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Polarimetry with No Time for Background
And lo! A detection! 20 years later.

Polarimetric detection requires Kepler-like accuracy from the ground: alt-az telescopes or bust
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• 10 years of HST data: HD 189733b has Rayleigh-like 
clouds or the star has unocculted spots I guess? (The 
French+ 2008a,b; McCullough+ 2014)
– It’s not haze. Haze is photochemical, and organics are not 

present on this 1200 K planet with just SiO2 clouds (Inglis+ 
2024).

• JWST 8.7 µm absorption in one secondary eclipse: 
3.2!".$%&'  nm SiO2 clouds, no other composition comes 
close (Inglis+ 2024)

• Gemini North POLISH2 B band polarimetry in ~1 night: 
38!"'%() nm SiO2 or MgSiO3 clouds (90% confidence), no 
other composition comes close

• Polarization is sensitive to the size, shape, and refractive 
index of scattering particles
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Polarization Breaks Degeneracies
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• Photometry and polarimetry are independent 
and wavelength-dependent
– The figure at left is just for B band

• Polarization is way too strong to be consistent 
with weak HST secondary eclipse depth (Evans+ 
2013)
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HD 189733b Is Polarized like Titan
Both have ~40 nm scattering particles/monomers but that’s where the similarities end
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particles with larger effective radii at the morning terminator
than at the evening terminator, which could be caused by
particle condensation on the night side of the planet and
particle photoevaporation on the dayside (Figures 16 and 17
and Table 7). Similar condensation of iron (D. Ehrenreich
et al. 2020, WASP-76b) and potentially silicate particles (L.-
P. Coulombe et al. 2025, LTT 9779b) has been observed on
other exoplanets. The two-albedo Rayleigh scattering model is
consistent with a dark, B-band albedo Ag < 0.09 at the
morning terminator (99% conmdence) and a bright, Ag > 0.26
albedo at the evening terminator (2σ conmdence). Future
polarimetric observations of HD 189733b centered on its
morning terminator by a large, alt-az telescope would be
sufmcient to test this hypothesis.

3.5. HD 189733 System Circular Polarization

We denote circular polarization from a localized, spatially
resolved region of a planet vregion = Vregion/Iregion. When
integrated across the planetary disk, this quantity becomes
vintrinsic = Vintrinsic/Iintrinsic. Finally, when the colossal, direct
contaminating light from the host star is included, this
becomes v. Spatially resolved circular polarization up to
vregion ∼ 0.01% has been detected on Venus (J. C. Kemp &
R. D. Wolstencroft 1971), Jupiter (J. C. Kemp & J. B. Swedlund
1971; J. C. Kemp & R. D. Wolstencroft 1971; J. J. Michalsky
& R. A. Stokes 1974), and Saturn (J. B. Swedlund et al. 1972).
Earth’s atmosphere has been observed to have vregion ∼ 0.1% at
twilight (J. R. P. Angel & R. Illing 1972). Models may explain
spatially resolved circular polarization from planets up to the
vregion ∼ 0.1% level due to multiple scattering (L. Rossi &
D. M. Stam 2018). As unpolarized starlight scatters in the
atmosphere to generate linear polarization, subsequent scattering
of this linearly polarized light may generate circular polarization
with of order 1 part in 100 efmciency. Thus, given HD 189733b’s
peak intrinsic linear polarization of pintrinsic = 61.4 ± 1.5%
(Table 6), its maximum plausible spatially resolved circular
polarization is perhaps vregion ∼ 0.6%. However, the above
measurements and models show that the sign of circular
polarization changes from the planetary northern to southern
hemisphere, so disk-integrated circular polarization of a transit-
ing exoplanet is expected to be vintrinsic = 0 absent asymmetric
planetary features. Even if the disk-integrated planet were
intrinsically vintrinsic= vregion= 0.1% circularly polarized, con-
tamination from the direct light of the host star would reduce
system circular polarization to v < 1 ppm.
Unexpectedly, therefore, we measure circular polarization

from the HD 189733 system that appears phase-locked to the
planet’s orbit with peak Δv = 67 ± 19 ppm and a 27 ppm
square root of the weighted variance (Figure 18). Circular
polarization modulation is signimcantly larger than the peak
value of linear polarization from the planet (Δp = 40.9 ± 7.1
ppm, Table 4). The orbital phase dependence of circular
polarization modulation is reproduced at both the Lick 3 m and
Gemini North, scales with the expected Dux modulation of the
planet near secondary eclipse (orbital phases 0.25–0.75), and is

