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Extrasolar Planets: An Old Dream of Humanity—
a Modern Reality of Astrophysics
Michel Mayor

It is a great honour to receive the Kvoto Prize for the Basic Sciences for 2015 in
the field of astronomy. I am very grateful to the Inamori Foundation who chose me as
the recipient of the Prize for that year. [ am also very happy to have this opportunity to
present what I am doing in this extremely exciting new field of astronomy, i.e.,
discovery of extrasolar planets in the universe.

As you know, we are a part of a very big system called the Milky Way galaxy with
some 200 billion stars similar to our Sun. The question we have been asking for
centuries is if there exist other planetary systems orbiting some of these stars (Fig. 1).
The question of whether we have other worlds in the universe existed since more than
2000 years ago. Greek philosopher Epicurus, in a very famous letter, expressed his idea
of an infinite number of worlds in the universe. Today we have a chance to address this
question as we have technologies to detect extrasolar planets. Before I talk more about
the research on extrasolar planets, I would like to give some hints about my origins and

my evolution as a scientist.
My family and my childhood

I was born in Lausanne, a small town along the Lake of Geneva in 1942 where |
started elementary school (Fig. 2). My family loved hiking and skiing (Fig. 3). My
father was a police officer with positions in different cities. When | was six years old, my
family moved to Cully (Fig. 4), a superb village in the vineyard along the same lake and
four years later to Aigle, a small town of only 5000 inhabitants in the upper Rhone Valley.
Aigle is also in a vineyard region and children spend their school vacations helping with

the grape harvest and earning some pocket money.

A

Hiking with my father end brother
Fig. 3
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YN795ry7—AL
With my wife Francoise

Fig. 7

Apart from school, I was an active member of scouts: hiking, skiing, camping in
the mountains and every kind of outdoor activity. As a teenager, I began doing one of my
most exciting sports: climbing. With Aigle so close to mountains, living there allowed
me to regularly practice these sports. Climbing provides me with immeasurable
pleasure but as my friends and family know, my love of a challenge has often put me at
the limit of danger: at one stage I was very happy to be rescued from a deep crevasse
without too much damage!

I was obliged to move back to Lausanne to go to high school, as there was none in
Aigle (Fig. 5). After high school, I went to Lausanne University to study theoretical
physics.

My mother was a very active and creative dressmaker. My father died when I was
20 years old. At that moment [ was only in the first year at the university. After my
graduation, my mother decided to go to Algeria, as a member of a charity organisation
and to work for several years in a nursery.

In 1966 when 1 finished my studies at the university, I got married to Francoise.
She was then also a student in the natural sciences at Lausanne University. We loved
exlernal activilies, such as skiing, high altitude skiing, and climbing (Fig. 6).

We have been blessed with three children, Anne, Claire and Julien (Fig. 7). For
them, Haute-Provence Observatory was a second home as the whole family came with
me for my numerous observing runs (at least during school holidays). It seems that our
children have acquired the virus of scientific curiosity by listening to the discussions
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with friends at home or at Haute-Provence Observatory. Today, all of them share the
same passion for research but in quite different domains (Fig. 8).

First steps in Science

When I was a child, I was always interested in science, but did not dream of being
an astronomer. | was fascinated by every domain of sciences: volcanoes, oceanography,
geophysics, geology, the Alps... I loved mathematics so I chose to study physics and
maths at the university of Lausanne. After the first year I had to choose between them
and I chose physics. Professor G. Stueckelberg was my most important professor for
theoretical physics (Fig. 9). Students were fascinated by his very profound vision on
physics and I chose to do my master in particle physics. After graduation, [ got a
position of Ph.D. student in the field of theoretical astrophysics at Geneva University.

The origin of galactic spiral structure had been a long-standing problem: if it was a
result of a strong differential rotation, as appeared, then such galaxies would not keep
their shape, but would wind themselves up (Fig. 10). Two Chinese-American professors
C. C. Lin and I%. Shu proposed a theoretical explanation in 1963, which received as a big
success. I wanted to test the consequences of their idea on local velocity fields to see
how they perturbed the mean flow of stars. This was the start of my interest in stellar
kinematics, and I started my Ph.D. study in this domain.

By the end of my Ph.D. I was looking for observations to test these ideas, but the
stellar velocities in catalogues were not good enough or not adapted to my question.
I needed new data. This was really my critical motive to move from theory to

instrumentation with a specific focus on the determination of the stellar kinematics.

