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1. The Nobel Prize in Physics 2020
• Nobel Prizes in astrophysics and gravitation

· 1921 Einstein - Services to theoretical physics, and especially the discovery
of the photoelectric effect law (All Physics (including Gravitation))
· 1967 Bethe - Nuclear reactions, energy production in stars (Astrophysics)
· 1974 Ryle; Hewish - Radio astrophysics; pulsars (Astrophysics)
· 1978 Penzias and Wilson - 2.7 K cosmic radiation CMB (Cosmology)
· 1983 Chandrasekhar; Fowler - White dwarfs; elements (Astrophysics)
· 1993 Hulse and Taylor - Binary pulsar and new tests (Gravitation)
· 2002 Davis, Koshiba; Giacconi - Neutrinos; X-ray sources (Astrophysics)
· 2006 Smoot and Mather - Big bang anisotropy of CMB (Cosmology)
· 2011 Perlmutter, Schmidt, and Riess - Accelerating Universe (Cosmology)
· 2017 Weiss, Barish, and Thorne - Gravitational waves LIGO (Gravitation)
· 2019 Peebles - Cosmology (Cosmology and Astrophysics)
· 2020 Penrose, Ghez, and Genzel - Black holes (Gravitation)
(Deserve perhaps: Eddington (Astrophysics), Hubble (Cosmology), Hoyle
(Astrophysics), Wheeler (Physics), Jocelyn Bell (Astrophysics), Hawking
(Gravitation)).

1. The Nobel Prize in Physics 2020
• Statement of the Nobel Committee for the Nobel Prize in Physics

2020
· The Royal Swedish Academy of Sciences has decided to award the Nobel
Prize in Physics 2020 to Roger Penrose, University of Oxford, UK,
Reinhard Genzel, Max Planck Institute for Extraterrestrial Physics,
Garching, Germany and University of California, Berkeley, USA, and
Andrea Ghez, University of California, Los Angeles, USA,
· One half goes to Roger Penrose for the discovery that black hole
formation is a robust prediction of the general theory of relativity.
· The other half goes jointly to Reinhard Genzel and Andrea Ghez for the
discovery of a supermassive compact object at the centre of our galaxy.
· Who are those guys and who is the gal?
Are there other guys?

1. The Nobel Prize in Physics 2020
• The guys and the gal

· Roger Penrose

Born 1931 in Colchester, UK, got his PhD in 1957 from the University of
Cambridge, is Emeritus Rouse Ball Professor at University of Oxford.
Was the first to really understand black holes. Described them in
mathematical detail, and showed that black holes hide a singularity
where all the known laws of physics end. To many his 1965 paper is
considered the most important contribution to general relativity since
Einstein’s original formulation.

1. The Nobel Prize in Physics 2020
· Reinhard Genzel

Born 1952 near Frankfurt, Germany. Got his PhD in 1978 from the
University of Bonn. Is now director at Max Planck Institute for
Extraterrestrial Physics in Garching and Professor at Berkeley.
Leads a project Gravity of ESO in astrophysics that started in 1990 and
studies the stars orbiting the very center of our galaxy, Sagittarius A*.
Has shown that the stars in those orbits have extremely high speeds only
compatible with a central supermassive black hole of 4 million solar
masses.

1. The Nobel Prize in Physics 2020
· Andrea Ghez

Born 1965 in New York. Got her PhD in 1992 from Caltech, Pasadena. Is
now Professor at University of California, Los Angeles.
Leads a project at Keck telescope in Hawaii, started in late 1990, that also
studies the kinematics of stars around the very center of our galaxy,
Sagittarius A*. Has shown that the stars in those orbits have extremely
high speeds only compatible with a central supermassive black hole of 4
million solar masses.

1. The Nobel Prize in Physics 2020
• The other guys

· Robert Oppenheimer

Born 1904 in New York. Got his PhD in 1927 from Göttingen. Director of
the atomic bomb, the Manhattan Project, in Los Alamos in 1942-1945.
It was he together with students that discovered black holes. Indeed in
1939, Oppenheimer and Snyder, working in Berkeley at the time,
discovered black holes by idealizing a model of a star collapsing under its
own gravitational weight and found that the ultimate state of such a
collapse would be a black hole, with an event horizon and a singularity.

