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Small Exoplanets Are Common

The Radius Gap 7

Fig. 7.— Top: Completeness-corrected histogram of planet radii for planets with orbital periods shorter than 100 days. Uncertainties
in the bin amplitudes are calculated using the suite of simulated surveys described in Section C. The light gray region of the histogram for
radii smaller than 1.14 R� suffers from low completeness. The histogram plotted in the dotted grey line is the same distribution of planet
radii uncorrected for completeness. The median radius uncertainty is plotted in the upper right portion of the plot. Bottom: Same as top
panel with the best-fit spline model over-plotted in the solid dark red line. The region of the histogram plotted in light grey is not included
in the fit due to low completeness. Lightly shaded regions encompass our definitions of “super-Earths” (light red) and “sub-Neptunes”
(light cyan). The dashed cyan line is a plausible model for the underlying occurrence distribution after removing the smearing caused by
uncertainties on the planet radii measurements. The cyan circles on the dashed cyan line mark the node positions and values from the
spline fit described in §4.2.
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Measuring turbulence is hard

How to probe vertical 
structure/interior of disks?

Uncertain chemical inventories

Time evolution

Measuring the dust mass is hard
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Exoplanet Atmospheres: 
Transmission spectroscopy

Can constrain: 

• scale height (how puffy the 
atmosphere is) 

• atmospheric composition 

• molecular abundances



Diana Dragomir Understanding Super-Earths

GJ 436b

Knutson et al. (2014)

Kreidberg et al. (2014)

GJ 1214b

First Challenge: 
Small Exoplanet Atmospheres Are Often Cloudy…

Knutson, Dragomir et al. (2014)

HD 97658b

GJ 3470b

Ehrenreich et al. (2014)M dwarf host stars
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… But Not Always

Fraine et al. (2014)

HAT-P-11b

Supplementary Materials: 

Materials and Methods 

Figures S1-S5 

Tables S1-S2 

References (35-52)  

Fig. 1. The measured transmission spectrum of HAT-P-26b. We show the atmospheric 
transmission spectrum (open and solid circles alternating between different observational modes 
indicated by the labeled bars at the bottom) fitted with a model (red) derived by using the ATMO 
retrieval code (18). The best fitting models have isothermal profiles and include a uniform cloud 
opacity. Shown here are the results for model M1 with 1σ, 2σ, and 3σ uncertainty shown in the 
dark to light blue shaded regions. The right-hand axis shows the corresponding scale of the 
atmospheric transmission in terms of planetary scale height, which is a logarithmic parameter of 
the atmosphere based on the planet’s temperature, gravity, and mean molecular weight.  
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Crossfield & Kreidberg (2017)

Do Clouds/Hazes Correlate With Planet 
Temperatures?

see also Stevenson (2016)
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Other Challenges 
for Transmission Spectroscopy

2 Methodology

Fig. 2.1. Illustration of exoplanet transmission spectroscopy. During a planetary transit, a fraction
of the star light crosses the atmosphere of the planet and is absorbed by the atmospheric elements.
A plot of that extra absorption over wavelength is what we call a transmission spectrum of the
exoplanet. Figure taken from Tinetti et al. (2007) and López-Morales (2011).

2.1 Target selection and accepted observing proposals

The amplitude of the absorption signal in transmission spectroscopy, i. e. the change
in measured transit depth ∆depth relates to the size of the probed atmospheric annulus
compared to the stellar size:

∆depth ∼
Rp

R2
⋆
H , (2.2)

with the atmospheric pressure scale height H as

H =
k T

µ g
. (2.3)

Here, k is the Boltzman constant, T the mean atmospheric temperature, µ the mean
molecular weight and g the surface acceleration due to gravity. We assume µ of a Hot
Jupiter equals Jupiters value of 2.2 g/mol. Therefore, a low stellar radius, a high planetary
temperature and radius and a low surface gravity will yield a higher transmission signal.
The potential signal for a H2-rich solar-metallicity atmosphere without a veiling haze/cloud
layer amounts to 5–10 scale heights.
Most known transiting planets orbit solar type main-sequence stars. For these host stars

of radii from about 0.8 to 1.5 R⊙ just gas giant planets are able to produce transmission
signals accessible by current instrumentations. In principle, the smaller the host star, the
smaller the exoplanet could be for the same transmission signal. However, we still know
just a few transiting planets around M stars, famous examples are GJ1214b (Charbonneau
et al. 2009) and GJ3470b (Bonfils et al. 2012). The demand for smaller host stars to push
the characterization of exoplanet to the super-Earth and Earth regime is well recognized
in the community and transit surveys designed for M stars as the MEarth project (Berta
et al. 2013) , the WFCAM Transit Survey (Kovács et al. 2013) and the PTF/M-dwarfs
survey (Law et al. 2011) are collecting data.
But Jupiter-sized planets are not immediately favorable targets. Jupiter, with its scale

height of 27 km, would cause a ∆depth ∼ 0.001% per scale height. In other words, the

