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Exoplanets ‐ 4

• Detection methods compared – selection biases
• Exoplanet characterization
• Internal structure
• Spectroscopy of exoplanets
• Exoplanet atmospheres and retrievals
• Phase curves and equilibrium temperatures

Detection methods in 
the mass‐orbit‐size 
plane

Lines are plotted for a parent 
star of one solar mass.

Horizontal lines are for transits.

+ve slope lines are for radial 
vels.

-ve slope lines are for 
astrometry.

Very long and very short 
periods are harder to detect 
(vertical lines).
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Known extrasolar planets and 
Doppler sensitivity. Dashed 
lines show the typical 
detectable mass for a given 
level of Doppler precision, 
assuming edge-on circular 
orbits around a solar-type 
star.

Credit: TMT international

Comparison of 
different search 
techniques

(old plot to 
show how good 
Kepler would 
be)
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The colored shaded regions show 
approximate regions of sensitivity for Kepler 
(red) and WFIRST (blue). The solar system 
planets are also shown, as well as the Moon, 
Ganymede, and Titan. Kepler is sensitive to 
the abundant, hot and warm terrestrial 
planets with separations less than about 1.5 
AU. On the other hand, WFIRST is sensitive 
to Earth-mass planets with separations 
greater than 1 AU, as well as planets down to 
roughly twice the mass of the moon at slightly 
larger separations. WFIRST is also sensitive 
to unbound planets with masses as low as 
Mars. The small red points show candidate 
planets from Kepler, whereas the small blue 
points show simulated detections by WFIRST; 
the number of such discoveries will be large 
with roughly 3000 bound and hundreds of 
free-floating planet discoveries.

Credit: NASA

WFIRST microlensing

• In the 4000+ exoplanets we know about we see a great diversity 
in terms of masses, radii, temperatures, orbital parameters (e.g. a 
and e) and host stellar properties.

• This has come mainly from radial velocity surveys and transit 
surveys.

• This data can be looked at empirically to search for trends.
• We have now started to consider the compositions, atmospheric 

and internal structures and processes and the formation histories 
of exoplanets.

• This “characterisation” often relies on theoretical considerations 
and spectroscopic data.

Exoplanet Characterisation
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Histogram of planetary 
mass, showing clearly the 
three empirical mass 
ranges. The division into 
three intervals was 
performed in order to 
improve the quality of the 
statistical analysis.

274 exoplanets in sample. 
Radii come from transits 
and masses either come 
from RV or transit timing 
measurements.

From Bashi et al 2017, arXiv:1701.07654v1

Left: The M-R relation of the exoplanets considered in the analysis. The dashed lines identify the three 
different regimes we consider for the weighting (see text) Right: The M-R relation and the derived best-
fit curves, and M-R relations. Authors suggest that he breakpoint is linked to the onset of electron 
degeneracy in hydrogen, and therefore, to the planetary bulk composition. Specifically, it is the 
characteristic minimal mass of a planet which consists of mostly hydrogen and helium, and therefore its 
M-R relation is determined by the equation of state of these materials. 

From Bashi et al 2017, 
arXiv:1701.07654v1

Empirical 
mass-radius 
relations

MJ = 333 x MEarth
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Models of internal structure

• When we know both R and M we can 
calculate the mean density which is an 
important constrain for modelling the 
interior.

• Information about composition from 
spectroscopy of the planet’s atmosphere 
and to some extent the parent star can also 
provide constraints.

• There are degeneracies. Rock, ice, gas? 
Differentiated or mixed?

• Some debate about equations of state.

Schematic illustration of a planet transiting its host star. 
If the planet has an atmosphere (drawn here as a blue 
annulus) the measured transit depth will vary as a 
function of wavelength, as the atmosphere will appear 
opaque at some wavelengths and transparent at others.