1. The Nobel Prize in Physics 2020
· Steven Hawking

Born 1942 in Oxford, got his PhD in 1966 from the University of
Cambridge, was Lucasian Professor. Was a celebrity worldwide.
It was he that further understood black holes. He proved rigorously that
the area of a black hole never decreases paving the way to open the
discipline of thermodynamics of black holes. By mixing general relativity
with quantum mechanics he showed in 1974 that a black hole is not
black, it radiates at a given temperature, the Hawking temperature,
possibly the most important result of the second half of the 20th century.

2. History of black holes
· Einstein (1915): General relativity.
· Schwarzschild (1916): The Schwarzschild solution, static spherically
symmetric solution of general relativity.
· Chandrasekhar (1931): White dwarfs and the Chandrasekhar limit,
Nobel 1983.
· Zwicky (1934): Speculated the existence of neutron stars. Pulsars found
by Hewish (1967), Nobel 1974.
· Eddington (1935) and Einstein (1939, perhaps 1905): Lost opportunities.
· Oppenheimer and Snyder (1939): Discovered black holes. Gravitational
collapse of a star, the dawn.
· Wheeler (1957 onwards): Systematic study of totally gravitational
collapsed objects, black holes.
·Schmidt (1962): Discovery of quasars, required a supermassive object, a
black hole, in the center.
· Kerr (1963): Kerr solution, a rotating black hole.

2. History of black holes
· Penrose (1963 onwards): Picked up the subject and through a series of
outstanding works and epoch-making ideas, showed that if a collapsing
star passes a certain point, namely, if a trapped surface is formed where
light rays cannot expand, then the formation of a black hole with a
singularity will inevitably happen, thus showing that rather than being
improbable, black hole formation was a universal phenomenon, under
precise realizable conditions. Discovered the Penrose process around a
Kerr black hole to extract energy from it, that sparked it all.
· Hawking (1968 onwards): Systematic mathematical theory, area theorem.
·Carter (1968 onwards): Carter-Penrose diagrams.
· Wheeler (1968): Birth of the name, now used an astronomical number of
times, see Herdeiro, Lemos (2018) for fifty years of black holes.
· Lynden-Bell (1969): Black holes at the center of all galaxies, i.e., all
galaxies contain dead quasars, including our galaxy.
· Cygnus X-1 (1971): Observation of the first stellar black hole, in X-rays.

2. History of black holes
· Bekenstein (1973): Discovered black hole entropy.
· Hawking (1974): Hawking radiation. The most important discovery in
the second half of the 20th Century. Links black holes and fundamental
physics, quantum gravitation, first time G, c, and h̄ in one formula.
· ’t Hooft (1985), Strominger and Vafa (1996) discussion of degrees of
freedom. Profusion of black holes in all theories in all dimensions, Lemos
(2000).
· Genzel (1992), Ghez (1995): Thorough observational study of the center
of our galaxy and the 4 million solar mass black hole.
· Weiss, Thorne, and Ligo (2015): Gravitational waves detected, got the
Nobel 2017. The prize was to gravitational waves although what
generated them were two colliding black holes. It was clear that a Nobel
for black holes would come sooner or later.
· Event Horizon Telescope (2019): Bending and lensing of light around the
6.5 billion solar mass black hole in the center of the galaxy M87.
· Nobel Prize (2020): To black holes, the glory.

3. The concept of black hole
· Definition: a black hole is a region inside the boundary of the causal past
of future null infinity.
· Intuitively: a black hole is a region of no escape.

On the left it is drawn a spacetime diagram with its light cones. On the
right it is drawn a space diagram, the one that appears in photos.

4. Astrophysics of black holes
• Black holes in the center of galaxies: Supermassive black holes

· Since 1963 it was clear that a supermassive object must be in the center of
quasars and active galactic nuclei.

·Then Lynden-Bell in 1969 speculated that all galaxies are dead quasars,
i.e., they contain a supermassive black hole at their center. Our galaxy
would be no exception!

4. Astrophysics of black holes
· It has been confirmed. All galaxies, or almost all, contain a supermassive
black hole.
· The most notable confirmation was in 2019 through the Event Horizon
Telescope, an international collaboration of radio telescopes spread
throughout the Earth.

· The image unveils the black hole at the very center of Messier 87, a
massive galaxy in the nearby Virgo galaxy cluster at 55 million light years
from Earth and has a mass 6.5 × 109 M . This is strong light lensing.