Fig. 9 Fig. 10
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Some unexpected changes in life were added. By chance, at an N-Body Colloquium in
Cambridge, I met Roger Griffin and we talked about a new spectrographic method to
measure stellar velocities by cross-correlation (Griffin 1967). 1 was really impressed by
this technique. It was evident we could do much progress in this domain, and I realized
that this was what [ needed to get my data. Back in Geneva, [ discussed it with the
director, who was in favour of this as a way to develop the observatory. But I think he
wondered how I, a theorist, would fare building an instrument.

[ needed advice, and André Baranne, professor of optics at Marseille Observatory
in France, provided it. In fact, he found the problem interesting so he designed the
optics... Sometimes it is easy to collaborate with people, like this case, in science. This
was my first cross-correlation spectrograph with more technical possibilities than Roger
had envisaged and with a computer that made it very efficient. We built two instruments,
installing the first at Haute-Provence Observatory in 1977.

A small technical note!

What is the principle of a cross-correlation spectrograph? I would like to illustrate
the key point of this technique. Stars with not too different masses compared to the Sun
have different spectra, however they have thousands of atomic transition lines in
common. When you disperse luminosity of a star into its different colours, these atomic
lines appear as narrow lines in their spectra (Fig. 11). Stars are moving in the sky
relatively to our solar system. The component along the line of sight of that velocity is
called the radial velocity. Due to the motion of a star, you will see a small change in the
position of lines resulting from the so-called Doppler effect. If you measure the
wavelength shift of an atomic transition, you have the possibility to get the radial velocity

Fig 11
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of that star. This is a difficult task, although the basic idea of the instrument is quite
simple.

What you need is to precisely measure the positions of the absorption lines, but
there are two difficulties to be faced. Firstly, to have a precise determination of the
Doppler shift, we need a lot of photons... but stars are faint. The central feature of the
cross-correlation technique is an instrumental design allowing to use simultaneously
thousands of atomic lines. The first demonstration of its feasibility appeared in 1967,
while the first proposal had been made by Peter Felgett in 1953. Secondly, to detect
planets, we have to measure extremely small changes of the stellar wavelengths. At
present our most recent spectrograph HARPS is able to detect changes of velocities of
0.3 m/s (a third of a layman speed). This velocity corresponds to a Doppler shift of only
a billionth of the wavelength... a shift of only a few silicium atoms on our detector. A
planet hosted by a star will induce a small wobble of its velocity. For example the
velocity of our Sun if affected by the gravitational influence of Jupiter and is moving at
11 m/s around the gravity centre of the solar system. The Earth also induces a wobble
of the Sun velocity, but of only 8 cm/s—the discovery of Earth-type planets is a real
challenge.

The permanent quest for higher and higher precision: the first step with CORAVEL

We started to build instruments at the Haute-Provence Observatory in the south
of France. Our first cross-correlation spectrometer CORAVEL installed in 1977 on our
1 m-telescope, achieved a precision of 300 m/s (Fig. 12). It was a very exciting period of
my life. The efficiency of CORAVEL was amazing, about 4000 times the efficiency of the
ancient spectroscopic technique using photographic plates. With such an efficiency it

Fig. 12
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was easy to revisit many areas of astrophysics. CORAVEIL was used for a diverse range
of studies including: the dynamics of globular clusters as for example Omega Centauri
or the pulsation of Cepheids in Magellanic Clouds (small galaxies at some 150000 light
years of the Earth). I spent quite a lot of time, almost two months per year, in this
observatory. [ took my family with me to the observatory when it was the time of school
vacation (Fig. 13).

A majority (about 2/3) of solar type stars have a companion. Together Antoine
Duquennoy and I made a 15 year-survey of several hundred stars relatively close to the
solar system to determine the statistical properties of double stars: the distributions of
their characteristics are seen as fossil traces of stellar formation mechanisms. A priori
the CORAVEL precision was not adapted to search for exoplanets. However in 1989,
both Dave Latham at Oak Ridge Observatory and ourselves were monitoring the radial
velocity of HD 114762 with our spectrographs. In the summer of that year, Dave called
my attention to a velocity wobble due to an elusive very low mass companion of only 11
times the mass of our Jupiter. Our combined measurements allowed a precise orbit
determination of that companion at the frontier between low mass brown dwarfs and
massive giant planets. This discovery indicated that our radial velocity measurements
were close to the precision needed to explore the domain of low mass companions to
stars: Brown dwarfs and gaseous giant planets.

