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In a 1969 paper, Roger Penrose wrote, “I
only wish to make a plea for black holes
to be taken seriously and their conse-

quences to be explored in full detail. For
who is to say, without careful study, that
they cannot play some important part in
the shaping of observed phenomena?”1

His success at getting researchers to con-
sider black holes in earnest was acknowl-
edged with half of this year’s Nobel Prize
in Physics. 

With decades of evidence, it may be
hard to imagine that physicists ever
doubted their existence. That evidence
includes work by Reinhard Genzel and
Andrea Ghez, who received the other
half of this year’s prize (see the story on
page 17), and the Event Horizon Tele-
scope image released last year (see the
Quick Study by Dimitrios Psaltis and Fer-
yal Özel, PHYSICS TODAY, April 2018, page
70). General relativity, which admits the
possibility of singularities, has cemented
its place as the standard theory for grav-
itational phenomena and the basis for
many cosmological models. But that fate
was far from certain in the 1960s when
Penrose started his work on black holes.

In a  three- page paper with few equa-
tions, Penrose showed in 1965 that black
holes were not a mathematical oddity but
a  real- life inevitability,2 and he introduced
the mathematical framework of topology
to general relativity for the first time. He
is “unmatched by anyone since Einstein in
his contribution to our understanding of
gravity,” says astrophysicist Martin Rees.

The general idea
As early as the late 1700s, John Michell
and  Pierre- Simon Laplace had hypothe-
sized about an object with an escape ve-
locity faster than the speed of light, such

that even particles of light couldn’t leave
its gravitational field. Using Newtonian
mechanics, Michell and Laplace each
found that a spherical mass m confined
to a radius less than 2Gm/c2 would pro-
duce that behavior. 

That same radius would appear again
more than 100 years later. In 1915 Albert
Einstein published his theory of general
relativity, which relied on unfamiliar and
difficult mathematics that he could solve
only approximately. Early in 1916, while
serving in the German army in World
War I, Karl Schwarzschild produced the
first solution to Einstein’s field equa-
tions. A mathematical oddity appeared
in his solution for the curved spacetime
around spherically symmetric matter of
mass m and radius r: Some terms vanish
or diverge for r = 0 and r = 2Gm/c2. 

The  so- called singularity at r = 0 was
a point of infinite density with gravita-
tional pull so strong that not even light
could escape. But researchers weren’t
sure how to understand the result. Were
the singularities real or an artifact of the
choice of coordinates? 

Twenty years later, J. Robert Oppen-
heimer tried to make sense of gravita-
tional singularities by analyzing the col-
lapse of a spherical cloud of matter. He
and his student Hartland Snyder were the
first to realize the meaning of the second

notable r value, now known as the event
horizon: The collapsing star wouldn’t be
able to communicate with observers be-
yond the horizon. But Oppenheimer’s as-
sumption of spherical symmetry aroused
skepticism about whether such a circum-
stance would occur in real life. Would
asymmetry prevent the collapse toward a
single point? Could matter bounce back
out? Physicists Evgeny Lifshitz, Isaak
Khalatnikov, and John Wheeler each
stated that such collapse wouldn’t occur in
realistic conditions. 

Beyond that work, in the mid 1920s to
mid 1950s, general relativity broadly was
considered little more than a small cor-
rection to the Newtonian picture of grav-
itational interactions.3 What’s more, the
accuracy of general relativity compared
with other proposed gravitational theo-
ries was still a matter of debate. 

One prediction of Einstein’s theory, the
bending of light by gravity, was confirmed
by Arthur Eddington’s astronomical ob-
servations during the solar eclipse of 1919
(see the article by Daniel Kennefick,
PHYSICS TODAY, March 2009, page 37) and
in another measurement in 1922 by as-
tronomers from the Lick Observatory. 

Further experimental evidence for gen-
eral relativity awaited advances in technol-
ogy, and other unified field theories could
explain gravitational light bending. Theo-

Roger Penrose proved that
black holes could and
should form in the universe.
The topological picture he
used in that proof has
 become foundational to
general relativity.

The theory of black hole formation shares the
Nobel Prize in Physics

Roger Penrose

SEARCH & DISCOVERY
FESTIVAL

D
ELLA

SCIEN
ZA/CC

BY-SA
2.0



DECEMBER 2020 | PHYSICS TODAY 15

retical physicists instead turned their at-
tention to quantum mechanics, which of-
fered clear connections to experiments and
plentiful potential applications. 

Physics in the other renaissance
After World War II, what general relativ-
ity theorist Clifford Will called a “renais-
sance of general relativity” bloomed.4

Physics had played a pivotal role in the
war and in the Cold War that followed,
and the result was that it enjoyed a boost
in funding and an attraction of talent.
The subsequent increase in postdoc po-
sitions helped transmit ideas in the pre-
viously small and geographically dis-
persed field of general relativity. The
field eventually became  well- defined,
with regular conferences and publica-
tions devoted exclusively to it. 