From Madhusudhan et al 2014 
http://arxiv.org/abs/1402.1169v1

Scale height =

Factor of 10 in this equation is somewhat arbitrary. 
Compare this spectroscopic signal to the full depth for a 
transit. It’s much smaller. Furthermore, for transit detection 
R=λ/Δλ=1.5 whereas for spectroscopy R~100 so for each 
measurement there are ~60x fewer photons.

Transit spectroscopy
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K-band spectra for 2M1207b 
(Patience et al. 2012), HR8799c 
(Konopacky et al. 2013), 
HR8799b (Barman et al. 2011a) 
and HD3651B, all binned to the 
same resolution (R ∼ 100). 
Approximate locations of strong 
absorption bands are indicated 
for H2O, CO, and CH4.
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Interpreting Spectra – atmospheric models and retrievals

• We can make a sophisticated and complex model of a planetary 
atmosphere and use it to predict what the observed spectrum would look 
like.

• We can compare this to the actual data and then make adjustments to the 
model parameters to try to make it fit better.

• Atmospheric models can be 1D or 3D
• Parameters include physical conditions, compositions and thermo-

chemical considerations.
• Need to know the opacities as a function of wavelength, pressure and 

temperature.
• In the early days the models were “self-consistent, equilibrium models”.
• Making a model and comparing it to the data is called forward modelling.

Interpreting Spectra – atmospheric models and retrievals

• The danger with forward modelling is that the process is very degenerate 
(lots of model parameters and not many data points).

• Preconceived ideas (favourite models) can give a good fit to the data and 
the “real” model may never be considered at all.

• In 2009, Madhusudhan and Seager introduced parametric models where 
the P-T profile and the chemical abundances are free parameters.

• Statistical algorithms (Bayesian Markov chain Monte Carlo methods) are 
then used to “retrieve” the best fitting values of the free parameters. 
Hence we talk about making an “atmospheric retrieval”.

• In principle, this should give an unbiased interpretation of the spectrum.
• See Madhusudhan (2018), arXiv:1808.04824v1
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From Madhusudhan (2018), 
arXiv:1808.04824v1

Retrievals

Phase curve of hot Jupiter HD 189733b measured
in the Spitzer 4.5 μm IRAC band. The lower panel 
shows the same data as the upper panel, but with a 
reduced y axis range in order to better illustrate the 
change in flux as a function of orbital phase. The 
horizontal dashed line indicates the measured flux level 
during secondary eclipse, when only the star is visible. 
The flux from the planet at any given time can be 
calculated as the difference between the total measured 
flux and the dashed line. Beneath the plot we show 
different orbital phases, with the planet’s day side 
shown in white and the night side shown in black.

Phase curves

Depth of the secondary eclipse in the 
Rayleigh-Jeans limit is
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Equilibrium temperatures

We can estimate an equilibrium temperature for 
the planet if we assume that it radiates uniformly 
as a blackbody across its entire surface.

A is the planet’s Bond albedo (fraction of 
incident light reflected across all wavelengths),  
σ is the Stefan-Boltzmann constant, and d is the 
planet-star distance. The right-hand expression 
applies when we assume that the planet’s Bond 
albedo is zero (a reasonable approximation for 
most hot Jupiters) and treat the star as a 
blackbody. More generally, A is a free parameter, 
leading to some uncertainty in Tp. If the planet 
instead absorbs and re-radiates all of the incident 
flux on its dayside alone the predicted 
temperature will increase by a factor of 21/4.

Models of dayside thermal emission from a 
typical hot Jupiter atmosphere. Top: 
Emergent spectra for two models with and 
without a thermal inversion in the 
atmosphere (corresponding P-T profiles are 
shown in inset, along with the TiO
condensation curve). The model without 
(with) a temperature inversion shows 
molecular bands in absorption (emission). 
Bottom: Spectrum of the planet-to-star flux 
ratio. The circles show the model binned in 
the various photometric bandpasses shown.

Red = no temp. inv.