The quest for a higher precision: the second step with ELODIE

By the end of the 1980s the evolution of technology allowed for the development of
a new spectrograph (Fig. 14). In 1988, the director of the Haute-Provence Observatory
asked André Baranne and myself to design a cross-correlation spectrograph adapted for
the 1.93-meter telescope of that South France Observatory. Two significant
technological developments were critical to improve the precision of the spectrograph:
the possibility to have a large CCD detector and the existence of optical fibers of high
quality. Here is not the place to present the lechnical details. I would just mention that
we needed to have a very, very stable illumination of the optics of our instrument to
achieve the expected precision and to maintain it over several years. Optical fibers offer
that possibility, guiding the stellar light from the telescope to the spectrograph in a
stable environment and thermally controlled enclosure below the telescope.
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Fig. 15

In science, only in exceptional cases you can do things by yourself—at least in the
field of modern instrument of astronomy. I have to thank all the technicians and
engineers of Haute-Provence and Geneva for their contribution to the success of the
new ELODIE instrument (Fig. 15). Special thanks are due to André Baranne, our chief
optician, and Didier Queloz, still a graduate student at that time, for his dedication to
that project, and his important contribution to the development of the software. ELODIE
was a big success from 1993 onwards, resolving velocity variations down to 10-15 m/s (a
factor of 20 to 30 better than before), providing a precision which allows the detection of
extra-solar planets.

Searching for exoplanets

How could we detect a planet? A planet does not produce any luminosity. It just
reflects a small part of luminosity of a star it receives. Let us look at our solar system.
Jupiter reflects one billionth of luminosity of the Sun. In 1995, it was nol possible to
directly get images of exoplanets due this large luminosity contrast between the host
star and planets. Therefore, we were obliged to use an indirect technique. As a result of
the gravitational influence of a planet the host star moves around the gravity centre of
the system. We could then measure shifts of wavelength caused by the Doppler effect.

During the spring of 1994, my two young collaborators, Antoine Duquennoy and
Didier Queloz and I began a program with the new ELODIE instrument to search for
possible brown dwarfs or gaseous giant planets orbiting solar-type stars. Antoine and [
wanted to extend our study concerning double stars to explore the domain of very small
mass ratios. But I had no a priori expectation of what we would find. At that time, brown
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dwarfs, stars which are not massive enough to have nuclear reactions in their core, were
still undetected. The lower limit for their masses was estimated to be only a few times
the mass of Jupiter, overlapping the domain of massive gaseous giant planets.

Observing time on a telescope is only given on a competitive basis. We got seven
observing nights every second month. That search among a sample of 142 solar type
stars began during the Spring of 1994, and already at the end of our first season of
observations we noted that the velocity of the star 51 Pegasi showed a periodic variation
which could be interpreted as being caused by the influence of a planet (Fig. 16): a
planet of a smaller mass than that of Jupiter. We observed an orbital period of 4.2 days
which disagrees with theoretical predictions. We had found a planet with a period of four
days rather than the 10 years everyone expected—a factor of 1000 out!

There had been many claims of discoveries of planets in the past, which were
found wrong later. That is one of the reasons why we decided to postpone the
publication of our finding for an additional season. We were sure of all of our
measurements. But there was a risk of bad interpretations. We could be misled by other
physical processes, such as those related with magnetic activities of the Sun. Another
concern was more fundamental. As the quantity of dust is limited in an accretion disc,
the formation of gaseous giant planets requires the agglomeration of ice particles. Ice
particles only exist at sufficiently large distance of solar-lype stars... and the formation
of gaseous giant planets could only exist at distances larger than about five astronomical

units and have orbital periods larger than 10 years!




@ oz

7zo A7z bid, BlERUAHED AYFHET 5 X ) R10ETIER L, bTh4H, 2
FHED10007rD 1 DIRE 25V L7120 T5 |

ENETITORE L 4 CRBARIRER RO = 2 — Ak F L7225 wihbik
IS THEEVTH A T EAHMI L F L7z B2 HANROIRNIR F CRIEERO%RE
R T2 LI L7-0b,. TP HHO—DTL, bk, £TORlERR
WCHEZF >TwE L2, L2 L., A TSR D TETE FHATL
7zo KEOWLGEEN-MT 2300 L 5 12, 2MboWEN R 7oL 212k - Titts
TR ETHZEHERONINLTT. TNUIMNZYL. b o EIRRIBEHF A
DY XL BAMBTOY A ORI LVIZ0, BRI ABIBOIIZIE, AH
FOBYEDWZNIZ Y T3, ARTIE, KB D &A% O BER T2 L DFEAE
LIFRA.... FD0, BRI AERIT, ‘hlia:ﬁ*bﬁv} 5 KICHrLL FEn YT o
A EN, Lzt TOERM L 10EZBA L Z LIk bHIFTT

NHAZBIFRDOEREDA2H W) Blfizd E VI EVBOTLA. 2
DX N ZRERM O RE DA RS Y 2 20003500 TEATLRZA,
19954F 7 ] DEEBEC. 7— Z I FIEA T\ & E A & A2 % o 7o mid, BZ Bl

