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The status of the research on exoplanets

G. Micela

Istituto Nazionale di Astrofisica – Osservatorio Astronomico di Palermo, Piazza del Parlamento
1 I-90134 - Palermo, Italy, e-mail: giusi@astropa.inaf.it

Abstract. In the last years a significant technological effort has led to new sophisticated in-
struments devoted to the measurements of masses (manly from ground) and radii (mainly from
space) of exoplanets. These important developments allowed us the discovery of a large num-
ber of exoplanets around stars in the solar neighborhood. Thanks to these discoveries, today we
know that most solar-like stars host at least one planet. A fraction of them, mainly those around
red dwarfs, may have characteristics similar to the Earth (equilibrium temperature, mass, aver-
age density) and therefore could sustain an atmosphere and permit the set up for the conditions
of life development, even if their ”Suns” are much redder and active than our’s. New instru-
ments, as ESPRESSO and PLATO will allow us in the near future to find planets even more
similar to the Earth, around stars of one solar mass and JWST, ARIEL and ELT will permit
studying their atmospheres.
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1. Introduction

In the last twenty years, after the discovery of
51 Peg b, the research on exoplanets has grown
very quickly, and today (May 2018) we have
identified about 3800 confirmed planets be-
longing to more than 2800 planetary systems.
During the early years, it was possible to detect
only massive/hot planets but, more recently,
thanks to the new instrumentations and the op-
timised observing strategy, many smaller/light
planets have been discovered. Fig. 1 shows the
mass (fig. 1a) and the radius (fig. 1b) of the
confirmed planets as a function of the discov-
ery year. Plots show clearly how, in the last
years, we have been able to identify lighter
(smaller) planets, comparable with the Earth.
The sudden increase of the number of planets
smaller than Jupiter, evident in Fig. 1b, is due
to the launch of the Kepler satellite in 2009

that is the main provider of transiting planets
(Borucki et al. 2010).

The today known thousands of planets span
a huge range of masses, size, orbits. The new
instruments and observing strategy enable us to
further extend the interval of physical parame-
ters to the small planets regime, that up to few
years ago was impossible to explore due to the
limited capabilities of instruments.

2. Detection methods

Several methods are currently used to identify
new planets. Each of them is adequate for de-
tecting planetary systems with specific charac-
teristics and therefore has is own biases. The
most used techniques include:

– Radial velocity measurements. This
method measures the reflex motion of
the host star through high precision,
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Fig. 1. Panel a), on the left: Projected mass of confirmed exoplanets as a function of discovery year; Panel
b), on the right: Measured radius of confirmed exoplanets as a function of discovery year. (Data from
Explanet.eu database).

high accuracy spectroscopy, providing
the projected mass of the planet. Planets
discovered with this method are typically
within a few of astronomical units (AU)
from their host stars;

– Transit photometry. This technique is
based on the observation of the (small)
eclipse of the stellar light due to the transit
of the planet in front of the star. Although
the transit probability is very small, the
method is very efficient thanks to the large
fields of view - and therefore large ob-
served samples - of the observing cam-
paigns. The transit method allows measur-
ing planetary radii and is strongly biased
toward close-in planets, typically within a
fraction of AU from the host;

– Direct images of planets. The technique
has been used only recently, with the ad-
vent of very accurate optics and corono-
graphs and, up to now, has discovered a
limited number of planets. It can be effec-
tive in detecting giant planets very distant
(several AUs) from the star, preferentially
young, when the planet is still contracting
and, therefore, more luminous.

One of the most astonishing results of the
research on exoplanets is the huge diversity of
their characteristics, unexpected based on our
knowledge of Solar System, the only known

planetary system until the discovery of 51 Peg
b (Mayor and Queloz 1995). For example, our
system does not present Hot Jupiters or super-
Earths that, instead, are very common around
other stars. The goal of the research for new
planets is not finalised just to the increase of
the number of known planets, but to build a
comprehensive view of the possible architec-
tures and configurations of planetary systems
in order to answer to broader questions as:
How do planets and planetary systems form
and evolve? Is our Solar System special or are
there other systems like ours? Are there poten-
tially habitable planets?