Recent  high- precision instrumenta-
tion, such as lasers and atomic clocks, en-
abled tests of general relativity that hadn’t
been feasible before. “As of the early 1960s
the evidence supporting general relativ-
ity was thin at best,” says Will. “There was
some, but it was pretty feeble.” With the
ability to test aspects of gravitational the-
ories, researchers regained interest. 

After the discovery of quasars in the

early 1960s, astronomers started
to realize that general relativity
might explain more than minor
deviations from Newtonian the-
ory. Quasars are apparently com-
pact sources whose emissions
change even on the scales of days
or hours and are brighter than an
entire galaxy. Their prodigious
energy output couldn’t be ac-
counted for in Newtonian grav-
ity. Around the same time, Robert
Pound and Glen Rebka’s  gamma-
 ray experiments confirmed an-
other prediction from general rel-
ativity: gravitational redshift. 

On the theoretical front, math-
ematician Roy Kerr generalized
Schwarzschild’s  field- equation
 solution to a rotating body. And

Martin Kruskal and David Finkelstein’s
reexamination of the Schwarzschild result
using different coordinates explained
away the apparent singularity for a local
observer at r = 2Gm/c2. Finkelstein’s lec-
tures on the Schwarzschild solution are
part of what inspired Penrose to pick up
the problem in 1964. 

Roger that
“Unlike most relativists, especially those
in the US, Penrose came from a back-
ground in mathematics rather than
physics,” says Rees. “That is why he had
such distinctive influence in the 1960s.” 

Penrose earned a degree in mathemat-
ics from University College London,
where his father was a professor of human
genetics, and went on to receive a PhD at
the University of Cambridge in 1957. As a
student Penrose was geometrical in his
thinking, even compared to his peers in
mathematics; for example, he formulated
pictures as an alternative way to write
complicated mathematical expressions,
such as tensors. At Cambridge he at-
tended lectures outside his field, notably
those on relativity by Hermann Bondi and
quantum mechanics by Paul Dirac.

During Penrose’s university years, his

interest in astronomy increased due to
Fred Hoyle’s BBC radio talks that covered
astronomy and cosmology, including
 steady- state theory, which asserts that the
universe is the same at any time and
place. (Getting the theory to work in an
expanding universe requires the constant
production of new matter; see the article
by Geoffrey Burbidge, Fred Hoyle, and
Jayant V. Narlikar, PHYSICS TODAY, April
1999, page 38.) Hoyle mentioned that a
galaxy traveling the speed of light would
disappear from the visible universe.
When Penrose considered the problem in
terms of light cones, he couldn’t make
sense of it. That puzzle was one of the
first things he discussed when he met
cosmologist Dennis Sciama, who encour-
aged Penrose’s interest in physics. 

As a graduate student, Penrose also
stumbled on the work of artist M. C.
 Escher. He was inspired to try his hand at
similar, mathematically inspired designs,
and he and his father devised their own
impossible objects, some of which were
published in the British Journal of Psychol-
ogy.5 One example, known as Penrose
stairs, is shown in figure 1a. A later out-
growth of that interest was his design of
an aperiodic tile pattern called Penrose
tilings, the first nonrepeating structure to
feature two shapes. The pattern later ap-
peared in quasicrystals, the subject of the
2011 Nobel Prize in Chemistry (see
PHYSICS TODAY, December 2011, page 17). 

“It’s clear that he not only thinks very
deeply, but in a very unusual and specially
geometric way,” says Rees. “His notebooks
look like those of Leonardo da Vinci!” 

Finite infinities
As advances in experimental technology
opened new views of the universe, so did
theoretical tools. Among them, Penrose di-
agrams, published in 1962, were particu-
larly powerful.6 The diagrams are a visual
representation of all spacetime, and after
Sciama’s graduate student Brandon Carter
helped popularize the diagrams, they be-
came ubiquitous in black hole physics of

a

b

FIGURE 1. ROGER PENROSE PLAYS WITH DIMENSIONS in his impossible
stairs and spacetime diagrams. (a) Penrose stairs are one of the impossible objects
Penrose designed with his father. Although such an object cannot exist as 
it appears in the image, with stairs ascending in a loop, real objects can create
the illusion with a carefully selected shape viewed from the right angle.
(Adapted from ref. 5.) (b) Penrose diagrams also use a trick perspective to draw
the entire universe. Through a technique known as a conformal transformation,
which  preserves angles but not distances, the infinite past I−, spatial infinities I0,
infinite future I+, and light’s paths to infinity (I + and I −) become finite in con-
formal spacetime ℳ and can be graphed. (Adapted from ref. 6.)
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the 1960s. They remain a standard in gen-
eral relativity education and research. 

