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•  Follow-up transmission 
spectroscopy and occultation 
photometry require transits due to 
calibration limitations (except for 
Birkby, imaging folks et al.) 

•  Only 9 / 65 close-in, RV-discovered 
planets transit (for a(1-e) < 0.075) 

•  CoRoT, HAT(S), Kepler, K2, KELT, 
MEarth, OGLE, PH, Qatar, (TESS), 
TRAPPIST, TrES, WASP, WTS, and 
XO planets increase the sample 

After all this effort to find planets we can study, many will still be inaccessible to JWST 

Exoplanet Science Must Diversify Techniques 
Searching for keys under a lamppost 

 
Figure 2.  Averaged transmission spectrum for GJ 436b.  Black filled circles indicate the 
error-weighted mean transit depth in each bandpass, with the plotted uncertainties calculated as 
the sum in quadrature of the 1σ standard deviation measurement errors and the systematic 
uncertainties from stellar limb-darkening models.  We show three models for comparison, 
including a solar-metallicity cloud-free model (red line), a hydrogen-poor 1900 times solar 
model (blue line), and a solar metallicity model with optically thick clouds at 1 mbar (green line).   
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•  But many exoplanets have flat transmission spectra from hazes or clouds 
•  Will have to vet these planets so JWST time is not wasted 
•  Difficult to identify specific absorber properties with existing techniques 
➢  Main follow-up techniques can only study the select few planets with clear 

atmospheres in transiting geometries 
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1)  Photometry 
–  Photon counting 
–  “Stokes I” 

2)  Linear Polarization “x” vector component 
–  Component of E field North / South minus 

East / West 
–  “Stokes Q” 

3)  Linear Polarization “y” vector component 
–  Component of E field Northeast / Southwest 

minus Northwest / Southeast 
–  “Stokes U” 

4)  Circular Polarization 
–  Component of E field CCW minus CW 
–  “Stokes V” 
–  Not relevant for exoplanets, but it identifies 

metallic regions on asteroids 

Polarimetry: measurement of the full electric field state of light 

Polarization: Quadruple Your Information 
Turn a scalar into a four-vector 

Nearly all 
exoplanet science 
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Unpolarized 

Polarimetry identifies gas molecules vs. fractal hazes vs. cloud particles 

Polarization Ideal for Particulates 
Polarized fogbow, Haleakala 

Polarized Sky darkens: 
1) Small particles 

Fogbow brightens: 
Large particles, radius of curvature 
identifies 2) droplets of 3) water 
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Rainbows are polarized, and their geometry is caused by particle composition 

Discovery of Venus’ Sulfuric Acid Clouds 
Polarization encodes particle size, shape, index of refraction 

Data: Lyot 1929 (!) 
Models: Coffeen & Gehrels 1969; 

Hansen & Hovenier 1974 

Sulfuric acid rainbow 
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Photoelastic Modulators Enable 1 ppm Accuracy 
Waveplates, FLCs limited to 10-100 ppm accuracy 

Hinds Instruments 

•  Birefringent material 
Index of refraction is a function 
of E orientation 

•  Non-birefringent material 

Stress ⇒ birefringence 
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•  (Small) Gas molecules 
–  Strongly polarizing at orbital phases 

0.3, 0.7; no rainbow 
•  (Medium) Haze particles 

–  Weakly polarizing at orbital phases 0.3, 
0.7; no rainbow 

•  (Large) Cloud particles 
–  Weakly polarizing; has rainbow 

•  Strong polarization at phases 0.3, 
0.7 without rainbow: gas molecules 

•  Weak polarization at phases 0.3, 0.7 
without rainbow: haze particles 

•  Weak polarization at phases 0.3, 0.7 
with rainbow: cloud particles 

Hard to identify particles from intensity, easier in polarization 

Polarization Signatures of Gases, Hazes, and Clouds 
Amplitude and orbital phase location of polarization peak 