KRETME R DR PR %2 A3 5 KBRS — OB N ERET L LI LD TT
(Mayor. Queloz 1995). W22 212, Ty FT—R - F24 7713, 199446 H
WICHRTHAR LTI Lz UL, A= F=70Y 7 Y AKLEDE3. 6mEE
DO F—AOHITR-72, 771 - Fu— L OB TY (Fig. 17 )0

T B30 TR L 22 KSRy o R A i - 72 2 b ©, 5
BB 2O OWTHET ALERB L LG hD E L, 20
AR A LZOWTI, 5l Pegasi b@FERDIMERINZ, T TIC¥—%— - =W FL 17
EATy b PLAA ZHMREL T2 DD, KERIMREOEIIZOWTOWES
DT RNAERNEBEDVER TG SN L X o 20T | 19954 E2 551, Bl
IO CEREBB) ORI, EEERARRICRE R R b0 LT L

bt R TRV ERE OISR A #T F L, 20k, EEOMAE#RIC
#BL. ESOPERTAF VDT « ¥ Y KLAETOBIMNZ MG L -0 T3 (Fig. 18)-.

158

Commemorative Lectures

Fig. 17 Fig. 18

The period of the companion of 51 Pegasi, 4.2 days, was much too short. We did
not understand how it was possible to produce a planet with such a short period, but by
July 1995, our data was so consistent that we ventured to announce the discovery of the
first extrasolar planet orbiting a Sun-like star. (Mayor, Queloz 1995). Sadly, Antoine died
in an accident in June 1994. Here is a photo of Didier and I, in front of the dome for the

3.6 m telescope at Haute—-Provence Observatory (Fig. 17).

The discovery of this first planet with its very short orbital period made it
necessary to take into account the orbital migration of planets during their formation in
an accretion disc. This mechanism had already been studied 15 years before the
discovery of 51 Pegasi b by Peter Goldreich and Scott Tremaine, however, the prediction
of the migration of exoplanets had never been used to build observing strategies! Since
1995, the observational evidence for orbital migration has deeply changed every

scenario of planetary formation.

We continued the search of planets in the northern sky. We moved to the southern

sky and started observation at La Silla Observatory (ESO) located in Chile (Fig. 18).

What did we learn in the last 20 years? Firstly, we have proven the existence of
exoplanets. We also have demonstrated the huge occurrence of planetary systems, At
least 70 percent of stars have a planetary system. Taking into account the present lack
of sensibility to detect very low mass planets at large orbital periods, we can suspect that
almost all stars should host a planetary system. Certainly one of the most amazing
discovery from the numerous detected exoplanets is the diversity of existing planetary
systems: orbilal periods of some planets as short as few hours and orbits with quite
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large eccentricities. Our solar system is certainly not typical of extrasolar planetary
systems. That observed diversity is challenging for our understanding of the formation
of these systems.

HARPS, the third step towards a higher precision—
the path to the detection of rocky planets

The sensitivity of spectrograph we use has improved and it now allows us to detect
lower mass planets. This can be considered as part of quests of rocky planets. This is
because if Jupiter induces the change of velocity of the Sun at the level of 11 m/s, the
Earth induces the change of velocity of the Sun at the level of only 8 cm/s. High
precision is required in order to detect rocky planets.

We were able to design a new, much sophisticated instrument that works in
vacuum with temperature controlled at the level of milli-Kelvin degree during the night
(Fig. 19). In 2000, I took the lead of the construction of a new spectrograph called
HARPS which was fully optimized to search for very low mass planets. That new
spectrograph, installed at La Silla in Chile in 2003, was sensitive enough to detect
velocity changes of about 30 em per second and to discover even lighter planets, down
to the mass of the Earth. Professor Francesco Pepe played a major role in the
development of that instrument as project engineer.

Our obsessional search for higher and higher radial velocity precision has been
rewarding. With the HARPS spectrograph we have detected a new population of Super-
Earth and Neptune-mass planets: a population of extremely common planets orbiting
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solar-type stars. (As Fig. 20 shows, modern astronomers do not look up the sky. They
control the telescope and the spectrograph from different computers).

The Kepler space mission with its harvest of several thousand of planetary transits
has provided planetary radii for a large number of Earth-type planets. We need to know
the mass of these planets to constrain the bulk density of their inner composition. As
Kepler candidates are in the northern sky we have been obliged to develop a copy of
HARPS, presently installed at 1.a Palma Ohservatory on a 3.5 m telescope. We devote an
extremely large number of observing nights to study the inner composition of planets
having only of few times the mass of our Earth.