4. Astrophysics of black holes
· Our galaxy is not special, its center has a black hole: Sagitarius A*, the
symbol * is for exciting. The figure shows part of the orbit of the star S2
around the supermassive black hole at the centre of our galaxy. When the
star gets to maximum approach the black hole strong gravitational field
causes a redshift, the color of the star shifts to the red, an effect explained
by general relativity. This confirmation gave the Nobel to Genzel and
Ghez.

· CENTRA members Paulo Garcia, António Amorim, and Vitor Cardoso,
belong to the Gravity ESO collaboration led by Genzel.

4. Astrophysics of black holes
• Black holes in our galaxy: Stellar black holes

· In 1971, it was found the first stellar black hole through X rays. There are
dozens now.

· The image depicts a black hole and a star orbiting it which deposits mass
that settles in a disk around the black hole. This accretion is highly
energetic and emits burst of X rays detected on Earth. These black holes
have masses of 20M .

4. Astrophysics of black holes
• Black hole collision and gravitational waves: Stellar massive black

holes in other galaxies

· First detection was in 2015, month September, day 14, in short
GW150914, coming from the collision of two 33M black holes, final
black hole with 63M , and gravitational wave energy radiated is 3M .
All as predicted by general relativity. Confirmed beyond any doubt the
existence of black holes.
· There are now 20 collision events cataloged by LIGO, black hole - black
hole, black hole - neutron star, neutron star - neutron star. One event
black hole - black hole has a final mass of 150M . There are another 28
marginal detections, the signal is weak.

4. Astrophysics of black holes
• Black holes and cosmology: Primordial black holes

· In the primordial Universe, after the big bang, perhaps small or mini
black holes started to form. They are the primordial black holes. Have
existed since the big bang and are imprinted in the initial conditions.

5. Physics of black holes: Basics
• Properties

· An observer far from a massive body sees time running faster than an
observer in the surface of a massive body
flowing of time far away
.
redshift =
flowing of time in a given position
Examples of the redshift of light, observed far away, when emitted from:
the Earth’s surface = 1 + 8 × 10−10
the Sun’s surface = 1 + 2 × 10−6
the surface of a neutron star = 1 + 0.2 = 1.2
the even horizon of a black hole = 1 + ∞ = ∞
· The mathematical expression is
1
,
redshift = p
1 − rRh
where R is the radius of the star.

rh =

2GM
,
c2

5. Physics of black holes: Basics
· Given that redshift = √ 1

r

1− Rh

what happens when the object has a radius

equal or less than rh ? The redshift is infinite and time stops at the event
horizon. It is black. It is also a hole because not even light escapes.
• The event horizon

· When this was understood one thought that something non-physical
would happen and that no object can become so small, i.e., R = rh .
· Much later it was understood that:
·A falling observer feels nothing special when passing through rh .
· The surface rh is called horizon: one feels nothing on crossing it, but it is
not possible to cross it again, it is not possible to come back.
· Stars or galactic centers can collapse and form a black hole. Matter
jumps to the inside of its own event horizon.

5. Physics of black holes: Basics
· Once one crosses the horizon the fall continues until one is destroyed by
the singularity. This region has a huge spacetime curvature, it even
destroys spacetime itself.

Singularity

Event
horizon

falling
particle

flying
particle

· Useful analogy with the salmon in a waterfall: it swims with a maximum
speed vs , the waterfall has variable speed vw .

6. Physics of black holes: Fundamental physics
• Solid foundations

· Universality and uniqueness: the final form of a black hole is independent
of what has formed it, apart the mass M, the angular momentum J and
the electric charge Q. Essential property. Black holes have no hair,
actually have three hairs, they are bald.
· The area of the event horizon always increases in classical processes.
· What is the singularity made of? Cosmic censorship hypothesis does not
allow a naked singularity.
· What about white holes, the time reverse of black holes? The solutions to
the equations of physics do not have to occur in this world. Specially
when they are related to a reversal of time. Some of them are fictions,
although interesting. If, by hypothesis, initial conditions permit
primordial black holes why not primordial white holes. They were
speculated to exist to explain quasars. But ejected matter would hit the
surrounding matter, would slow down, and finally collapse back to form a
black hole. Moreover, they violate the second law of thermodynamics.
They have been dismissed.

6. Physics of black holes: Fundamental physics
· The quantum mechanic laws together with general relativity imply that a
black hole is not black, it radiates at the Hawking temperature
1
1
TH =
or T H =
.
8πM
4πrh
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· Virtual particles are created. Eventually one falls in and the other is
emitted.