In order to face these questions we need to
determine the frequency of planets and their ar-
chitecture, derive their structure and the prop-
erties of atmospheres in a large range of phys-
ical configurations; we expect also that such
properties depend on environment (i.e. metal-
licity) and on host star properties.

The current observations indicate that al-
most every solar-like star has one or more plan-
ets (i.e. Howard et al. 2010, Mayor et al. 2011),
and that, when observation biases are appropri-
ately taken into account, small or light planets
are more common than larger or more massive
counterparts.
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3. The nature of exoplanets

In order to characterise the physical proper-
ties of the planets, we need to determine their
average density, with the goal to discrimi-
nate their nature (gaseous, ocean or rocky).
Unfortunately, we know both mass and radius
only for a subsample of planets (today - May
2018 - only 711 out of confirmed 3969 plan-
ets), therefore we may derive information on
their structure only for this fraction. The diffi-
culty to measure both quantities for the major-
ity of planets, is that the radius may be obtained
only for transiting planets. The most prolific
provider of transiting planets, up to now, has
been the Kepler satellite, whose targets are of-
ten too faint to allow a spectroscopic follow up
to measure masses.

The mass-radius relation is shown in Fig.
2. At a given mass, planets have a large range
of radii, with the bulk of more massive planets
spanning at least a factor of two - correspond-
ing to about one order of magnitude in density
- with several outliers with higher density. The
spread of density is even larger in the lower
mass regime. The origin of this large range is
only partially explained by measurement er-
rors and evolution of planetary radius due to
the natural contraction of the planets and irra-
diation from the star (e.g. Fortney et al. 2013).
The observed spread suggests that in the super-
earth regime mini-gas, ocean, and rocky plan-
ets with density from less than 1 g/cm3 to 5
g/cm3 may coexist .

Observations have several consequences:
first of all we can state that the Solar System
planets are not the only possible realisation
and that other types of planets can exist. Then,
small planets are not necessarily rocky, and
gaseous planets are not necessarily large. In
particular small exoplanets are very diverse, in-
cluding Earth-like to mini-gas planets in the
same mass regime. Mini-gas planets are un-
likely to be habitable, and therefore silicate-
iron planets will be the prime targets for fol-
low up spectroscopy dedicated to the search of
terrestrial ”twins” and biosignatures.

As explained above we may determine
both radius and mass only for planets tran-
siting around bright stars and therefore only

Fig. 2. Mass - radius relation for the known 711 ex-
oplanets with both parameters measured. (Data from
Exoplanet.eu database).

for a fraction of the known exoplanets. If
we limit ourself to super-earths we obtain
the sample shown in fig. 3, where we report
the orbital distances as a function of mass of
the host of the super-earth with measured ra-
dius and mass. The plot includes also plan-
etary masses derived through TTV method
(e.g.Lithwick et al. 2012) and therefore more
uncertain that those measured from radial ve-
locity. The more striking characteristics of the
plot is that these super-earths orbit very close
to the host stars and only few around low-mass
stars, fall marginally in the formal habitable
zone. This fact is a direct consequence of the
observation bias towards short period planets
introduced by the transit method.