12

Only probes day-night 
terminator

Partial Clouds vs. 
Mean Molecular Weight

2 Line & Parmentier

This atmospheric circulation, dominated by a super-
rotating equatorial jet, advects thermal energy eastward
leading to a strong west-to-east terminator temperature
gradient of several hundreds of degrees. This eastward
shift in temperature was first predicted by Showman and
Guillot (2002) and since observed in a a number of hot
Jupiter’s (Knutson et al. 2007;2009;2012; Crossfield et al.
2010; Cowan et al. 2012; Lewis et al. 2013; Stevenson et
al. 2014). Such a large horizontal temperature gradient
can lead to longitudinally varying cloud cover as numer-
ous condensable species can be in a condensed state on
the west limb but gaseous in the east limb. Recent phase
curve observations in visible light from the Kepler space-
craft are strongly suggestive of inhomogeneous dayside
cloud coverage, with cloudy western daysides and clear
eastern daysides (Demory et al. 2013, Shporer & Hu
2015; Hu et al. 2015; Esteves et al. 2015; Parmentier
et al. 2015, submitted), very much in agreement with
expectations.
In the remainder of the paper we describe how a non-

uniform cloud cover along the planetary terminator can
influence the observed transit transmission spectra and
how failing to account for non-uniform cloud cover can
bias molecular abundance determinations. In §2 we il-
lustrate the basic idea and describe the impact that non-
uniform terminator cloud cover can have on transit trans-
mission spectra. §3 reviews, analytically, the basic
mechanisms that control the shape of transit transmis-
sion spectra and the role of non-uniform terminator cloud
cover. In §4 we show quantitatively, via atmospheric re-
trievals, how non-uniform cloud cover can impact water
abundance determinations on both synthetic data and
two well observed planets, the hot-Jupiter HD189733b
and warm Neptune HAT-P-11b. In §5 we show how
non-uniform cloud cover can present itself as residuals
in transit light curves. Finally we summarize our find-
ings, caveats, and discuss implications.

2. BASIC CONCEPT AND IMPACT’S ON TRANSIT
TRANSMISSION SPECTRA

We use a transit transmission forward model (Line
et al. 2013; Swain, Line, & Deroo 2014; Kreidberg et
al. 2014b;15) to generate a variety of spectra over the
HST WFC3 bandpass to illustrate the basic concept.
The model numerically solves the equations described
in Brown (2001) and Tinetti et al. (2012). The inputs
are the scale height isothermal temperature (T), the
planetary radius at 10 bars, the opaque ( in the limb
geometry) gray cloud top pressure (Pc), a terminator
cloud fraction (f), and the gas abundances. For sim-
plicity we include only water as the gaseous absorber as
it has been the only molecule robustly detected over the
WFC3 bandpass (e.g., Deming et al. 2013; Kreidberg et
al. 2014; 2015). The remaining “filler” gas is assumed
to be a mixture of molecular hydrogen and helium in
solar proportions. Clouds are modeled rather simplisti-
cally assuming that no light is transmitted through the
atmosphere at pressures deeper than Pc. Non-uniform
cloudy transmission spectra are computed via a linear
combination of a globally clear atmosphere and globally
cloudy atmosphere (similar to Marley et al. 2010; Mor-
ley et al. 2014 for brown dwarf emission spectra) using
the following:

↵�,f = f↵�,cloudy + (1� f)↵�,clear (1)

Global
0.01mbar 

Cloud

Morning
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0.01mbar 

Cloud

Cloudy Annulus
Clear Annulus
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Warm Neptune
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Patchy Cloud Solar 
Clear High MMW 
Global 1 mbar Cloud Solar

Fig. 1.— Impact of non-uniform cloud cover on a hot-Jupiter
and warm-Neptune transit transmission spectrum. The cartoon at
the top illustrates the relative change in radius (to scale for the hot
Jupiter) due to the the clear and cloudy annuli. In the bottom two
panels we compare representative spectra of di↵erent commonly
encountered atmospheric scenarios for a hot Jupiter (middle) and
warm Neptune (bottom) (see Table 1) with partial cloudy spectra
. The spectra are o↵set to have zero mean. Note the near identical
match between the patchy cloud and high mean molecular weight
(mmw) spectra.