The diagrams are derived from Her-
mann Minkowski’s 1907 depictions of
spacetime with time as the vertical axis,
one spatial dimension as the horizontal
axis, and light traveling at 45°. Because
an observer can’t travel faster than light,
the spacetime available to them is de-
fined by a 45° cone. But the meaning and
interpretations of those diagrams weren’t
well understood or agreed upon. 

Physicists often consider the behav-
ior of fields at infinity, but a point or
observer at infinity doesn’t exist. Pen-
rose found a way to concretize infinity
through conformal  transformations— that
is,  angle- preserving ratios of  distances—
 of Minkowski space. After that transfor-
mation, infinity becomes the boundary of
a finite region. “You can literally draw a
universe,” says historian of science Aaron
Wright, “and that was just not physically
possible before that new technique.”

The infinite past I −, spatial infinities I 0,

and infinite future I + transform into the
point at the bottom, the ring at the center,
and the point at the top right in figure 1b
for conformal spacetime ℳ. The bounds
of the cone show light’s path to infinity,
traveling along the 45° lines. 

Penrose diagrams are similar in spirit
to the puzzles and impossible objects Pen-
rose designed with his father. As your eye
moves around the diagram, the spatial re-
lationships between you and the page
change. For the diagram, the distance
scales near the infinite edges appear dra-
matically smaller than at the center. 

The drawings had “the same impact
in our field as Feynman diagrams had in
particle physics,” says Will. They didn’t
just visualize what’s happening. The
drawings are formal mathematical ob-
jects that can be used to perform calcula-
tions and obtain quantitative results
without pages of equations. 

It’s a trap
Diagrammatic analysis would serve Pen-
rose well. In 1964 John Wheeler started re-
considering gravitational collapse and dis-
cussed the matter with him. Penrose
approached the problem without assum-
ing spherical symmetry or other idealized
assumptions, as had been done previously. 

Penrose’s key insights, published in
1965, are summarized in figure 2. The
figure shows two spatial dimensions
with time as the third axis. Starting from
the bottom, matter collapses to r = 0, and
from the matter’s perspective, it passes
over the horizon in finite time and
doesn’t experience anything special. But
to an outside observer the matter will be
eternally collapsing toward the event
horizon (shown as a cylinder at r = 2m,
given in units for which G = c = 1) but
never reaching or crossing it. 

Penrose identified a point of no
 return— the formation of what he called a
trapped  surface— after which the collapse
into a singularity, or black hole, is in-
evitable and unavoidable. From the col-
lapsing matter’s perspective, once it is past
the event horizon, it is surrounded by
empty space, which hosts the trapped sur-
face. In that bubble of spacetime, space
and time dimensions swap properties:
Space becomes timelike, and trajectories
can move in only one direction. The exis-
tence of a trapped surface thus leads in-
evitably to a singularity.

A trapped surface forms even if the
matter distribution lacks a sharp bound-

ary, is asymmetric, or rotates. In fact,
Penrose’s discussion of star collapse re-
lies on few assumptions included in Ein-
stein’s field equations; using a leading
competitor gravitational theory of the
time, posited by Carl Brans and Robert
Dicke based on work by Pascual Jordan,
wouldn’t qualitatively change his argu-
ment. Once enough mass occupies a
given volume, pressure can’t counteract
the gravity, and a black hole will form. 

Causal effects
After Penrose’s analysis of gravitational
collapse, black holes became the prevailing
explanation for quasars. His research
helped turn scientific opinion on black
holes from unlikely theoretical entities to a
plausible explanation of quasars, blazars,
and other active galactic nuclei (for more,
see the article by Neil Gehrels and Jacques
Paul, PHYSICS TODAY, February 1998, page
26). The emission from quasars, for exam-
ple, is understood as the release of  rest-
 mass energy as a result of gravitational
stresses and friction as matter falls into a
black hole. 

Penrose proceeded to elucidate the
structure, dynamics, and nature of black
holes. For example, in 1971 he realized
that a black hole’s rotational energy could
be physically extracted from the black
hole. For any rotating mass, spacetime
swirls around it. For the case of a rotating
black hole, any observer cannot avoid ro-
tating with that swirling spacetime. If a
projectile swirling with spacetime splits
in two such that one part escapes the
black hole, the escaping part can have en-
ergy higher than the original projectile be-
cause of the black hole’s rotational energy. 

Penrose also went on to collaborate
with Stephen Hawking, a student of
Sciama’s, and their application of similar
 trapped- surface reasoning to cosmologi-
cal singularities supported the existence of
a past  singularity—the Big Bang.

“I think the Nobel Prize is long, long
overdue” for Penrose and for general rel-
ativity, says theoretical physicist Lee
Smolin. (Even Einstein won for the pho-
toelectric effect, not general relativity.)
Smolin emphasizes the influence Pen-
rose has had on the mathematics used in
general relativity, such as conformal
structure. 

