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Nobel Prize in Physics 2019∗
Dhruba J Saikia
The Nobel Prize in Physics 2019 was awarded by the Royal
Swedish Academy of Sciences jointly to James Peebles from
Princeton University, USA, and Michel Mayor from the University of Geneva, Switzerland, and Didier Queloz, also from
the University of Geneva and University of Cambridge, UK,
“for contributions to our understanding of the evolution of the
Universe and Earth’s place in the cosmos”. One half of the
Prize was awarded to James Peebles for “theoretical discoveries in physical cosmology” and the other half jointly to Michel
Mayor and Didier Queloz for “the discovery of an exoplanet
orbiting a solar-type star”. These are related to some of the
most fundamental questions, namely the structure, constitution and evolution of the Universe and the formation of planets and the origin of life itself.
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Jim Peebles and Physical Cosmology
Phillip James Edwin Peebles, more familiarly referred to as Jim
Peebles, and described as “the inventor of modern physical cosmology” by Sandra Faber [1] in an interview for Annual Reviews,
was born in a suburb of Winnipeg, Canada, on the 25th of April
1935. After going to a small school there, he initially registered
for engineering at the University of Manitoba as he said that he
liked to build things, but struck by the lack of physics courses, he
later transferred to studying physics after two years. He moved
on to Princeton for graduate studies, initially working on particle
physics and then moved on to cosmology working with Robert
Henry Dicke in his gravity research group, whom he described as
“My professor of continuing education” [2] and who encouraged
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Figure 1. (Left)
Jim Peebles.
(Right) Michel Mayor and
Didier Queloz. (Image credits: Wikimedia Commons;
https://commons.m.wikimedia
.org/; Jim Peebles by Juan
Diego Soler, and Michel
Mayor and Didier Queloz
by L Weinstein/Ciel et
him to “stay with theory”. His PhD thesis awarded in 1962 at
Espace Photos.)
Princeton was titled “Observational tests and theoretical problems
relating to the conjecture that the strength of the electromagnetic
interaction may be variable”. He set a limit on the variation of
the fine structure constant, which was about two orders of magnitude higher than the current limits. He has continued to teach at
Princeton for his entire career and is currently the Albert Einstein
Professor of Science, Emeritus and Professor of Physics, Emeritus.
Most of the matter we
see now is hydrogen, so
somehow each cycle
must destroy the heavy
elements before the
expansion phase of the
next cycle in a closed
oscillating universe. An
attractive way to do this
is to say that the matter
temperature exceeds
1010 K in the highly
contracted stage, causing
the heavy nuclei to
evaporate.
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Peebles’ thesis was about a couple of years or so before the discovery of the cosmic microwave background (CMB) radiation.
In the early 60s, our understanding of the Universe was based on
either the Big Bang model where the Universe originated in a singularity and had a very hot phase in its youth, a primeval fireball,
or the Steady State model where the Universe is as it was and
will be. As Wilkinson and Peebles [3] would recount later “The
first glimmer of the fireball came to us via the musings of R. H.
Dicke – the head of our research group at Princeton. He reasoned
roughly as follows. If the universe is closed and oscillating (radius a periodic function of time), what happened to all the heavy
elements which were cooked up in stars during the previous cycles of the universe? Most of the matter we see now is hydrogen,
so somehow each cycle must destroy the heavy elements before
the expansion phase of the next cycle. An attractive way to do
this is to say that the matter temperature exceeds 1010 K in the
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highly contracted stage, causing the heavy nuclei to evaporate. A
consequence of this assumption is that the universe tends to relax
to thermal equilibrium, producing a sea of blackbody radiation.
As the universe expands out of this state, photons are red-shifted
from gamma rays to microwaves, but the spectrum remains thermal so that we are left now with a sea of residual blackbody radiation. On the basis of Dicke’s tenuous (at best) argument, Peter
G. Roll and Wilkinson began working on a radiometer to search
for the Primeval Fireball – as we dubbed it, and Peebles assumed
the task of thinking about theoretical schemes of estimating the
present Fireball temperature. This all took place in the late summer of 1964” and marked the beginning of Peebles’ monumental
contributions to the field of physical cosmology.

As the universe expands
out of this state, photons
are red-shifted from
gamma rays to
microwaves, but the
spectrum remains
thermal so that we are
left now with a sea of
residual blackbody
radiation.