Figure 15. Intrinsic B-band linear polarization of HD 189733b (blue and red
data points) in the Gemini North orbital phase overlap region (Figure 4). This
is obtained by normalizing polarization measurements by the photometric
phase curve of the best-mt SiO2 model (Figures 5 and 14, left center panel).
The intrinsic polarization model (purple curve) is given by normalizing the
best-mt polarization phase curve, scaled by 1.53, to this photometric phase
curve (blue curve at bottom left in Figure 14). Also shown are blue optical
measurements of solar system bodies measured from the ground
(B. Lyot 1929; D. L. Coffeen & T. Gehrels 1969; A. Dollfus & D. L. Coff-
een 1970, Venus) and from Pioneer 10 and 11 (M. G. Tomasko &
P. H. Smith 1982; P. H. Smith & M. G. Tomasko 1984; M. G. Tomasko &
L. R. Doose 1984, Jupiter, Saturn, and Titan). Ground-based observations of
Uranus, obtained at effective orbital phases < 0.01 (J. J. Michalsky &
R. A. Stokes 1977; S. J. Wiktorowicz et al. 2026), are consistent with Rayleigh
scattering with 36.22% ± 0.89% efmciency (gold curve). HD 189733b appears
to have intrinsic linear polarization slightly larger than Jupiter and Titan. Phase
angles of solar system observations are converted to HD 189733b’s orbital
phase.

Table 6
Peak Blue Optical Intrinsic Linear Polarization

Object pintrinsic References

HD 189733b 61.4(1.5)% This work
Jupiter ∼58% ST84
Titan ∼56% TS82
Uranus 36.22(89)% MS77, W26
Saturn ∼28% TD84
Venus ∼6% L29, CG69, DC70

References. L29 (B. Lyot 1929), CG69 (D. L. Coffeen & T. Gehrels 1969),
DC70 (A. Dollfus & D. L. Coffeen 1970), MS77 (J. J. Michalsky &
R. A. Stokes 1977), TS82 (M. G. Tomasko & P. H. Smith 1982), ST84
(P. H. Smith & M. G. Tomasko 1984), TD84 (M. G. Tomasko &
L. R. Doose 1984), W26 (S. J. Wiktorowicz et al. 2026)
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Figure 16. Conmdence of rejection of SiO2, MgSiO3, MnS, and pure Rayleigh
models with various effective radii or geometric albedos based on B-band
polarimetry data obtained near the HD 189733b morning terminator. This is in
contrast to evening terminator data (Figure 8) and may suggest grain growth
on the planet’s night side.
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• Venus’ 1.05 ± 0.10 µm sulfuric acid clouds are 
weakly polarizing because they’re big (data: Lyot
1929, model: Hansen & Hovenier 1974)



4

Cloud Condensation on the Nightside?

Easy to test with another night or two at Gemini
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• Good data (Gemini) only 
probe evening terminator

• OK data (Lick) probe both
• Though Lick systematics 

are not great, they 
suggest muted 
polarization on the 
morning terminator

• > 100 nm SiO2 on the 
night side, 40 nm SiO2 on 
the day side?

• There are precedents: 
WASP-76b (Ehrenreich+ 
2020) and LTT 9779b 
(Coulombe+2025)
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HD 189733 Star-Planet Interactions Seem to be Back
Crap

Starspots are circularly polarized (especially in B band), HD 189733 is spotted, and another BY Dra is even stronger
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• POLISH2 measures linear and circular polarization 
simultaneously, but who cares? (Asteroid metals do)

• Circular polarization appears to modulate on the 
planet’s orbital period and is observed at both 
Gemini (2018) and Lick (2011-2014)

• Unless the atmosphere’s made of scarab beetles, it 
can’t be intrinsic to the planet

• Why is circular polarization modulation so large?
• Why does it peak at transit and midtransit?
• HD 189733 = BY Dra variable like HD 129333, 

whose circular polarization variations are due to 
starspots and are 10x larger than HD 189733 (Elias 
& Dorren 1990)

• Circular polarization can’t be an artifact of the 
instrument (Wiktorowicz+ 2023)
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A Lot of Juicy Targets Out There
Shouldn’t have led with HD 189733b

