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bl ack holes  curve the fabric 
of spacetime so extremely that it 
rends. The superdense objects de-
vour anything— even light—that 
strays too close, a trip from which 
there is no escape. Perhaps their most 
singular power, however, is their 
hold on our imagination. Learning 
more about these implacable glut-
tons offers the same shivery frisson 
as watching a stalking horror-movie 
creature while knowing we are safe 
in our cushioned seats.

As the authors in this special is-
sue explain, black holes offer much 
more to science than the can’t-look-
can’t-look-away spectacle of de-
struction. The forces they unleash 

shape the regions around them, providing clues to the evolution of stars and 
galaxies. For instance, the dark sinkholes reveal a surprising bright side. In 
their quest to solve an enduring mystery, astronomers have learned that black 
holes are responsible for some of the most dazzling fi reworks in the universe. 
When a massive star collapses to birth a black hole, it releases a titanic pulse 
of radiation in a gamma-ray burst that can be seen from billions of light-years 
away, as Neil Gehrels, Luigi Piro and Peter J. T. Leonard discuss in their ar-
ticle, “The Brightest Explosions in the Universe,” starting on page 34. Greed-
ily feeding supermassive black holes also exist in regions called starbursts, 
where stars are forming at a phenomenal rate. How? Turn to page 42 for “The 
Galactic Odd Couple,” by Kimberly Weaver.

Studying black holes yields insights into other mind-bending areas of phys-
ics. In the coming years the highest-energy particle accelerators on earth might 
be able to produce distant cousins of the astrophysical behemoths: microscopic 
black holes. They would explode immediately after they formed, giving clues 
about how spacetime is woven together and whether it has unseen higher di-
mensions, explain Bernard J. Carr and Steven B. Giddings in “Quantum Black 
Holes.” The article starts on page 20. Still other features in the issue explore 
what black holes can tell us about time travel, the nature of gravity, the ultimate 
amount of information the universe can hold and whether our seemingly 3-D 
reality is actually an illusion. So draw up that comfortable chair and get ready 
to learn more about one of the most awesome beasts in the universe.
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the reluctant 
FATHER OF 
BLACK HOLES
Albert Einstein’s equations of gravity are the 
foundation of the modern view of black holes; 
ironically, he used the equations in trying 
to prove these objects cannot exist

By Jeremy Bernstein

PRO AND CON: In 1939 J. Robert 
Oppenheimer (right) argued for the 
existence of black holes, at the same 
time Albert Einstein tried to disprove 
them. Their careers crossed paths at 
the Institute for Advanced Study in 
Princeton, N.J., in the late 1940s, 
when this photograph was taken, 
but it is unknown whether they ever 

discussed black holes.
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 G
reat science sometimes produces 
a legacy that outstrips not only 
the imagination of its practitio-

ners but also their intentions. A case in 
point is the early development of the 
theory of black holes and, above all, 
the role played in it by Albert Einstein. 
In 1939 Einstein published a paper in 
the journal Annals of Mathematics 
with the daunting title “On a Station-
ary System with Spherical Symmetry 
Consisting of Many Gravitating Mass-
es.” With it, Einstein sought to prove 
that black holes—celestial objects so 
dense that their gravity prevents even 
light from escaping—were impossible.

The irony is that, to make his case, he 
used his own general theory of relativity 
and gravitation, published in 1916—the 
very theory that is now used to argue 
that black holes are not only possible 
but, for many astronomical objects, in-
evitable. Indeed, a few months after Ein-
stein’s rejection of black holes ap-
peared—and with no reference to it—J. 
Robert Oppenheimer and his student 
Hartland S. Snyder published a  paper 

entitled “On Continued Gravitational 
Contraction.” That work used Einstein’s 
general theory of relativity to show, for 
the first time in the context of modern 
physics, how black holes could form.

Perhaps even more ironically, the 
modern study of black holes, and more 
generally that of collapsing stars, builds 
on a completely different aspect of Ein-
stein’s legacy—namely, his invention of 
quantum-statistical mechanics. With-
out the effects predicted by quantum 
statistics, every astronomical object 
would eventually collapse into a black 
hole, yielding a universe that would 
bear no re semblance to the one we ac-
tually live in.

Bose, Einstein and Statistics
einstein’s creat ion of quantum 
statistics was inspired by a letter he re-
ceived in June 1924 from a then un-
known young Indian physicist named 
Satyendra Nath Bose. Along with Bose’s 
letter came a manuscript that had al-
ready been rejected by one British scien-
tific publication. After reading the man-
u script, Einstein translated it himself 
into German and arranged to have it 
published in the prestigious journal Zeit-
schrift für Physik.