Just a brief digression to examine how science develops and
serendipitous discoveries pave the way for a major development
of a field. Well, about eighteen years earlier, George Gamow and
his collaborators [e.g. [4] and references therein] were studying
nucleosynthesis in the early Universe. An essential component
of their study was thermal radiation, which Alpher and Herman
in 1948 estimated to have a temperature of 5 K at the present
epoch [5]. Dicke appears to be unaware of this earlier work.
Even earlier than Gamow’s work, the interstellar absorption lines
of cyanogen (CN) observed by Adams [6] were estimated to require an excitation temperature of 2.3 K by McKellar in 1941
[7]. The connection to the cosmic microwave background radiation was made much later. Fast-forwarding to the early 1960s,
the Russian astrophysicists Doroshkevich and Novikov [8] examined earlier work including measurements at Bell Laboratories
[9]. They remarked that measurements at microwave frequencies are “extremely important for experimental checking of the
Gamow theory” [10], but noted that the Bell Labs measurements
“at a frequency ν = 2.4 × 109 cps give a temperature 2.3 ± 0.2 K,
which coincides with theoretically computed atmospheric noise
(2.4 K)”, missing a vital clue. The Princeton group was building
a radiometer to detect this primeval radiation, a limit to which
was set by Dicke in 1946 [11] (Dicke had apparently forgotten
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about this result), while Arno Penzias and Robert Wilson at Bell
Telephone Laboratories were trying to figure out the source of
excess noise in their 7-cm wavelength radiometer. Peebles spoke
about their work and search for the primeval radiation in a lecture at Johns Hopkins University, which was mentioned to Bernie
Burke by Ken Turner who was in the audience. Bernie Burke,
in turn, mentioned it to Arno Penzias [3]. The excess temperature was interpreted to be the cosmic microwave background radiation [12,13], for which Penzias and Wilson were awarded the
Nobel Prize in Physics in 1978. The entire black-body spectrum
was determined to unprecedented accuracy by the Cosmic Background Explorer (COBE) led by John Mather [14]. John Mather
and George Smoot were awarded the Nobel Prize in 2006 “for
their discovery of the blackbody form and anisotropy of the cosmic microwave background radiation”. Within months of the initial COBE results, Herb Gush along with two of his colleagues at
the University of British Columbia, Canada, also reported the full
Planckian spectrum from rocket-borne measurements estimating
a temperature of 2.736 K [15]. Figure 2 shows the spectrum of the
CMB as determined by COBE and the tiny temperature fluctuations of the CMB as revealed by 7 years of data from WMAP, the
Wilkinson Microwave Anisotropy Probe. The temperature range
shown here is ±200μK.
The era of modern
cosmology was ushered
in by the detection of the
cosmic microwave
background radiation,
although in the 1920s,
the Hubble–Lemaı̂tre
law established the
expansion of the
Universe and Einstein’s
general theory of
relativity and the
Friedmann equations
provided the theoretical
framework for
understanding and
modelling the Universe.
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The era of modern cosmology was ushered in by the detection
of the cosmic microwave background radiation, although in the
1920s, the Hubble–Lemaı̂tre law established the expansion of
the Universe and Einstein’s general theory of relativity and the
Friedmann equations provided the theoretical framework for understanding and modelling the Universe. The abundance of light
elements heavier than hydrogen, namely deuterium, helium and
lithium, were also found to be consistent with theoretical estimates based on nucleosynthesis during the hot early phase of the
Universe. Stars are responsible for producing the heavier elements. It is beyond the scope of this short article to touch upon all
the varied aspects of modern physical cosmology in which Peebles contributed. We will briefly mention a few. A more detailed
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Figure 2. (a) Black body
spectrum of the CMB
radiation as determined by
COBE coressponding to a
temperature of 2.725K.
(b) Temperature fluctuations
of the CMB as revealed by 7
years of data from WMAP,
the Wilkinson Microwave
Anisotropy Probe – the map
has a range of ±200μK.
(Image credits:
COBE
spectrum:
https://commons/wikimedia.
org/wiki/File:Cmbr.svg,
WMAP temperature fluctuations: https://en.wikipedia.
org/wiki/Cosmic microwave
background#/media/File:
WMAP 2010.png).

account can be found in the article by Peebles [2], the interview
by Sandra Faber [1] and his relatively recent talk at the Perimeter Institute [16], to list a few, besides of course a number of his
classic books on the subject [e.g. 46–49], and one to be published
next year [50].
Almost immediately after the discovery of the background radiation, Peebles [17] probed the formation of galaxies and noted
that stars and galaxies could form only when the Universe expanded and cooled to a critical epoch. He posed the all-important
question “what were the physical processes, and what were the
physical parameters and conditions that determined how galaxies formed, with the observed distributions of mass and size, and
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Figure 3.