Rayleigh scattering haze over several scale heights. To model
this, we introduce two types of scattering particles into the
atmosphere: spherical particles of size 1 μm and fractal
particles of effective size~0.1μm, composed of 1000 spherical
monomers of size~10 nm. These are similar in shape to fractal
particles used in Z13, but their refractive index is that of
silicates, + - i1.68 10 4 . As in Section 3.2, a single gas+haze
layer with an optical depth of 1000 makes up the atmosphere,
with an underlying cloud layer. These particles are added such
that they contribute to 50% of the optical depth at each
atmospheric layer, while the geometric albedo is held constant
close to 0.23. This is achieved by setting the single scattering
albedo to 0.71 in the Rayleigh case, 0.54 in the Mie case and
0.84 in the fractal case. The resulting curves are shown in
Figure 6.7 The highest polarization is always produced by a
non-absorbing, purely Rayleigh scattering atmosphere. The
introduction of any particle that deviates from this regime
reduces the polarization. Polarization is non-zero at orbital
phase 0.5 since the planet is in an orbit whose inclination is not
90°. Therefore, at this orbital phase the phase angle is ~4 ,
while polarization is zero for a phase angle of 0°.

A simple reason to explain this effect is that moving from the
Rayleigh to Mie regime reduces reflection at quadrature angles
and increases preferential forward scattering. Since the
polarization peak occurs near quadrature, and there is lower
reflection at this point, the total degree of polarization
invariably decreases. The fractal particles are characterized by
their Mie particle-like intensity curve, which comes from their
large effective radius and Rayleigh-like polarization curve,
which is due to the small size of individual monomers that
make up the aggregate. The Mie-particle haze can be
distinguished by a rainbow close to secondary eclipse. Thus,
for a given albedo, using a combination of intensity and
polarization measurements, it should be possible to determine
whether a haze is present, and what type of particles might be

present in it. Recent work has begun to place constraints on
scattering particle properties (Muñoz & Isaak 2015). Increasing
effective haze particle size decreases the degree of polarization
observed. However, it will be tricky to characterize the size of
haze particles from the degree of polarization alone without
extremely high resolution polarimetric observations (ΔP
∼few ppm).

3.3. Thin Atmospheres above Cloud Decks

Berdyugina et al. (2011) proposed an atmospheric structure
with a thin gas or haze layer on top of a semi-infinite cloud or
condensate deck. Since the nature of the cloud or haze layer
remains fairly unconstrained in this picture, we create a
structure with two layers. In the first case, the top layer is pure
gas with an optical depth of 1.0, and single scattering albedo of
0.7. In the second case the top layer has spherical haze particles
and gas, each component contributing to 50% of the optical
depth with a total optical depth of 1.0 and single scattering
albedo of 0.5. The bottom layer is a cloud with optical depth of
1000 and albedo of 0.7, while the cloud scattering properties
are represented by the DHG function mentioned in Table 2.
Scattering by the cloud produces no net polarization. This is to
simulate the effects of scattering by very large cloud particles,
of millimeter size. In all cases, the geometric albedo of the
planet is maintained close to 0.23. The results are shown in
Figure 7, we compare these cases to a semi-infinite Rayleigh
scattering atmosphere since that is the basic structure that we
must distinguish from. Since the geometric albedo is
constrained to be the same in all cases, changes in observed
intensity are very minor. Thin polarizing layers produce a
lower degree of polarization, but the shapes of the curves are
the same as those of thick atmospheres of similar composition
in the previous section. There is no particular advantage to
using polarimetry in this case. This information can also be
acquired from a different observational technique, such as
transit photometry.

Figure 6. Variation in the degree of polarization from reflected light HD
189733b system with a semi-infinite pure gas and hazy atmospheres. The
particle properties are listed in Table 2. The geometric albedo of the planet is
forced to remain close to 0.23. B11 and W09 lines indicate the amplitude of
observations from Berdyugina et al. (2011) and Wiktorowicz (2009).

Figure 7. Variation in reflected intensity and the degree of polarization for
different atmospheric structures of HD 189733b. The intensity curves for a
semi-infinite Rayleigh atmosphere (deep gas), thin, clear gas atmosphere (thin
gas) and a hazy atmosphere with spherical particles (thin haze) on top of a
cloud layer. The haze and cloud properties are mentioned in Table 2.