Why did Einstein think that this 
man uscript was so important? For two 
de cades he had been struggling with the 
nature of electromagnetic radia tion—

especially the radiation trapped inside a 
heated container that attains the same 

temperature as its walls. At the start of 
the 20th century German physicist 
Max Planck had discovered the math-
ematical function that describes how 
the various wavelengths, or colors, of 
this “black body” radiation vary in in-
tensity. It turns out that the form of this 
spectrum does not depend on the mate-
rial of the container walls. Only the tem-
perature of the radiation matters. (A 
striking example of black-body radia-
tion is the photons left over from the big 
bang, in which case the entire universe 
is the “container.” The temperature of 
these photons has been measured at 
2.726 ± 0.002 kelvins.)

Somewhat serendipitously, Bose 
had worked out the statistical mechan-
ics of black-body radiation—that is, he 
derived the Planck law from a mathe-
matical, quantum-mechanical perspec-
tive. That outcome caught Einstein’s 
attention. But being Einstein, he took 
the matter a step further. He used the 
same methods to examine the statisti-
cal mechanics of a gas of massive mol-
ecules obeying the same kinds of rules 
that Bose had used for the photons. He 
derived the analogue of the Planck law 
for this case and noticed something ab-
solutely remarkable. If one cools the gas 
of particles obeying so-called Bose-Ein-
stein sta tistics, then at a certain critical 
temperature all the molecules suddenly 
collect themselves into a “degenerate,” 
or single, state. That state is now known 
as Bose-Einstein condensation  (although 
Bose had nothing to do with it).

An interesting example is a gas 
made up of the common isotope helium 
4, whose nucleus consists of two pro-
tons and two neutrons. At a tempera-
ture of 2.18 kelvins, this gas turns into 
a liquid that has the most uncanny 
properties one can imagine, including 
frictionless flow (that is, superfluidity). 
More than a decade ago U.S. research-
ers accomplished the difficult task of 
cooling other kinds of atoms to several 

Overview
Black Hole History

■   Using his general theory of relativity, 
Albert Einstein sought to prove that 
“Schwarzschild singularities” (which 
later became known as black holes) 
cannot exist. In a 1939 paper he tried to 
kill the idea once and for all.

■   Around the same time, J. Robert Oppen-
heimer and his student Hartland S. 
Snyder used Einstein’s general theory of 
relativity to show that a collapsing star of 
suffi cient mass could form a black hole.

■   The modern study of black holes builds 
not only on the general theory of 
relativity but also on other work done 
by Einstein.

COPYRIGHT 2007 SCIENTIFIC AMERICAN, INC.
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billionths of a kelvin to achieve a Bose-
Einstein condensate.

Not all the particles in nature, how-
ever, show this condensation. In 1925, 
just after Einstein published his papers 
on the condensation, Austrian-born 
physicist Wolfgang Pauli identified a 
second class of particles, which includes 
the electron, proton and neutron, that 
obey different properties. He found that 
no two such identical particles—two 
electrons, for example—can ever be in 
exactly the same quantum-mechanical 
state, a property that has since become 
known as the Pauli exclusion principle. 
In 1926 Enrico Fermi and P.A.M. Dirac 
invented the quantum statistics of these 
particles, making them the analogue of 
the Bose-Einstein statistics.

Because of the Pauli principle, the 
last thing in the world these particles 
want to do at low temperatures is to con-
dense. In fact, they exhibit just the op-
posite tendency. If you compress, say, a 
gas of electrons, cooling it to very low 
temperatures and shrinking its volume, 

the electrons are forced to begin invad-
ing one another’s space. But Pauli’s prin-
ciple forbids this, so they dart away from 
one another at speeds that can  approach 
that of light. For electrons and the other 
Pauli particles, the pressure created by 
these fleeing particles—the “degeneracy 
pressure”—persists even if the gas is 
cooled to absolute zero. It has nothing to 
do with the fact that the electrons repel 
one another electrically. Neutrons, 
which have no charge, do the same thing. 
It is pure quantum physics.

Quantum Statistics and 
White Dwarfs
bu t w h at h as quantum statistics 
got to do with the stars? Before the turn 
of the century, astronomers had begun 
to identify a class of peculiar stars that 
are small and dim: white dwarfs. The 
one that accompanies Sirius, the bright-
est star in the heavens, has the mass of 
the sun but emits about 1/ 360 the light. 
Given their mass and size, white dwarfs 
must be humongously dense. Sirius’s 

companion is some 61,000 times dens-
er than water. What are these bizarre 
objects? Enter Sir Arthur Eddington.