We still know nearly nothing about the non-transiting planets from the 90s, polarimetry can change that
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exoplanet characterization (Figure 3). We model the expected
SNR for planetary scattered light polarization at various alt-az
telescopes by generating polarization phase curves for the
exoplanets in the NASA Exoplanet Archive (NASA Exoplanet
Science Institute 2020) and sampling them based on the noise
statistics of our Gemini North data. Table 8 (sorted by SNR) and
Figure 20 show the exoplanets in the NASA Exoplanet Archive
estimated to be detected with at least 5σ conmdence in one week
of observations with POLISH2 at Gemini North. Expected SNR
obtained at 6.5m and 1m alt-az telescopes is also listed. Table 9
(sorted by M M i, sin ) lists the expected yield of sub-Jovians
( <M M i M, sin 115 ) detected with at least 3σ conmdence in
one week of observations at 30m class telescopes. We choose
this mass value because the demarcation between a power-law
M–R trend for sub-Jovians and M–R independence for Jovians
occurs at 115M⊕ ± 19M⊕ (K. Edmondson et al. 2023). Finally,
Table 10 (sorted by Teq) shows Teq� 1000K exoplanets expected
to be detected with least 3σ conmdence after one week of time at
30m class telescopes.

Generally, since POLISH2 is photon noise limited
(S. J. Wiktorowicz & G. P. Laughlin 2014), telescope aperture
D, planetary radius R, semimajor axis a (for circular orbits),
stellar brightness Bmag, and number n of orbits observed,
relative to the HD 189733b detection in this work, affect SNR
according to the following:

( )( )

/

/
=

¥

D R R
a

n

SNR 7.2
8m

1.138
0.031au

0.5orbits
10 . 3

J

B

2

0.4 8.578 mag

While POLISH2 is able to observe even the planet Venus at
the Lick 3 m, such high photon Dux requires PMT detector

gain to be reduced. This effectively reduces detector QE to
prevent damage. Thus, while POLISH2 is able to observe
bright exoplanet host stars at essentially any telescope, a bright
limit exists for each telescope after which SNR no longer
increases with stellar brightness. For 30 m, 8 m, 6.5 m, and 1
m class telescopes, these bright limits are Bmag ∼ 7.8, 5.0,
4.5, and 0.5, respectively. We factor this into our model, which
is signimcant for υ And b at Gemini and 10 exoplanets at 30 m
class telescopes.
For eccentric planets like GJ 3222b, HD 20782b, and HD

80606b, Equation (3) must be modimed to account for orbital
geometry. Specimcally, the argument of periastron ω is key to
determining whether the planet passes close enough to the star
at the orbital phase conducive to large polarization, and this
geometry is included in our model (S. R. Kane &
D. M. Gelino 2010). We assume all planets in Table 8 through
Table 10 share the same large polarization from small
scattering particles as HD 189733b, which is not likely to be
a realistic assumption for all exoplanets. However, given that
such atmospheric parameters are precisely what a polarimetric
campaign is designed to measure, we present the simplest
reasonable model to create the target lists. Indeed, any
statistically signimcant nondetection of these exoplanets will
provide meaningful constraints on scattering particle
properties.
Assuming all planets have the same intrinsically large B-

band polarization as HD 189733b, we estimate there are 52
other planets detectable with at least 5σ conmdence after one
week at Gemini North. Indeed, HD 189733b’s SNR only ranks
in the 60th percentile of these targets, all of whom have orbital
periods shorter than 11 days. The transiting, ultrashort-period
hot Jupiters KELT-9b, WASP-33b, and HIP 65A b are
expected to be easily detectable, or at least are expected to
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Figure 20. Estimated SNR of detection of the known transiting (dark circles) and nontransiting (open circles) exoplanets vs. Bmag assuming HD 189733b-like
atmospheres and one full orbit of observation at Gemini North (Table 8). We model 21 exoplanets to be detectable with greater conmdence than the HD 189733b
detection in this work (red annotation). Exoplanet parameters are obtained from the NASA Exoplanet Archive.
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If on a circular orbit
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Such as GJ 3222b, My New Favorite Planet
M sin i = 11.4 M⊕, e = 0.929

Should have a polarization spike that lasts ~1.5 h every 10.7 d
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