With the recent  high- profile results
related to general relativity, such as the ob-
servation of gravitational waves (subject
of the 2017 Nobel Prize in Physics; see

FIGURE 2. MATTER COLLAPSES INTO A

BLACK HOLE. As the radius r of matter
with mass m dips below 2m, a distance
known as the event horizon (cylinder), a
trapped surface (black ring at center)
emerges in the empty space around the
matter. On that closed surface, even light
can’t move away from the singularity, and
the surface thus signals the inevitable for-
mation of a black hole. All the while an
outside observer never sees matter cross
the event horizon. Although this sketch is
for a spherically symmetric mass, Penrose
proved the result would be true for any
shape. (Adapted from ref. 2.)
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PHYSICS TODAY, December 2017, page
16), “I think we’re on the verge of a to-
tally new renaissance,” says Will, “and
this one is going to involve spreading
general relativity to the  strong- gravity
dynamical regime.” Most of the results
from the  post– World War II renaissance
involved weak fields and slow motions
relative to the speed of light. Strong

fields emerge in, say, two black holes cir-
cling one another at half the speed of
light with their horizons touching. How
will matter behave then? 

Heather M. Hill
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When newly graduated Karl Jansky
joined Bell Laboratories in 1928,
his first assignment was to deter-

mine the source of static that plagued
transatlantic radio transmissions. Hav-
ing built a rotating antenna, he found a
radio signal emanating from the center
of the Milky Way, in the direction of the
constellation Sagittarius. On 5 May
1933 the New York Times reported Jan-
sky’s discovery of “star noise.” The
radio source later became known as
Sagittarius A.

Although Jansky (1905–50) did not
live long enough to learn the implication
of his discovery, those radio waves were
one of the first observational forays that
later revealed the black hole sitting at the
galactic center. The next decades yielded
theoretical and observational results that
explained radio emissions coming from
distant galaxies and uncovered what lies
at the heart of our own galaxy.

Reinhard Genzel, Andrea Ghez, and
their collaborators provided experimen-
tal evidence that pinned down the source
of the radio signals. Their painstaking
measurements of the orbital motions of
stars near the galactic center conformed
to general relativity predictions of ob-
jects swirling around a black hole. The
Nobel Prize committee awarded half of
this year’s physics prize to Genzel and
Ghez, “for their discovery of a super-
massive compact object at the center of
our galaxy.” Their insights set a new

course for testing subtle effects of gen-
eral relativity.

It started with a quasar
Radio astronomy was in its infancy in the
1950s when astronomers were puzzled by
all-sky surveys that revealed radio emis-
sions from compact, apparently extra-
galactic locales with no corresponding
 objects in the visible. Those mysterious
emissions were dubbed quasi-stellar ob-
jects, or quasars. (See the article by Hong-
Yee Chiu, PHYSICS TODAY, May 1964, page
21.) Supermassive black holes with masses
of 106 to 109 times that of the Sun were pro-
posed as an explanation, and one was even
posited to sit at the center of our galaxy—
a relic of a quasar’s younger, hotter phase. 

In 1971 Donald Lynden-Bell and Mar-
tin Rees applied the black hole model of
quasars to predict the spectroscopic sig-
natures of dust and stars moving around
a putative supermassive black hole at the
center of the Milky Way. Their predictions
inspired astronomers to look in our cos-

mic backyard to establish the existence of
supermassive black holes.

Jansky traced radio waves to the con-
stellation of Sagittarius in 1933, but fund-
ing shortages and office politics pre-
vented him from further investigating
their origin. It wasn’t until 1974, at the
National Radio Astronomy Observatory,
that Robert Brown and Bruce Balick pin-
pointed an even stronger and more com-
pact source of radio emissions from the
center of the Milky Way, within the
source reported by Jansky, near the bor-
der of the constellations Sagittarius and
Scorpius.1 Brown named that compact
radio source Sagittarius A*, or Sgr A*.

Measuring the velocities of stars and gas
clouds orbiting Sgr A* would ultimately
determine the mass and radius of the
source. However, tools for doing so were in
their infancy. Thick clouds of dust obscure
the galactic center in visible light, so sensi-
tive spectroscopy in the far-IR was needed
to tease out both the chemical structure and
the motion of gases swirling around Sgr A*.

By tracking the orbits of
stars close to the galactic
center, Reinhard Genzel
and Andrea Ghez ruled out
all possibilities besides a
black hole.

Nobel Prize in Physics honors the discovery of a super-
massive compact object at the heart of the Milky Way

Reinhard Genzel Andrea Ghez

CH
RISTO

PH
ER

D
IBBLE

M
AX

PLAN
CK

IN
STITU

TE
FO

R
EXTRATERRESTRIAL

PH
YSICS,G

ARCH
IN

G


