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The Discovery of the First Exoplanet Orbiting a

Solar-Type Star

Didier Queloz, Mejd Alsari*

Didier Queloz is Professor of Physics at the Cavendish Laboratory (University of Cambridge) and Geneva University. He was
jointly awarded the 2019 Nobel Prize in Physics for “the discovery of an exoplanet orbiting a solar-type star". In the first part of
his conversation with Mejd Alsari he discusses the impact of his 1995 discovery on the theory of planetary systems formation.

See video at https://youtu.be/6xqbBWDgzsY

Mejd Alsari (MA). In 1995 you dramatically changed the view we
had about planet formation in the Universe with the discovery of
the first giant planet outside our solar system. This discovery started
a revolution in astronomy and in 2019 you shared the Nobel Prize
in Physics with Michel Mayor for the discovery of an exoplanet or-
biting a solar-type star. Can you summarise the key findings in the
paper you published in Nature in 1995?'

Didier Queloz (DQ). We identified the first planet orbiting an-
other star other than the Sun. That was a key discovery. It was a
trigger for the field because, up to that day, people were hoping that
there are planets somewhere orbiting other stars, but no one had
really found one.*®

What came with the discovery was a lot of embarrassment as
well because the planet wasn’t at all the way we expected it to be. We
found a big planet (51 Pegasi b) which was the only one we could
detect. In fact, due to instrumentation limits, we could only detect
relatively large planets.!

The problem of that planet was its orbit, which was extremely
close to its star, about 20 times closer to its star than the orbit of the
Earth to the Sun, and that was really awkward. We call these planets
hot Jupiters. The theories of planetary formations were not predict-
ing such a planet.® In addition to the discovery of the first exoplanet
orbiting a main-sequence star, we brought in the theory.

That was really the main impact of this discovery almost 25 years
ago.
MA. According to our former understanding of the formation
of solar systems, 51 Pegasi b shouldn’'t be where it is now. The past
30 years of discoveries tell us that our solar system is very unusual.
Where are we now in terms of planetary system models? Can you
compare between models back in 1995 and now?

DQ. This is a very interesting question. The first discovery was
awkward, but all the other discoveries that came later on were awk-
ward as well because we kept detecting planets that no one had pre-
dicted.”"*> We have plenty of hot Jupiters but we also have objects we
had no idea they would exist like hot Earths or super Earths' or hot
mini Neptunes'”. We have this kind of population of planets that we
cannot directly compare to the ones in the Solar System.

We have a very detailed theory that is working pretty well to
explain the formation and nature of our own system.' We have a
lot of data on the planets of our Solar System, including remnant
bodies from the early Solar System, which sometimes fall on Earth
as asteroids.” There are lots of elements that we can put together.
We know the atmospheric composition of at least one giant planet
in the Solar System.”” We have a good understanding of the telluric
planets, maybe not Mercury, which is not very well-known.

Figure 1| Prof. Didier Queloz, Professor of Physics, Cavendish Laboratory.

I think discoveries of exoplanets don't challenge our understanding
of the Solar System, but tell us that this picture is one amongst many
possibilities to form planets.

We have expanded our understanding of planetary system mod-
els by adding lots of ingredients. One of them is the fact that the
planet can, in a way, move during the early stage a lot more than we
thought. A planet can form at a certain location and then can move
towards its star. We call this migration.”** We can also have a mul-
ti-planetary system, where planets interact.?*?® Due to this interac-
tion, planets can move outwards or inwards in the planetary system.
In this case, it becomes difficult getting a clear understanding of
how to connect the end product to the initial stage of a planetary
system evolution, because so many things can happen. Right now
we are trying to retrieve as much data as we can from many planets
in order to go back in time to reconstruct all the steps of planetary
systems evolution.

This data includes parameters such as mass and size, but also
information from the atmosphere of these planets.””* This can tell
us part of the story on the origin of the chemical constituents of a
planet, whether they have been accreted by the planet or built-up
in the planet.