In order to populate the most interesting
part of this plot, the new transit missions are
focused on bright stars, for which will be pos-
sible to measure planetary mass through spec-
troscopic follow up from ground. In particular
TESS (Ricker et al., 2014) is a NASA mission
launched on April 18 2018 with the goal to
perform a full sky survey, with average expo-
sure time of ∼ 80 days. CHEOPS (Broeg et al.,
2013) is a small mission of the ESA Cosmic
Vision programme; it will be launched at the
beginning of 2019, and will be a follow up
mission with the main goal to search for tran-
sits of planets detected with radial velocity and
to refine the orbit parameters and transit depth
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of known transiting planets. Finally PLATO
(Rauer et al., 2014), is the M3 mission of the
ESA Cosmic Vision programme, that will be
launched in 2026. It will observe a large frac-
tion of the sky, some part with exposure time of
three years. It will detect and characterise (e.g.
density, age) terrestrial planets around bright
solar- like stars up to the habitable zone. All
together these instruments, complemented by
spectroscopic measurements, will cover a large
fraction of the plot reported in fig. 3 . An added
value of the transiting surveys from space is
given by the continuous high precision light
curves that will be obtained. They will allow us
to derive accurate stellar parameters (through
asteroseismic analysis) as stellar mass, radius,
stellar type, temperature, luminosity and age.
This will permit determining accurate plane-
tary parameters and evolutionary status of the
entire planetary systems.

Fig. 3. Host mass versus orbital distance for the
super-earths with both mass and radius measured
(Data from Exoplanet.eu database).

4. Exoplanetary atmospheres

Having identified a significant sample of ex-
oplanets, it is possible to study the atmo-
spheres of a fraction of them. With the avail-
able technology, today it is possible to observe
the atmospheres of transiting, therefore mainly

hot/warm, planets around bright stars, through
differential spectroscopy, and of young mas-
sive planets orbiting far away from their hosts,
through direct imaging.

Studies of atmospheres may give several
information on planet properties. The detection
of the presence of an atmosphere and its prop-
erties break the intrinsic degeneracy in the in-
terpretation based on measurements of average
density. In fact, planets with a moderate uni-
form density and planets with a dense core and
a more rarefied atmosphere have indistinguish-
able average density but very different struc-
ture. The observation of the atmosphere allows
distinguishing these two scenarios.

Chemical composition of an atmosphere
traces the history of a planet. In fact the to-
day composition is the result of the chem-
istry of the original nebula, but also of the
migration path followed by the planet, since
its atmosphere captures the chemical species
present in the regions of the disc crossed by
the planet. By observing the abundances of
such elements it is possible to reconstruct the
migration path of a planet and go back to its
birthplace. Furthermore it is possible to ob-
tain information on the evolution of the atmo-
spheres identifying planets with primary and
secondary atmospheres. Atmospheres have an
important role in determining habitability con-
ditions and time- resolved observations may al-
low to study the dynamics and therefore cli-
mate in exoworlds.

The atmosphere of a planet is the result of
several complex phenomena. Beyond the ini-
tial conditions and following migration path,
also history of impacts has a role; a fundamen-
tal ingredient is the stellar radiation that in ex-
treme cases may originate gas escape from the
upper layers of the atmosphere. Furthermore
the atmosphere is not static but evolves as a
consequence of tectonic activity and volcan-
ism; finally also the development and evolution
of life may modify in relevant way the atmo-
sphere composition.

One of the most challenging aspects of this
studies is the search for habitable planets. The
first problem is the definition of habitability.
Usually it is defined through the simple con-
dition that the temperature has to allow the
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presence of liquid water. On the one hand,
this definition is too conservative, given that
on the Earth there are organisms, the so-
called extremophiles, that survive in appar-
ently proibitive conditions. On the other hand,
a condition on the temperature alone is not suf-
ficient since other factors play a crucial role.
One of the most important is certainly the pres-
ence of an atmosphere: only planets with a
gravity sufficient to avoid its complete evap-
oration can reach the habitability conditions.
The presence of a planetary magnetic field has
the important role of shielding the surface of
the planet from the impacts of cosmic rays and
particles coming from space. High energy stel-
lar radiation, including flares, should not be too
intense, this condition makes difficult to have
habitable planets around dM stars, the most
common stars in the solar neighborhood, since
they are on average more active than the Sun.
Furthermore, around these small stars, the stel-
lar habitability zone - defined as the distance
from the star where the equilibrium tempera-
ture allows the liquid water - is close to the
star. The short orbital period and the favourable
contrast make the identification of planets in
the habitability zone easier than around more
massive stars. However they are subjected to
intense irradiation due to the stellar activity and
are in most cases in synchronous orbits, with
one face continuously illuminated by the star
and the other always in shadow with huge tem-
perature gradients on the surface. In this con-
figuration it is probable that the planet can be
habitable only at the terminator where extreme
temperatures are not reached.

