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Gravitationally differentiated bodies 
have layers of different materials
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We infer the interior structures of 
exoplanets from mass and radius

Curves from Zeng et al. (2015) and 
Seager et al. (2007)



Curves from Zeng et al. (2015) and 
Seager et al. (2007)

Two Direct Observables: mass & radius!
!

Four Variables: core (iron) fraction, 
mantle (silicate) faction, dense volatile 
(ice) fraction, H2 fraction
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For strong interior structure 
constraints, we need:

• Precise Rp/R★ 

• Precise RV semiamplitude:  

• Precise stellar parameters, especially R★:  
 



Case Study: WASP-47

Becker, Vanderburg+ 2015
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Fig. 2. WASP-47 CORALIE radial velocity data (blue/green dots: be-
fore/after the upgrade) and best fit model (red line). Top: phase-folded
on the period of the inner planet (outer planet subtracted). Bottom:
phase-folded on the period of the outer planet (inner planet subtracted).
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Fig. 3. WASP-41 Lomb-Scargle periodogram of the residuals after sub-
tracting Planet b. The dotted lines correspond to false-alarm probabili-
ties of 0.1%, 1%, and 10%.

Table 2. Additional transit observations of WASP-41b and applied cor-
rection factors.

Instrument Filter date CF
FTS PanSTARRS z 12 Apr 2011 1.8

TRAPPIST I + z

21 Mar 2011 1.0
02 Apr 2011 2.1
12 May 2011 2.0
09 Mar 2012 1.5
19 Apr 2013 1.4

Danish R 19 Apr 2013 2.2
25 Apr 2013 (⇤) 3.0

Notes. (⇤) Partial transit

out of transit of WASP-41 were gathered with HARPS between
Apr 2011 and Aug 2012 to confirm the second signal detected
with CORALIE.

More transit light curves of WASP-41 b have been obtained
since the publication of the discovery paper: with the Faulkes
Telescope South (FTS) at Siding Spring Observatory and with
the TRAPPIST telescope (Jehin et al. 2011) and the Danish tele-
scope both in La Silla. Details of these observations can be found
in Table 2.

3.2. Study of stellar activity

WASP-41 is known to be an active star (Maxted et al. 2011).
In spite of the large amplitude of the second signal, we check
that it is not due to a stellar magnetic cycle. For that purpose we
searched for correlations between the radial velocities and spec-
tral activity indicators. No variation is observed in the bisector
span of the cross correlation function (Fig. 2 bottom panel). The
full width at half maximum (FWHM) shows some variability,
which is suspiciously similar to the radial velocities’ variability
(periodicity close to 400 days). The log R0HK extracted from the
HARPS spectra, based on the photospheric Ca II (H & K) lines,
indicates a mean value of �4.483±0.036 characteristic of an ac-
tive star. But no variation in the log R0HK is visible during the two
years of HARPS data (Fig. 3).

The emission in the H↵ line is a rather underused activity in-
dicator to trace photospheric stellar activity. In their study, Cin-
cunegui et al. (2007) concluded that the activity measured in
the H↵ was not equivalent to the R0HK indicator. They did not
measure similar correlations between the two indicators in their
whole sample. Some of their stars showed correlations, when
others showed no or anti-correlations. Using solar observations,
Meunier & Delfosse (2009) demonstrated that the Ca II (H &
K) and the H↵ emissions have di↵erent behaviours. During an
active period when the filaments reach saturation, they observe
a positive correlation between the indicators. On the other hand,
during moderate active periods, the filaments counteract the ef-
fect of plages on the H↵ measurements, leading to weak or neg-
ative correlations. Gomes da Silva et al. (2014) conclude that
active stars with a mean log R0HK � �4.7 systematically show a
positive correlation between the Ca II (H & K) and H↵ flux.

Since WASP-41 is a very active star with log R0HK � �4.7, it
is reasonable to use H↵ as an activity indicator. The motivation
to use this band is that it is located in the red part of the stellar
spectrum where a high signal-to-noise ratio can be obtained from
the CORALIE spectra. As suggested in Cincunegui et al. (2007),
we measured the H↵ emission at 6562.808 Å and the continuum
centred at 6605 Å and averaged on a window 20 Å wide. Unlike
Cincunegui et al. (2007) we extracted the H↵ from a 0.6 Å wide
band instead of 1.5 Å.

The H↵ index reveals a time variation similar to the one ob-
served on the FWHM (Fig. 4) that can be modelled by a third-
order trend in time. It is then reasonable to conclude that we are
observing the magnetic cycle of WASP-41. After subtracting the
third-order trend, we analysed the Lomb-Scargle periodogram
of the residuals in the FWHM. A clear peak appears at exactly
one year (see Fig. 5). The same one-year signal in the FWHM
has been observed on the brighter stars also regularly observed
with CORALIE, as well as with similar instruments (SOPHIE,
HARPS). When we look at the Lomb-Scargle periodogram of
the H↵ index after subtracting the long-term trend, a peak ap-
pears at ⇠18 days (see Fig. 6). Interestingly, this corresponds to
the rotation period of the star derived from the WASP photome-
try by Maxted et al. (2011).