where ↵�,f is the wavelength dependent eclipse depth for
cloud fraction f , ↵�,cloudy and ↵�,clear are the wavelength
dependent eclipse depths for a globally cloudy and glob-
ally clear atmosphere, respectively. This is e↵ectively a
“2-dimensional” model as we don’t consider variations
along the tangent rays (unlike in Fortney 2010; Burrows
et al. 2010). Figure 1 illustrates the basic concept for two
representative planets, a hot Jupiter and a warm Nep-
tune. The necessary planet and atmosphere parameters
are shown in Table 1.
For this setup we use a relatively high altitude opaque

cloud in order to substantially flatten the spectra, a rea-
sonable cloud top pressure in lieu of recently observed

Line & Parmentier (2015)
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Other Paths: 
Emission Spectroscopy

Can constrain: 

• the temperature - 
pressure profile, and thus 
the atmospheric structure 

• heat redistribution 
efficiency 

• atmospheric composition
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The first emission spectrum of a super-Earth 
(55 Cnc e)

Dragomir et al. (2018)
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FIG. 18.— Mean numbers of planets and eclipsing binaries that are detected in the TESS simulation. Results are shown for the 2⇥ 105 target stars that are
observed with 2 min time sampling as well as stars in the full-frame images that are observed with 30 min sampling. The quoted uncertainties are based on the
statistical uncertainties due to Poisson fluctuations and the uncertainties in the planet occurrence rates. For eclipsing binaries, there may be additional systematic
uncertainties as high as ⇡50% (see the text).

maximum number of target stars (2⇥105).
Diluting flux.—Whenever the photometric aperture con-

tains flux from neighboring stars, the measured transit depth
will be smaller than it would be if the star were observed in
isolation. If this effect is not taken into account (by using ob-
servations with higher angular resolution), then the planet’s
radius will be underestimated. The source of the “diluting
flux” can be a star that is gravitationally bound to the target
star, or it can be one or more completely unrelated stars along
the same line-of-sight. In our simulation, we find that 12% of
detected planets suffer dilution by more than > 21%, making
them vulnerable to radius underestimation by > 10%. For 6%
of planets, the radii could be underestimated by > 20%. We
note that we do not consider cases of underestimated planet
sizes to be “false positives”, in contrast to Fressin et al. (2013).
Those authors considered the detection of transits with signif-
icant dilution to be a false positive because they were con-
cerned with determining the occurrence rates of planets as a
function of planet radius.

A separate scenario in which the transit depth can be diluted
is when the transiting planet is actually orbiting a background
star rather than the target star. Simulating these background
transiting planets is a more computationally challenging prob-
lem which we conducted separately from the main simula-
tions. We generated planets around the background stars rep-
resented by in “faint” star catalog and simulated the detection
of the transiting planets blended with target stars. We found
this type of transit detection to be very rare. Of the 2⇥105

target stars, we find that only ⇠1 planet transiting a back-
ground star will be detectable with TESS. In the 30-minute
full-frame images, approximately 70 such planets might be
detected. The transit depths of these planets must be very deep
to overcome the diluting flux of the brighter target star. In the
simulations, the median radius of blended transiting planets is
17R�. Our conclusion is in agreement with those of Fressin
et al. (2013), who found that transits of background stars are
a less important source of detections than transits of planets
around gravitationally bound companion stars (see their Fig-

ure 10).
Single-transit detections.—In a few notable cases, the SNR

of a transit exceeds the threshold of 7.3, but only a single
transit is observed. We expect 110 such planets to be detected
with one transit. These are not counted as detections in the
tallies given above, but they are included in Figure 21 as gray
points. These planets have longer periods and lower equilib-
rium temperatures than the rest of the TESS sample. There
may even be additional single-transit detections from plan-
ets with orbital periods exceeding one year, which we have
not modeled at all. Although the periods will not be well-
constrained using TESS data alone, and the probability of a
“detection” being a statistical fluke is higher, it may still be
worthwhile to conduct follow-up observations of these stars.
The single-transit detections have a median planet size of
⇠3 R�, a median orbital period of ⇠30 days, and a median
insolation of 1.9 S�.

7.2. False positives
Among the 2 ⇥ 105 target stars, TESS detects 1103±33

eclipsing binary systems along with the transiting planets.
The uncertainty in this figure is based only on the Pois-
son fluctuations; we acknowledge that the true uncertainty is
likely to be significantly larger. Based on our comparison with
the Kepler eclipsing binary catalog (see Section 4.2), the un-
certainty may be as large as 80% for relatively low galactic
latitudes.

The false-positives can be divided into the following cases:

1. Eclipsing Binary (EB): The target star is an eclipsing
binary with grazing eclipses. There are 250 ±16 detec-
tions of EBs.

2. Hierarchical Eclipsing Binary (HEB): The target star is
a triple or quadruple system in which one pair of stars
is eclipsing. There are 410 ±20 detections of HEBs.