Observations of planetary systems are
dominated by the stars, even in the most
favourable cases. Therefore we need very high
signal to noise observations, a very good con-
trol of systematics, and, of course, an opti-
mal observational strategy. Today we may use
three different methods to observe the atmo-
spheres, each with specific advantages and dis-
advantages: direct imaging of the planet spec-
tra, differential spectroscopy in and out transit,
and radial velocity monitoring. Direct imaging
may be used to observe wide-separation sys-
tems. It allows to determine elemental com-
position, temperature profile and to identify

the presence of clouds and hazes. In and out
transit/occultation spectroscopy is well suited
to observe close-in planets, it provides infor-
mation on composition, thermal profile, pho-
tochemistry, cloud and hazes, evaporation and
dynamics. Radial velocity monitoring helps
in determining composition, dynamics, winds
and in observing the stratosphere. These two
latter methods can be used in principle also out
of transits, taking advantage of the phase mod-
ulation of the emission reflected by the planet.

A number of atmospheres have been ob-
served, in particular using transit spectroscopy,
with ground and space instruments (Hubble
and Spitzer). Data are still sparse and hard
to interpret but, in a number of cases, the
most abundant species have been detected and
the atmospheric thermal structure derived (e.g.
Charbonneau et al., 2002; Redfield et al., 2008,
Sing et al., 2016). The visible band allows
to observe the reflection spectrum close to
the occultation, while in the infrared spec-
trum there are many intense molecular bands.
Moreover the infrared is less affected by the
cloud presence that masks the spectral fea-
tures (e.g. Knutson et al., 2007; Majeau et al.,
2012; Stevenson et al., 2014, Tinetti, Encrenaz,
Coustenis, 2013). One the most frequently de-
tected feature is the water vapour (e.g. Barman
2007, Beaulieu et al. 2010; Birkby et al., 2013;
Burrows et al. 2007, Charbonneau et al. 2008;
Crouzet et al. 2012, 2014; Danielski et al.
2014; Deming et al. 2013; Grillmair et al.
2008; Kreidberg et al., 2014b, Line et al., 2016;
McCullough et al. 2014; Swain et al. 2008,
2009; Tinetti et al. 2007, 2010), CO (Snellen
et al., 2010) and methane, (Swain et al. 2008).
Similarly, some water-rich hot-Neptune has
been observed (Fraine et al., 2014), while
warm Neptunes seem to be dominated by
clouds that prevent the observation of molec-
ular features (e.g. Knutson et al. 2014; Morello
et al., 2014; Fukui et al. 2013). UV observa-
tions with HST indicate that some transiting
planets have unstable atmosphere, with hydro-
dynamic escape phenomena due to intense irra-
diation from their host star (e.g. Vidal-Madjar
et al., 2003; Linsky et al., 2010; Fossati et al,
2010).



Micela: Exoplanets 337

There are also observations of super-
Earths, for which is difficult to define a clear
scenario, with a variety of situations and of-
ten dominated by clouds (e.g. Bean et al. 2010;
Kreidberg et al., 2014a).