Schematic illustration of the evolution
of the Universe, inferences
drawn from the power spectrum of the fluctuations, and
a pie diagram showing the
principal constituents of the
Universe, namely ordinary
matter, dark matter and dark
energy. (Image credit: Johan
Jarnestad, Royal Swedish
Academy of Sciences)
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the observed tendency for galaxies to be distributed in clusters”.
The formation of structures from the initial density perturbations
would also leave their imprint on the cosmic background radiation. Variations in the gravitational potential well and time dilation eﬀects in the surface of last scattering lead to small anisotropies
in the CMB on large scales, also known as the Sachs–Wolfe effect [18]. Sunyaev and Zeldovich [19] and Peebles and Yu [20]
probed the power spectrum of CMB on a range of scales. Peebles
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and Yu derived the power spectrum of fluctuations showing the
acoustic peaks, whose scale sizes reflect the physics of the Universe. In the context of structure formation, Peebles in 1982 [21]
introduced non-relativistic cold dark matter coupling anisotropies
in CMB to large-scale structure arriving at a “characteristic mass
comparable to that of a large galaxy”. In this paper, he estimated
a temperature fluctuation of the CMB to be ∼ 5 × 10−5 , consistent
with COBE measurements made later. In 1984, he introduced the
cosmological constant, now termed dark energy or quintessence,
in the context of structure formation [22], well before the discovery of the accelerated expansion of the Universe [23]. Based on
a variety of inputs, our Universe is flat and believed to comprise
of about 5 per cent of baryonic matter, 26 per cent of dark matter
and 69 per cent of dark energy (Figure 3) [24]. Although dark
matter was inferred earlier from dynamics of clusters of galaxies
and rotation curves of galaxies, Ostriker and Peebles [25] showed
that for the disk of our Galaxy, the Milky Way, to be stable, the
halo must contain a large amount of dark matter. A lot of progress
has been made in our understanding of the Universe where Peebles has played a key role, but in his words, there are ‘clouds’
[16] which may lead to new insights.

Michel Mayor, Didier Queloz and Extra-solar Planets
Michel Gustave Édouard Mayor was born on the 12th of January
1942 at Lausanne, Switzerland, did his MSc in Physics in 1966
from the University of Lausanne and his PhD in 1971 from the
Geneva Observatory. His thesis was on “The kinematical properties of stars in the solar vicinity: possible relation with the galactic spiral structure”. He spent most of his time at the Observatory, was its Director from 1998 to 2004, was a Professor at the
University of Geneva till 2007, and is at present, Professor Emeritus at the University. Didier Queloz, who was a graduate student working with Michel Mayor, was born on the 23rd of February 1966 in Switzerland and obtained his MSc and PhD degrees
from the University of Geneva in 1990 and 1995 respectively. His
thesis was on “Research related to digital cross-correlation spec-
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Figure 4.

An illustration of the radial velocity
method for finding exoplanets.
(Image credit: Johan Jarnestad, The Royal
Swedish Academy of Sciences)