During the last 20 years, all the teams working in the domain of planet search have
done tremendous progress and improvements of precision. The vertical and horizontal
axes in Fig. 21 respectively indicate mass of planets and the year of discovery. In this
figure, the most striking is the improvement of precision. We are now at the level to
detect a planet of mass comparable with the Earth.

You may wonder why we continue to search for planets when we have already
found 2000 of them. In fact, the goal is not simply to detect an additional planet. It
probably was the case at the beginning, but today we want to have a global view of the
planetary systems and to understand the formation and evolution of them.
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The formation and evolution of planetary systems involves a very broad domain of
physical process: orbital migration, life time of accretion discs, detailled mechanisms of
planetary formation, interaction between planets, ... The observation of the diversity of
planetary systems has to be used to constrain theoretical models of their formation.
Several teams explore the relative importance of these different processes. Our
understanding of planetary formation results from the dialogue between theory and
observations.

We have a very nice additional possibility to detect a planet. If a planet passes
between a star and an observor’s line of sight, it blocks out a tiny part of the star’s light.
As a result, we can observe a periodic lessening of the stellar luminosity due to the
transit of the planet. The depth of the depression is directly proportional to the relative
size of the planet compared to its host star.

Upon detecting another short period planet in the summer 1999 we were able to
predict the exact time when the planet might transit in front of its star. At the predicted
time, on September 9 of that year, David Charbonneau and Tim Brown observed the
first planetary transit, which proved that indeed, we were observing gas giant planets
such as Jupiter or Saturn (Fig. 22).

Soon after we were able to measure the Rossiter-MacLauglin effect for a planet: a
spectroscopic transit which allows the measurement of the projected angle between the
stellar spin axis and the planet’s orbital axis. New results show a large variety of angles,
with sometimes very inclined orbits and in few cases some retrograde orbits, which

cannot be explained solely by planetary migration. The evolution of planetary systems
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Fig. 23 Fig. 24
becomes even more complicated with the possible dynamical influence of distant stellar
companions (via the Kozai effect).

This observation of an exoplanetary transit opened the door to the study of the
internal composition of planets, therefore creating a new field in astronomy:
Exoplanetology. This first detection of a planetary transit also played a crucial role in the
decision to build space missions devoted to detect exoplanetary transits.

The strategy to detect planetary transits by space missions is quite direct. Imagine
a telescope looking continuously at the same spot on the sky. The satellite, continuesly,
measure the luminosity of several thousand stars with an extreme precision. Years after
years you detect periodic dips of a few stars in the observed field. The Kepler mission
was able to detect several thousands of transiting planets, some of them with up to six
planets transiting in front of a star. This technique allows the estimation of planetary
radii. Planets with radii smaller than the Earth radius have been detected.

Fig. 23 shows an image of the HARPS instrument at La Palma Observatory. This
instrument was built to explore the lowest mass of planets discovered by the Kepler
mission with a special focus on understanding composition of rocky planets. Fig. 24
indicates the size of planets detected by the Kepler mission as a function of the mass of
planets detected by the Dappler spectroscopy. We can remark that rocky planets seems
to have masses less than five Earth-mass.

The huge harvests of detections made by the space missions CoRoT and above all
the Kepler mission have demonstrated the potential of the transit technique. Our next
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step is to detect Earth twins. We know that we have a huge number of rocky planets in
the galaxy. The problem is to detect planets as close as possible to us for follow-up
studies and located in the so-called habitable zone of the star. A zone at a distance of the
star where the complex chemistry for life development will have a chance to emerge.
Do we have the possibility to detect Earth twins with the present instrumentation or
with the coming-soon instrumentation?

One of our current projects in Geneva is to build a small catalogue of bright stars
with rocky planets in the habitable zone. We need such an input catalogue for the next
generation of missions to explore planets like Earth. If we were ever to build an
ambitious mission, perhaps an interferometer like the Darwin (space mission), we want
to have a list of likely places to look.

Mare than 2000 years ago, Greek philosophers were already discussing the
question of the plurality of worlds in the universe, and speculating on the possibility that
some of these worlds could have living species. Today, exobiology emerges as a new
multidisciplinary domain of science.

Do we have living organisms outside the solar systems?

I do not know how many years will be necessary to give an answer to that
fundamental question. However [ am certain that this question will remain on the
agenda of all scientific agencies. Today we are close to having the technology to detect
biomarkers in the atmospheric spectra of exoplanets. For more than 2000 years,
humanity has been waiting for an answer to the possible existence of life on other
worlds, so we can afford to wait a few decades.
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