Encouraged by the interesting result obtained using the
H↵ index on WASP-41, we looked at the similarly active star
CoRoT-7 (with log R0HK = �4.62 � �4.7). Queloz et al. (2009)
note that CoRoT-7 shows strong variability in the FWHM, com-
parable to what is observed on WASP-41. CoRoT-7 benefitted
from simultaneous photometric and spectroscopic observations
(see Haywood et al. 2014). We extracted the H↵ index from the
HARPS spectra of CoRoT-7 in the same way as WASP-41. A
very clear correlation is observed between the H↵ index and the
FWHM (see Fig. 7). After subtracting a third-order trend, very
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WASP-47 is a good system for 
interior structure constraints

• Precise Rp/R★: limb darkening, impact parameter, 
transit depth, short cadence data.  

• Precise RV semiamplitude: Lots of precise RVs, good 
sampling/phase coverage,understanding of stellar 
activity 

• Precise stellar parameters, especially R★: 
Asteroseismology, measured stellar density, eclipsing 
binary/circumbinary planets, solar twin, etc. 



The known hot Jupiter, planet e’s short 
period,  old quiet sun-like host star, and 
bright V-band magnitude contribute to:

• Precise Rp/R★: limb darkening, impact parameter, 
transit depth, short cadence data.  

• Precise RV semiamplitude: Lots of precise RVs, 
good sampling/phase coverage, understanding of 
stellar activity 

• Precise stellar parameters, especially R★: 
Asteroseismology, measured stellar density, 
eclipsing binary/circumbinary planets, solar twin, etc. 



The known hot Jupiter, planet e’s short 
period,  old quiet sun-like host star, and 
bright V-band magnitude contribute to:

• Precise Rp/R★: limb darkening, impact parameter, 
transit depth, short cadence data.  

• Precise RV semiamplitude: Lots of precise RVs, 
good sampling/phase coverage, understanding of 
stellar activity 

• Precise stellar parameters, especially R★: 
Asteroseismology, measured stellar density, 
eclipsing binary/circumbinary planets, solar twin, etc. 

0.5% and 0.8% Rp/R★ "
for planets d and e

10.9% and 9.5% K "
for planets d and e

      3% and 1% "
for M★ and R★



WASP-47 e does not have 
an Earth-like core

Vanderburg+2017



In the TESS era:

• Precise Rp/R★: limb darkening, impact parameter, 
transit depth, short cadence data.  

• Precise RV semiamplitude: Lots of precise RVs, good 
sampling/phase coverage, understanding of stellar 
activity 

• Precise stellar parameters, especially R★: 
Asteroseismology, measured stellar density, eclipsing 
binary/circumbinary planets, solar twin, etc. 



Advantages of TESS over Kepler:

• Precise Rp/R★: limb darkening, impact parameter, 
transit depth, short cadence data.  

• Precise RV semiamplitude: Lots of precise RVs, 
good sampling/phase coverage, understanding of 
stellar activity"

• Precise stellar parameters, especially R★: 
Asteroseismology, measured stellar density, eclipsing 
binary/circumbinary planets, solar twin, etc. 



Disadvantages of TESS over Kepler:

• Precise Rp/R★: limb darkening, impact parameter, 
transit depth, short cadence data.  

• Precise RV semiamplitude: Lots of precise RVs, good 
sampling/phase coverage, understanding of stellar 
activity 

• Precise stellar parameters, especially R★: 
Asteroseismology, measured stellar density, 
eclipsing binary/circumbinary planets, solar twins, 
etc. 



With stellar density prior

Vanderburg+2017



Without stellar density prior

Vanderburg+2017



 “The size of the exoplanet, dubbed Kepler-93 b, is now 
known to an uncertainty of just 74 miles (119 kilometers) on 
either side of the planetary body.” — NASA Press Release

Image: NASA/JPL-Caltech

Asteroseismology will be !
relatively rare for planet!
 hosts - Campante+ 2016



“We have been spoiled by Kepler” — Dave Latham

Image: NASA/JPL-Caltech

Asteroseismology will be !
relatively rare for planet!
 hosts - Campante+ 2016



Other constraints on 
stellar parameters? 

Image: ESAScott+2013



Summary
• Constraining the interior structure of a rocky 

exoplanet requires very precise stellar parameters, 
especially for the stellar radius. "

• WASP-47 e is less dense than an Earth-like core/
mantle composition, and therefore likely has an 
envelope of heavy volatile elements like water. "

• For the TESS era, we should be strategic how we 
choose planets to follow up with RVs. Prioritize 
targets where precise Rp/R★s and stellar radii are 
possible, and stop observing when the planet mass 
uncertainty is about 3.6 times larger than the radius 
uncertainty. 



