, with pixel edges shown in green. The bottom right panel shows the scatter in the residuals as a function of binning; the red line shows
the photon noise limit; the vertical dotted line denotes the timescale of ingress/egress.
(A color version of this figure is available in the online journal.)

largest error bars for the phase variation parameters: Atherm,
αmax, Aellips.

5. RESULTS

The two methods used to remove IPSVs are fundamentally
different. The Gaussian decorrelation uses local information to

correct the flux with no assumption about larger-scale trends;
it is able to correct for small-scale variations in sensitivity, but
requires very high densities of centroids. The polynomial fit
assumes a functional form for the smoothly varying sensitivity,
but is better able to correct regions that are less-well sampled.
It is not clear which method is better suited to a given data
set. Ballard et al. (2010) found the decorrelation to be better (in

10
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detectable exoplanetary polarization requires an
exoplanet to venture within ≈ 0.05 AU of the
host star. Dark, highly refractory cloud parti-
cles are expected in the hot atmospheres of hot
Jupiters, which lie on circular orbits. However,
highly eccentric exoplanets plunge close enough
to their parent stars that scattered light at pe-
riastron will be significant. In addition, they
spend most of the time in colder regions, so
dark, refractory cloud particles are not expected
to present in their atmospheres. Thus, highly
eccentric exoplanets like HD 80606b and HD
17156b are expected to have significantly higher
albedos than hot Jupiters. I observed the exo-
planet host star HD 80606 during periastron of
the exoplanet in Nov. 2011 (Fig. 6). Five ad-
ditional nights were used to observe the baseline
polarization of the system, where the exoplanet’s
contribution was expected to be negligible. Un-
fortunately, the amplitude of the expected signal
lies comfortably within the precision of the data;
however, Fig. 3 hints that improvements to the
data processing pipeline may improve the preci-
sion of raw, archived data.

In addition to observing highly eccentric ex-
oplanets, I have begun observations of exoplan-
ets whose scattering surfaces are expected to be
large and/or non-spherical. The 1.1 day period
and large transit depth of WASP-12b suggests
that it may be overflowing its Roche lobe. In-
deed, there is evidence that the exoplanet itself
shows ellipsoidal variations, suggesting that its
shape is a triaxial ellipsoid(15 ). It is expected
that scattering off such a non-spherical exoplanet
should increase the polarization from that of a
spherical exoplanet with similar radius. Fig. 7
shows a striking change in WASP-12 polariza-
tion between orbital phases 0 and 0.5. Indeed,
the step-like offset in Stokes Q/I contrasts with
the slow change in Stokes U/I. Additional ob-
servations will test whether the large offset in
Stokes Q/I between the two runs (24 times that
expected for a spherical planet) corresponds to
a true change in polarization of the system. It
is interesting that the polarization in Fig. 7 is
near the maximum possible value based on the
fraction of starlight intercepted by the exoplanet
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Figure 6: HD 80606 polarimetry. Night of ex-
pected peak polarization is given by white data
points.
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Figure 7: WASP-12 polarimetry. Modeled polar-
ization (blue curve) assumes a spherical planet,
and dashed lines indicate the fraction of starlight
intercepted by the exoplanet.

(dashed lines).
As a faculty member at Caltech, I will use

my experience with POLISH on the Palomar 5-
m, Lick 3-m, and Lick 1-m to outfit POLISH2
for use on the Palomar 5-m. I propose to con-
tinue the survey of hot Jupiters, highly eccen-
tric exoplanets, and distorted exoplanets. Once
detections in B band are confirmed, follow-up
observations in U and V bands will test mod-
els of Rayleigh-scattering and hazy atmospheres.
The role of clouds and hazes in exoplanet atmo-
spheres will finally be uncovered. The degree of
polarization from eccentric exoplanets will illu-
minate the physics associated with flash heat-
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