In general, data are still sparse but very
suggestive of a rich scenario. Clearly a broader
wavelength range in the infrared will help
in disentangling some ambiguities present in
the spectra interpretation (Swain et al., 2009;
Madhusudhan and Seager, 2009; Lee et al.,
2012; Line et al., 2013; Waldmann et al.,
2015a,b). The upcoming JWST, with its large
effective area and suite of instruments, will
give a decisive contribution to the study of
well selected targets, while a dedicated mis-
sion will observe a sample of planets cover-
ing the relevant parameters of star-planet sys-
tems, to shed light on the origin of the ob-
served diversity. In order to fulfil this needs,
ESA has selected the ARIEL mission as M4
mission of the cosmic vision programme for
a launch in 2028 (Tinetti et al. 2018). ARIEL
will observe a sample of about 1000 transit-
ing planets, including giants, Neptunes, super-
Earths and Earth-size planets around stars of
several spectral types. It will observe in a large
range of wavelength from 0.5 to ∼ 7.8 µ with
a mix of photometry (in the visible) and low
resolution spectroscopy. Working with transit-
ing planets, ARIEL will observe preferentially
hot and warm planets, that have the advan-
tage of well-mixed atmospheres, with most of
elements in gaseous phase; therefore, the at-
mosphere composition of these planets is rep-
resentative of the ”true” composition. ARIEL
will study in detail individual planets deriv-
ing, among others properties, chemical compo-
sition, atmospheric circulation and cloud pat-
tern, it will distinguish equilibrium and non-
equilibrium chemistry, will explore the cou-
pling interior-atmosphere and will evaluate the
relevance of stellar environment and evolu-
tion of the planetary system. At the same time
ARIEL will study the planet population, ex-
ploring their chemical diversity, the correlation
between the temperature, presence of clouds
and the stellar-type, the evolution of the at-
mospheres and of the coupling of the atmo-
sphere with the planet interior, the correlation

between the elemental composition and planet
birthplace, and the transition between terres-
trial planets and sub-Neptunes.

A different method to study the planetary
atmospheres is through radial velocity moni-
toring at very high spectral resolution (∆λ/λ ≥
100, 000). At such high resolution molecular
bands are resolved in tens of individual lines
and the strong doppler effect due to orbital mo-
tion of the planet (up to >150 km/sec for hot
Jupiter) allows to distinguish moving plane-
tary lines from stationary telluric and stellar
lines. Of course, in order to obtain high sig-
nal to noise, high spectral resolution observa-
tions, large aperture telescopes and very sta-
ble spectrographs are needed. The method has
been used in few cases (Snellen et al. 2010).
Data analysis is very challenging and requires
very careful methods to subtract the dominant
stellar spectrum and the telluric lines: the goal
is to measure flux variations less than 10−3−4

as a function of λ over 1-5 hour time scales,
in presence of variations of turbulence, seeing,
absorption, scattering and thermal sky emis-
sion of the Earth atmosphere and of gravity
vector, field rotation and temperature of instru-
ment.

Using this technique, Snellen et al. (2010)
have revealed the transmission spectrum of CO
in the atmosphere of the hot Jupiter HD209458
b observed with CRIRES at VLT. Such detec-
tion has allowed to observe directly the planet
orbital velocity, to solve for masses of both
planet and star, and, to suggest (at 2σ level)
from some blue shift evidences, the presence
of high altitude winds.

The method can be applied also to obser-
vations with GIARPS (Claudi et al. 2016), the
observing mode that allows to use simultane-
ously HARPS-N and GIANO at TNG, obtain-
ing high resolution VIS-NIR spectra and high
precision radial velocities. In this way, a large
wavelength coverage is obtained (HARPS-N in
the 0.38µ < λ < 0.69µ range, and GIANO
from 0.95µ < λ < 2.45µ). GIARPS is already
on duty at TNG. Using GIANO at TNG, Brogi
et al. (2018) have detected the H2O molecule
in HD18973 b, determining a volume mixing
ratio ofH2O ≈ 10−4.
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The full exploitation of this technique will
be obtained with HIRES at ELT (Marconi et
al. 2016). The high resolution and the stability
of the instrument, together with the huge effec-
tive area of the telescope, will allow to study
the atmospheres of a large number of plan-
ets. Simulations show that it will be possible
to detect the O2 molecule in the atmospheres
of terrestrial planets in habitable zones around
nearby late dM stars (Snellen et al. 2014).
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