Exoplanet Interior Structures 
in the Kepler Era

The Astrophysical Journal, 800:135 (7pp), 2015 February 20 Dressing et al.
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Figure 4. Mass–radius diagram for planets smaller than 2.7 R⊕ with masses measured to better than 20% precision. The shaded gray region in the lower right indicates
planets with iron content exceeding the maximum value predicted from models of collisional stripping (Marcus et al. 2010). The solid lines are theoretical mass-radius
curves (Zeng & Sasselov 2013) for planets with compositions of 100% H2O (blue), 25% MgSiO3 – 75% H2O (purple), 50% MgSiO3 – 50% H2O (green), 100%
MgSiO3 (black), 50% Fe – 50% MgSiO3 (red), and 100% Fe (orange). Our best-fit relation based on the Zeng & Sasselov (2013) models is the dashed light blue line
representing an Earth-like composition (modeled as 17% iron and 83% magnesium silicate using a fully differentiated, two-component model). The shaded region
surrounding the line indicates the 2% dispersion in radius expected from variation in Mg/Si and Fe/Si ratios (Grasset et al. 2009).

the exoplanets considered so that they do not have undue
influence on the resulting fit. We find the lowest χ2 for a model
composition of 83% MgSiO3 and 17% Fe. We arrive at the same
best-fit relation when we exclude Earth and Venus. We caution
that the two-component models used in this analysis make
two simplifying approximations about the interior structure of
planets that cause the core mass fraction to be underestimated:
(1) the core contains only iron and the mantle contains only
magnesium silicate and (2) the planet is completely dry with
no water content. Accordingly, we expect the actual core
mass fraction to be slightly higher by 5%–8% to account for
incorporation of lighter elements like oxygen, sulfur, and silicon
in the core and the inclusion of water in the mantle. In addition,
there could be a change of roughly 2% toward higher or lower
core fractions due to uncertainties in the equations of state
used in the model calculations. Our purpose in this exercise
is to test whether we can find one composition that successfully
explains all seven planets, not to place stringent constraints on
the abundance of magnesium silicate or iron.

Intriguingly, all of these planets, which are smaller than
1.6 R⊕, have a tight dispersion around this best-fit compositional
curve, suggesting that the distribution of small planet compo-
sitions has low intrinsic scatter. In the solar system, the strong
agreement between abundance ratios of elements in meteorites
and those of the solar photosphere (Lodders 2003) is a key con-
straint by which we deduce the composition of the interior of
the Earth. Therefore, we might look to the bulk abundances of
exoplanet host stars for similar constraints on the interior com-
positions of their terrestrial planets. Grasset et al. (2009) use a
set of planetary models to investigate the dependence of planet
radii on elemental abundances. Varying the ratios of iron to sili-
cate and magnesium to silicate within the range observed for the
photospheric abundances of nearby exoplanet host stars (Beirão

et al. 2005; Gilli et al. 2006), Grasset et al. (2009) predicted that
the radii of terrestrial planets would vary by roughly 2% at a
given mass. Our findings are in agreement with this picture: We
measure a mean absolute deviation of 1.9% between the esti-
mated planet radii and the values predicted by a 83% MgSiO3/
17% Fe model for planets less massive than 6 M⊕. Indeed, rocky
planets very close to their host stars seem to obey a well-defined
relationship between radius and mass, although with only five
such examples outside the solar system, the immediate task is to
characterize other terrestrial exoplanets with similar precision.
Increasing the sample of small planets with well-constrained
masses and radii will allow us to learn whether additional rocky
planets could also be explained by a single mass-radius relation
and investigate whether the relation found for close-in planets
extends to planets in more distant orbits.

Our mass-radius diagram also includes five planets more
massive than 6 M⊕: 55 Cnc e, GJ1214b, HD 97658b, HIP
116454b, and Kepler-10c. In contrast, none of these more
massive planets have a high density consistent with the best-
fit magnesium silicate/iron composition described above. In
agreement with Rogers (2014), we find that planets larger than
approximately 1.6 R⊕ (e.g., more massive than approximately
6 M⊕) contain significant fractions of volatiles or H/He gas.
These planets appear to have a diversity of compositions that is
not well-explained by a single mass-radius relation (Wolfgang
& Lopez 2014).

The discussion above focused exclusively on planets smaller
than 2.7 R⊕ with masses measured to better than 20%. Some
low-mass worlds with very low densities are known, notably the
Kepler-11 system (Lissauer et al. 2013) and KOI-314c (Kipping
et al. 2014). Thus we are not proposing that all planets less
massive than 6 M⊕ obey a single mass-radius relation; rather,
we suggest that the rocky analogs of the Earth might do so.
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