Figure 5. An illustration of
the transit method for detection of exoplanets. (Image
credit: NASA)
troscopy; (INTER-TACOS User’s Guide)”. After spending a few
years at the Jet Propulsion Laboratory, he returned to Geneva in
2000. He is presently Professor at the University of Cambridge
and continues to be a Professor at the University of Geneva.
With the Sun having a planetary system there have been speculations since ancient times about the possibility of ‘worlds like
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our own’ such as by the Greek philosopher Epicurus (341 to 270
BC) to Giordano Bruno in the 16th century, who was a strong
supporter of the Copernican model, and Isaac Newton in the 17th
century who had written “And if the fixed stars are the centres of
similar systems, they will all be constructed according to similar
design ...” [26, 27]. More recently, Otto Struve [28] in 1952 made
the case for high-precision radial velocity measurements to look
for planets around stars (Figure 4), and also discussed eclipses
caused by planets, and direct photography. In the case of the
eclipse or transit method, there would be a small dip in brightness
of the star which will last as long as the planet appears in front of
the star, and this pattern will repeat on a time scale determined by
the orbital period of the planet (Figure 5; credit NASA). In the
radial velocity method suggested by Otto Struve, both the planet
and the star would rotate about the centre of mass of the system. As the star wobbles about the common centre of mass, the
spectrum will be red-shifted when the star is moving away from
us and will be blue-shifted when approaching us. However, the
changes could be very small depending on the mass of the planet
relative to that of the star, distance of the planet from the star, and
orientation of the orbit relative to our line of sight, requiring high
precision and stability of the instrument over long periods. For
example, for observations of the Sun from a distance, the radial
velocity shift has been estimated to be ±13 m/s over a period of
12 years due to the orbital motion of Jupiter [29].

In the radial velocity
method suggested by
Otto Struve, both the
planet and the star would
rotate about the centre of
mass of the system. As
the star wobbles about
the common centre of
mass, the spectrum will
be red-shifted when the
star is moving away
from us and will be
blue-shifted when
approaching us.

Michel Mayor and his collaborators from the University of Geneva
along with Andre Baranne from the Marseille Observatory and
colleagues from the Haute-Provence Observatory built the fibrefed Echelle spectrograph for accurate radial velocity measurements. This was an updated version of CORAVEL, their earlier
cross-correlation spectrometer, and enabled radial velocity measurements with an accuracy better than 15 m/s for a 9th magnitude
star in about 30 minutes [30]. This enabled Mayor and Queloz to
plan an observing programme for 142 stars, much larger than the
earlier eﬀorts.
Meanwhile, Wolszczan and Frail in 1992 reported, from timing
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Figure 6.
The image
highlights
the
limited
volume in our Galaxy
which has been surveyed
for exoplanets by Kepler
(Image credit: Wikimedia
Commons; Painting by Jon
Lomberg, Kepler mission
diagram added by NASA).
The histogram shows the
cumulative detection of
exoplanets per year, while
the period-radius diagram
for Kepler planets shown
here also highlights the
major contribution made
by the Kepler mission.
This distribution is very
similar for all exoplanets [36]. (Image credits:
https://exoplanetarchive.ipac.
caltech.edu/)

observations of the millisecond radio pulsar PSR1257+12 using
the Arecibo telescope, at least two Earth-sized bodies orbiting the
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pulsar [31]. The two planets have masses 2.8 and 3.4 times the
mass of the Earth, are located at 0.47 and 0.36 AU from the pulsar
and have periods of 98.2 and 66.6 days respectively [31]. However, this was not a Sun-like star, and planetary systems around
pulsars are also not common.
Mayor and Queloz [32] reported the presence of a Jupiter-mass
companion, 51 Pegasi b, to the star 51 Pegasi in the constellation
Pegasus from periodic observations of radial velocity, ushering
in a new era of exoplanet search and research. The period was
found to be 4.23 days and the mass 0.47 MJ /sin i, where MJ is the
mass of Jupiter and i the inclination angle of the orbit. The companion is located about 0.05 AU from the star. It was also soon
realized that the Jupiter-mass companion could not have formed
at 0.05 AU but possibly much further out, say at about 5 AU,
and migrated closer to the star [33]. Two Jupiter-mass planets
were reported the following year, orbiting the stars 70 Virginis
and 47 Ursa Majoris [34, 35]. Nearly three dozen planets around
Sun-like stars were found in the first five years [27] since the discovery by Mayor and Queloz [32]. Although many of the initial
discoveries were made by radial velocity method, the number of
exoplanets discovered using the transit method increased dramatically from satellite observations such as by CoRoT (Convection,
Rotation and planetary Transits) satellite launched in 2006 and
Kepler in 2009 (Figure 6). TESS (Transiting Exoplanet Satellite
Survey) which was launched in 2018 will cover a much larger
area than Kepler.

Mayor and Queloz
reported the presence of
a Jupiter-mass
companion, 51 Pegasi b,
to the star 51 Pegasi in
the constellation Pegasus
from periodic
observations of radial
velocity, ushering in a
new era of exoplanet
search and research.