3. Background Eclipsing Binary (BEB): The target star is
blended with a background eclipsing binary. There are

18 Sullivan et al.

101

102

103

104

105

106

D
et
ec
ti
on

s

Earths

70
±9

< 1.25R⊕

Super-Earths

510

486
±22

1.25− 2R⊕

Sub-Neptunes

3k

1111
±122

2− 4R⊕

Giants

17k

67
±8

> 4R⊕

EBs

286k

250

HEBs

190k

410

BEBs

188k

443

Full-Frame Images

2x105 Target Stars

FIG. 18.— Mean numbers of planets and eclipsing binaries that are detected in the TESS simulation. Results are shown for the 2⇥ 105 target stars that are
observed with 2 min time sampling as well as stars in the full-frame images that are observed with 30 min sampling. The quoted uncertainties are based on the
statistical uncertainties due to Poisson fluctuations and the uncertainties in the planet occurrence rates. For eclipsing binaries, there may be additional systematic
uncertainties as high as ⇡50% (see the text).

maximum number of target stars (2⇥105).
Diluting flux.—Whenever the photometric aperture con-

tains flux from neighboring stars, the measured transit depth
will be smaller than it would be if the star were observed in
isolation. If this effect is not taken into account (by using ob-
servations with higher angular resolution), then the planet’s
radius will be underestimated. The source of the “diluting
flux” can be a star that is gravitationally bound to the target
star, or it can be one or more completely unrelated stars along
the same line-of-sight. In our simulation, we find that 12% of
detected planets suffer dilution by more than > 21%, making
them vulnerable to radius underestimation by > 10%. For 6%
of planets, the radii could be underestimated by > 20%. We
note that we do not consider cases of underestimated planet
sizes to be “false positives”, in contrast to Fressin et al. (2013).
Those authors considered the detection of transits with signif-
icant dilution to be a false positive because they were con-
cerned with determining the occurrence rates of planets as a
function of planet radius.

A separate scenario in which the transit depth can be diluted
is when the transiting planet is actually orbiting a background
star rather than the target star. Simulating these background
transiting planets is a more computationally challenging prob-
lem which we conducted separately from the main simula-
tions. We generated planets around the background stars rep-
resented by in “faint” star catalog and simulated the detection
of the transiting planets blended with target stars. We found
this type of transit detection to be very rare. Of the 2⇥105

target stars, we find that only ⇠1 planet transiting a back-
ground star will be detectable with TESS. In the 30-minute
full-frame images, approximately 70 such planets might be
detected. The transit depths of these planets must be very deep
to overcome the diluting flux of the brighter target star. In the
simulations, the median radius of blended transiting planets is
17R�. Our conclusion is in agreement with those of Fressin
et al. (2013), who found that transits of background stars are
a less important source of detections than transits of planets
around gravitationally bound companion stars (see their Fig-

ure 10).
Single-transit detections.—In a few notable cases, the SNR

of a transit exceeds the threshold of 7.3, but only a single
transit is observed. We expect 110 such planets to be detected
with one transit. These are not counted as detections in the
tallies given above, but they are included in Figure 21 as gray
points. These planets have longer periods and lower equilib-
rium temperatures than the rest of the TESS sample. There
may even be additional single-transit detections from plan-
ets with orbital periods exceeding one year, which we have
not modeled at all. Although the periods will not be well-
constrained using TESS data alone, and the probability of a
“detection” being a statistical fluke is higher, it may still be
worthwhile to conduct follow-up observations of these stars.
The single-transit detections have a median planet size of
⇠3 R�, a median orbital period of ⇠30 days, and a median
insolation of 1.9 S�.

7.2. False positives
Among the 2 ⇥ 105 target stars, TESS detects 1103±33

eclipsing binary systems along with the transiting planets.
The uncertainty in this figure is based only on the Pois-
son fluctuations; we acknowledge that the true uncertainty is
likely to be significantly larger. Based on our comparison with
the Kepler eclipsing binary catalog (see Section 4.2), the un-
certainty may be as large as 80% for relatively low galactic
latitudes.

The false-positives can be divided into the following cases:

1. Eclipsing Binary (EB): The target star is an eclipsing
binary with grazing eclipses. There are 250 ±16 detec-
tions of EBs.

2. Hierarchical Eclipsing Binary (HEB): The target star is
a triple or quadruple system in which one pair of stars
is eclipsing. There are 410 ±20 detections of HEBs.

3. Background Eclipsing Binary (BEB): The target star is
blended with a background eclipsing binary. There are

Sullivan et al. (2015)
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Takeaways

• Connecting super-Earth composition to their formation 
is a multi-nuanced challenge

• Transmission spectroscopy is prone to degeneracies 

➡but for now it is the only way to probe the 
atmospheres of most (transiting) super-Earths

• Use complementary approaches to enhance the 
efficiency of super-Earth characterization 

➡emission spectroscopy and bulk density statistics