6. Physics of black holes: Fundamental physics
· It also has entropy
1
Ah ,
4
in Planck units. It is called the Bekenstein-Hawking entropy.
SBH =

·Planck units are important: lpl =
q
5
Tpl = k1B h̄Gc .

q

h̄ G
,
c3

Apl =

h̄ G
,
c3

Mpl =

q

h̄ c3
G ,

· Black holes are thermodynamic objects. The four laws are:
Zeroth Law - The horizon is at the Hawking temperature T.
First law - Conservation of energy: TdS = dM, TdS = dM − ΩdJ + φ dQ.
Second law - dS ≥ 0.
Third law - Cannot bring T to zero by a finite number of processes.

6. Physics of black holes: Fundamental physics
• Open problems

· The thermal properties of black holes mix gravity and quantum
mechanics. It is difficult to amalgamate these two theories.
· Einstein’s theory says that nothing gets out of a black hole, while quantum
mechanics says something gets out.
· Puzzles: entropy and information loss.
·Entropy:
· Heat comes from the movement of the system’s microscopic components.
· One can measure how many degrees of freedom the system has
measuring its entropy, indeed statistical mechanics gives S = ln Ω.
· The first law of thermodynamics says that entropy is related to the
specific heat dS = dE
T . A system that needs more energy to increase the
temperature has more entropy.

6. Physics of black holes: Fundamental physics
· How does heat appear in a black hole, what moves in a black hole?
(Lemos, Zaslavskii 2020).
· Black hole features are independent of what has formed them. Their
thermal properties only depend on gravity and quantum mechanics. So,
they have to be explained by a quantum theory of gravitation.
· Somehow, the entropy of a black hole must originate on the movement of
the spacetime quanta, the atoms of gravitation.
· The understanding of these thermal aspects of black holes leads us to the
quantum structure of gravitation.
· There are clues that indicate a holographic spacetime structure: the
degrees of freedom are in the area not in the volume. The correct theory
has to take this into account.
·Information loss:
· The singularity swallows information. Does it?

7. The next 50 years of black holes
· General relativity changed the world and the worldview. The
fundamental equation is Gab = 8πG
T , or in words, geometry couples to
c4 ab
matter. It is a theory of gravitation and substitutes force by geometry of
spacetime. Gab represents spacetime and Tab matter. Space tells matter
how to move and matter tells space how to curve.
· Opened major completely new branches:
·Gravitational lensing (1912 Einstein)
·Gravitational waves (1916 Einstein)
·Cosmology (1917 Einstein)
·Fundamental theories (1918 Weyl)
·Black holes (1939 Oppenheimer and Snyder, 1960 onwards Wheeler,
Penrose, and Hawking)
· The second, third, and fifth branches have now got Nobel prizes.
· The first and fourth branches are bound to get in the future. Indeed
gravitational lensing is an amazing tool. The most interesting is: which
theory will superseed general relativity. Is it going to pop at extremely
small scales, at extremely large scales? Surely the next fifty years will tell.

8. From the dawn of science to black holes
· Anaximander (550 bc) proposed that “The Earth is held up by nothing,
but remains motionless owing to the fact that it is equally distant from all
other things. Its shape is like that of a drum. We walk on one of its flat
surfaces, while the other is on the opposite side.” It is considered one of
the most portentous ideas in the whole history of human thought.
Envisaging the Earth as freely poised in midspace remaining motionless
because of its equidistance or equilibrium anticipates Newton’s idea of
invisible gravitational forces.
·2500 years after we have the science of astrophysics and gravitation that
can explain stars, black holes, galaxies, and the large scale structure of
the Universe, and the science of cosmology that can explain the Universe
itself. In this astonishing endeavor of discovery the whole of physics is
involved: general relativity and gravitation, condensed matter physics,
atomic, nuclear and particle physics, and plasma physics.
· And here we are happy and full of joy and glory celebrating that the
Nobel 2020 has gone to black holes, in particular to the outstanding
Penrose, and to Genzel and Ghez.

8. From the dawn of science to black holes
· There is a scene in 2001 Space Odyssey, a 1968 film by Kubrick: From the
dawn of man to humankind. Celebrated in the history of the cinema.
The human-like ape, 2 million years ago,
discovers that the bone is a powerful tool,
his group has just won a battle of groups.

Jubilating he hurls the bone
into space.

In free fall the bone is converted into a
freely falling satellite orbiting the Earth,
with comfortable seated people listening to
thewaltzBlueDanube. It is the 21st century.