These observations have revealed the wide diversity of planets
and planetary systems posing new challenges in understanding
them. As of 21st November 2019, there are 4099 confirmed planets, 34 TESS confirmed planets till July 2019, and 1415 TESS
projected candidates [36]. One of the most exciting systems is
around the nearby ultracool dwarf star TRAPPIST-1 with seven
temperate terrestrial planets discovered by Gillon et al., [51 and
references therein]. Their low equilibrium temperatures suggest
that liquid water may exist on their surfaces [51]. The massperiod distribution for the exoplanets discovered by the diﬀerent
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Figure 7. The mass-period
distribution for the exoplanets discovered by diﬀerent
methods.
(Image credit:
NASA)

methods is shown in Figure 7. Intimately related to the discovery
of exoplanets are having planets in the zone of habitability [e.g.
37–40], their atmospheres [e.g. 41, 45], the formation of life [42],
and the diﬀerent climate systems that may exist in these planets.
More details of this exciting field can be found in the books by
Michael Perryman [43] and Sujan Sengupta [44].

Acknowledgment
This write up has benefitted from the descriptions and figures in
the Nobel Prize web site [29] for which the author is grateful.
The author also thanks Prakash Arumugasamy, Tirthankar Roy
Choudhury, Anwesh Mazumdar, Anupreeta More, Jayant Murthy
and Aseem Paranjape for going through an earlier version of the
manuscript.

Suggested Reading
[1] Sandra Faber, A conversation with P. James E. Peebles, for Annual Reviews,
https://www.youtube.com/watch?v=AvX4HWmpeS0, 12 June 2013.

1408

RESONANCE | December 2019

GENERAL ARTICLE

[2] P J E Peebles, Seeing Cosmology Grow, Ann. Rev. Astron. Astrophys, Vol.50,
pp.1–50, 2012.
[3] D T Wilkinson and P J E Peebles, Discovery of the 3K radiation, in Serendipitous Discoveries in Radio Astronomy, eds. K Kellermann and B Sheets, National
Radio Astronomy Observatory, pp.175–184, 1983.
[4] R A Alpher, H A Bethe and G Gamow, Thermonuclear reactions in the expanding Universe, Phys. Rev., 74, pp.1198–99, 1948.
[5] R A Alpher and R C Herman, Evolution of the Universe, Nature, Vol.162,
pp.774–775, 1948.
[6] W S Adams, Some results with the COUDE spectrograph of Mount Wilson
Observatory, ApJ, Vol.93, pp.11–23, 1941.
[7] Andrew McKellar, Molecular lines from the lowest state of diatomic molecules
composed of atoms probably present in interstellar space, Publ. Dominion Astrophys. Obs., Vol.7, pp.251–272, 1941.
[8] A G Doroshkevich and I D Novikov, Mean density of radiation in the metagalaxy and certain problems in relativistic cosmology, Gen. Relativity and Gravitation, Vol.50, pp.138 (https://doi.org/10.1007/s10714-018-2441-x), 2018; originally published in Sov. Phys. Doklady, Vol.9, pp.111, 1964.
[9] E A Ohm, Receiving system, Bell System Technical Journal, Vol.40, pp.1065–
1094, 1961.
[10] G Gamow, On relativistic cosmogony, Rev. Mod. Physics, Vol.21, pp.367–373,
1949.
[11] R H Dicke, Robert Beringer, Robert L Kyhl, and A V Vane, Atmospheric
absorption measurements with a microwave radiometer, Phys. Rev., Vol.70,
pp.340–348, 1946.
[12] A A Penzias and R W Wilson, A measurement of excess antenna temperature
at 4080 Mc/s, Astrophysical J., Vol.142, pp.419–421, 1965.
[13] R H Dicke, P J E Peebles, P G Roll and D T Wilkinson, Cosmic black body
radiation, Astrophysical J., Vol.142, pp.414–419, 1965.
[14] J H Mather et al., A preliminary measurement of the cosmic microwave background spectrum by the Cosmic Background Explorer (COBE) satellite, Astrophys. J., Vol.354, pp.L37–L40, 1990.
[15] H P Gush, M Halpern and E H Wishnow, Rocket measurement of the cosmic –
background – radiation mm-wave spectrum, Phys. Rev. Letters, Vol.65, pp.537–
540, 1990.
[16] P J E Peebles, Building on what came before us, talk at the Perimeter Institute
for Theoretical Physics, https://www.youtube.com/watch?v=A6eA5Ymms4Q ,
21 Dec 2017.
[17] P J E Peebles, The black-body radiation content of the Universe and the formation of galaxies, Astrophysical J., Vol.142, pp.1317–1326, 1965.
[18] R K Sachs and A M Wolfe, Perturbations of a cosmological model and angular
variations of the microwave background, Astrophysical J., Vol.147, pp.73–90,
1967.
[19] R A Sunyaev and Y B Zeldovich, Small-scale fluctuations of relic radiation,
Astrophys. Space Sci., Vol.7, pp.20–30, 1970.
[20] P J E Peebles and J T Yu, Primeval adiabatic perturbation in an expanding