This means that it'’s not enough to detect them, get the mass,
and the size. We really want to know more about the atmosphere
of these planets as we've been doing in the Solar System when we
studied the atmosphere of the giant planets. Our models tell us that
the giant planets or the ones that look big enough to have a lot of
gas, may have formed in the outskirts of the Solar System due to the
fact that this is where the ingredients were in a kind of solid form
that could have easily accreted on the planet.**** This is known as
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Figure 2 | Artist impression of the exoplanet 51 Pegasi b (generated with
Universe Sandbox).

the formation mechanism of giant planets beyond the ice line,**
where by ice we indicate not only water but also any other gas that
can solidify.

The general theory of planetary system formation is trying to
connect the detailed data we have on the Solar System with the kind
of loose data we have on other planets. We have not reached a com-
plete agreement yet because we haven’t found enough planets that
look like the ones in the Solar System, such as Earth or Venus.

When we go back to the Solar System, we ask ourselves: ‘Why the
Solar System didn’t move?” This is part of the key ongoing questions
we are trying to solve.

There are several space missions that we hope will help address-
ing these questions. There is an operational space mission called
TESS (Transiting Exoplanet Survey Satellite), which is trying to
identify more transiting systems.**”” Another mission that will be
launched soon is CHEOPS (CHaracterising ExOPlanets Satellite
mission), which will give a more detailed analysis of these tran-
sits.’®* The James Webb Space Telescope (JWST or WEBB) will be
launched soon to study the atmosphere of these planets.***! The Eu-
ropean Space Agency (ESA) will launch ARIEL (Atmospheric Re-
mote-sensing Infrared Exoplanet Large-survey) to study the chemi-
cal composition and thermal structure of transiting planets.***

MA. In these models, what sort of equations are you using?
There are several elements involved in the formation of a planet. We
don’t understand all the details but we have a good global picture of
it. The first element, on which most of the people would agree, is that
planets form by an accretion mechanism.* In astrophysics, usually
you don'’t really have this mechanism. Typically, you have a collapse
when you have something like a big cloud of gas. The cloud collapses
by self-gravity and forms a star.*

Planets do not form in this way. They form inside out by gluing
together small pieces, which collide, and glue further. When they
become massive enough they start accreting material. When they
become really massive, they accrete everything around them, typ-
ically gas.

This is what happens when a giant planet forms. The core builds
up, it becomes a planetesimal, which accretes gas until it becomes
a planet. In order to accrete material a planet needs to be within
something that feeds it. We call this a protoplanetary disk.” We see
them.* We have plenty of examples right now. The disc has also
self-gravity. Therefore, there is an interaction between the planet
and the disk. Practically the planet steers gravity waves into the disc
and the disc reacts with a certain response time, a bit of a lag. This
means that the disc itself will induce a gravitational effect on the
planet and they’re not exactly balanced. This delay produces a tid-
al force and a torque, which affects the angular momentum of the
planet causing the planet to move in all directions depending on the
material around. If there are other planets around this planet, the
gravitational effects dominate. Moreover if multiple planets are in
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orbital resonance (orbital periods related by a ratio of small integers)
then these effects will be enhanced.*

The interaction with the disc wasn’t well understood early on.
Some people predicted this for the solar system, for the formations
of the satellites of the giant planet. However it was never thought
to be an important factor for the formation of a planet. Right now
these aspects are being considered seriously into the modelling of
planetary systems formation.

So these are really the basic equations. If you really want to go
into the details of accretion mechanisms, there’s a long list of theory,
but there isn't a well-defined theory explaining this.

As well as if you migrate the planet, how do you stop it?** When
a planet starts migrating it shouldn’t stop. If the planet keeps go-
ing and if its angular momentum reduces, it will collide into its star.
Therefore there has to be a way to hold the planet in a certain po-
sition. One mechanism is the decrease in the torque of a planet.”"*
Another way involves tidal effects between the star and the planet
when they come very close.”® There are also magnetic field effects.>
So, there are lots of elements that come together, but nobody has a
clear picture due to the difficulty of performing measurements of
planetary systems during their formation. But we're working on that.

There are bigger telescopes being built, which can see sharper,
deeper, and in more detail. One of them is ALMA (Atacama Large
Millimetre Array).>>* It consists of an array of millimetric radio tel-
escopes, which can be combined together.

Therefore the theory of the formation of planetary systems is a
challenge for the community. But that’s one of the key focus of most
programs that direct the efforts of the community right now.
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