7 The jagged appearance of the Mie curve is due to disk integrations being
carried out at every 5° in orbital phase angle. Smooth curves can be obtained by
carrying out integrations at every 1° (Appendix, Figure 14), but the increased
computational time does not yield any fundamentally new features.
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Kopparla et al. 2016 
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•  Identify particle composition: index of refraction vs. λ
•  Identify particle size distribution: orbital phase location of peak polarization 
•  Distinguish differences in particle properties between morning and evening 

terminators (condensing vs. non-condensing) 

Polarimetry: Finding silver linings in clouds (and hazes, too) 

Full-Orbit Phase Curves are Crucial 

P. Kopparla 
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Polarimetry Leverages Ground-Based Telescopes 
Nov. 2016 commissioning, Gemini North 8-m 

POLISH2 

Gemini 
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•  B band geometric albedo of 
0.335 ± 0.059: 4.7σ detection 

•  Null hypothesis (constant, 
zero polarization) rejected 
with 4.4σ confidence

•  Albedo < 0.8 requires haze 
or cloud particles (17% of 
incident photons absorbed) 

•  Clear atmosphere rejected 
with 6.7σ confidence 

•  Next: distinguish hazes from 
clouds by searching for 
rainbow near phase 0.5 

Exoplanet polarimetry has arrived 

Discovery of Scattered Light from an Exoplanet 

•  Next: search for differences between morning and evening terminators 
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•  Gemini: Detailed exoplanet follow-up 
•  Lick: NASA-funded asteroid observations identifying surface metals 
•  Aerospace 1-m: asteroids and POLTERGEIST survey around bright stars 

–  POLarimetry of TERrestrial and Gaseous Exoplanets Inaccessible to Standard 
Techniques 

Simultaneous 5-band operation for isolation of exoplanet clouds and hazes 

New Polarimeter PHALANX 
Polarimeter for High Accuracy aLbedos of Asteroids aNd eXoplanets 

Light*from*telescope

Blue*PMT

Horizontal*
polarization*
channel

Vertical
polarization*

channel

Acquisition*camera

Polarizing*beamsplitter

Light*from*telescope
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•  Exoplanet clouds and hazes are common and do not play nicely with current 
follow-up techniques 

•  Full-orbit, multi-wavelength, ground-based polarimetry is ideally suited for such 
planets 
–  Particle size, shape, index of refraction, and composition affect phase curve 

•  Short commissioning run in a single band was sufficient to discover scattered 
light from an exoplanet, requires absorber with 6.7σ confidence 

•  Polarimetry is naturally sensitive to scattered light surrounding elongation (90° 
scattering angle), conveniently when terminators are in view 
–  Differences in polarization signature between morning and evening terminators 

directly probe heat redistribution and cloud condensation 
•  New polarimeter PHALANX to measure scattered light in 5 bands 

simultaneously 
–  Detailed studies at 6-10m, alt-az telescopes with Cassegrain foci 
–  Survey of brightest stars with the Aerospace 1-m telescope 

Conclusion 
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•  Telescope-
induced 
polarization 
manifests as 
sinusoidal 
signature vs. 
parallactic 
angle on alt-az 
telescope 

•  Subtraction of 
this uncovers 
science 
signature 

Discovery of Scattered Light from an Exoplanet 

-1
-0.8
-0.6
-0.4
-0.2

Q
/I 

(%
)

-0.8
-0.6
-0.4
-0.2

0
U

/I 
(%

)

-80 -60 -40 -20 0 20 40 60 80
Parallactic angle (°)

-0.1

-0.05

0

V/
I (

%
)

-1
-0.8
-0.6
-0.4
-0.2

Q
/I 

(%
)PTP = 0.48%

P* = 0.75%
Data

-0.8
-0.6
-0.4
-0.2

0

U
/I 

(%
)PTP = 0.48%

P* = 0.75%
Data

-80 -60 -40 -20 0 20 40 60 80
Parallactic angle (°)

-0.1

-0.05

0

V/
I (

%
)

0 0.2 0.4 0.6 0.8 1
Orbital Phase

Po
la

riz
at

io
n 

De
gr

ee

Half-night 1
Half-night 2
Half-night 3