RESONANCE | December 2019

1409

GENERAL ARTICLE

Universe, Astrophys. J., Vol.162, pp.815–836, 1970.
[21] P J E Peebles, Large-scale background temperature and mass fluctuations due
to scale invariant primeval perturbations, Astrophysical J., Vol.263, pp.L1–L5,
1982.
[22] P J E Peebles, Tests of cosmological models constrained by inflation, Astrophysical J., Vol.284, pp.439–444, 1984.
[23] A G Riess et al., Observational evidence from supernovae for an accelerating
universe and a cosmological constant, Astron. J., Vol.116, pp.1009–1038, 1998.
[24] P J E Peebles and B Ratra, The cosmological constant and dark energy, Rev.
Mod. Phys., Vol.75, pp.559–503, 2003.
[25] J P Ostriker and P J E Peebles, A numerical study of the stability of flattened
galaxies: or, can cold galaxies survive? Astrophysical J., Vol.186, pp.467–480,
1973.
[26] Becky, https://www.youtube.com/watch?v=6 bJXZuREOA&feature=youtu.be&
fbclid=IwAR3eEnG20tK3Hw-ePw9KB-K0t4tg1PpAXNaWJVJ2cZ2ZXu2ochtli
WZ1Xmw, 16 October 2019
[27] M A C Perryman, Extra-solar planets, Rep. Progr. Phys., Vol.63, pp.1209–1272,
2000.
[28] O Struve, Proposal for a project of high-precision stellar radial velocity work,
Observatory, Vol.72, pp.199–200, 1952.
[29] https://www.nobelprize.org/uploads/2019/10/advanced-physicsprize2019-3.pdf
[30] A Baranne, D Queloz, M Mayor, G Adrianzyk, G Knispel, D Kohler, D Lacroix,
J.-P. Meunier, G Rimbaud and A Vin, ELODIE: A spectrograph for accurate
radial velocity measurements, Astron. Astrophys. Suppl. Ser., Vol.119, pp.373–
390, 1996.
[31] A. Wolszczan and D.A. Frail, A planetary system around the millisecond pulsar
PSR1257 +12, Nature, Vol.355, pp.145–147, 1992.
[32] M Mayor and D Queloz, A Jupiter-mass companion to a solar-type star, Nature,
Vol.378, pp.355–359, 1995.
[33] D N C Lin, P Bodenheimer and D C Richardson, Orbital migration of the planetary companion of 51 Pegasi to its present location, Nature, Vol.380, pp.606–
607, 1996.
[34] G W Marcy and R P Butler, A planetary companion to 70 Virginis, Astrophys.
J., Vol.464, pp.L147–L151, 1996.
[35] R P Butler and G W Marcy, A planet orbiting 47 Ursae Majoris, Astrophys. J.,
Vol.464, pp.L153–L156, 1996.
[36] NASA Exoplanet Archive: https://exoplanetarchive.ipac.caltech.edu/index.html
[37] A Tsiaras, I P Waldmann, G Tinetti, J Tennyson and S N Yurchenko, Water
vapour in the atmosphere of the habitable-zone eight-Earth-mass planet K2-18
b, Nature Astron, (on-line September 11, 2019).
[38] M Gillon et al., Temperate Earth-sized planets transiting a nearby ultracool
dwarf star, Nature, Vol.533, pp.221–224, 2016.
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