When I began studying physics in 
the late 1940s, Eddington was a hero of 
mine but for the wrong reasons. I knew 
nothing about his great work in astron-
omy. I admired his popular books 
(which, since I have learned more about 
physics, now seem rather silly to me). 
Eddington, who died in 1944, was a 
neo-Kantian who believed that every-
thing of signifi cance about the universe 
could be learned by examining what 
went on inside one’s head. But starting 
in the late 1910s, when Eddington led 
one of the two expeditions that con-
firmed Einstein’s prediction that the 
sun bends starlight, until the late 1930s, 
when Eddington really started going 
off the deep end, he was truly one of the 
giants of 20th-century science. He 
practically created the discipline that 
led to the first understanding of the in-
ternal constitution of stars, the title of 
his classic 1926 book. To him, white 
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An Early History of Black Holes

1900 
Max Planck discovers 
black-body radiation.

1905
In a paper on black-body radia-
tion, Albert Einstein shows that 
light can be viewed as particles 
(photons).

1916 
Einstein publishes his 
general theory of relativity, 
producing equations that 
describe gravity.

Sirius

White
dwarf

Wobbly
path

1915 
Through spectroscopic studies, 
astronomer Walter S. Adams 
identifies Sirius’s faint companion 
(which causes Sirius to wobble 
slightly as it moves) as a small, 
hot, dense star—a white dwarf.
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dwarfs were an affront, at least from an 
aesthetic point of view. But he studied 
them nonetheless and came up with a 
liberating idea.

In 1924 Eddington proposed that the 
gravitational pressure that was squeez-
ing a dwarf might strip some of the elec-
trons off protons. The atoms would then 
lose their “boundaries” and might be 
squeezed together into a small, dense 
package. The dwarf would eventually 
stop collapsing because of the Fermi-Di-
rac degeneracy pressure—that is, when 
the Pauli exclusion principle forced the 
electrons to recoil from one another.

The understanding of white dwarfs 
took another step forward in July 1930, 
when Subrahmanyan Chandrasekhar, 

who was 19, was onboard a ship sailing 
from Madras to Southampton. He 
had been accepted by British physicist 
R. H. Fowler to study with him at the 
University of Cambridge (where Ed-
dington was, too). Having read Edding-
ton’s book on the stars and Fowler’s 
book on quantum-statistical mechanics, 
Chandrasekhar had become fascinated 
by white dwarfs. To pass the time during 
the voyage, Chandrasekhar asked him-
self: Is there any upper limit to how mas-
sive a white dwarf can be before it col-
lapses under the force of its own gravi-
tation? His answer set off a revolution.

A white dwarf as a whole is electri-
cally neutral, so all the electrons must 
have a corresponding proton, which is 

some 2,000 times more massive. Con-
sequently, protons must supply the bulk 
of the gravitational compression. If the 
dwarf is not collapsing, the degeneracy 
pressure of the electrons and the gravi-
tational collapse of the protons must 
just balance. This balance, it turns out, 
limits the number of protons and hence 
the mass of the dwarf. This maximum 
is known as the Chan dra sekhar limit 
and equals about 1.4 times the mass of 
the sun. Any dwarf more massive than 
this number cannot be stable.

Chandrasekhar’s result deeply dis-
turbed Eddington. What happens if the 
mass is more than 1.4 times that of the 
sun? He was not pleased with the an-
swer. Unless some mechanism could be 
found for limiting the mass of any star 
that was eventually going to compress 
itself into a dwarf, or unless Chandra-
sekhar’s result was wrong, massive 
stars were fated to collapse gravitation-
ally into oblivion.

Eddington found this intolerable and 
proceeded to attack Chandrasekhar’s 

JEREMY BERNSTEIN is professor emeritus of physics at the Stevens Institute of Technol-
ogy in Hoboken, N.J. He was a staff writer for the New Yorker from 1961 to 1995 and is 
the recipient of many science writing awards. He is a former adjunct professor at the 
Rockefeller University and a vice president of the board of trustees of the Aspen Center 
for Physics, of which he is now an honorary trustee. Bernstein has written 12 books on 
popular science and mountain travel. This article is adapted from his collection of es-
says, A Theory for Everything, published by Copernicus Books in 1996.
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1924 
Sir Arthur Eddington proposes 
that gravity can strip away 
electrons from protons in 
a white dwarf.

1925 
Wolfgang Pauli formulates the 
exclusion principle, which states 
that certain particles cannot be 
in exactly the same quantum-
mechanical state.

1924 
Einstein publishes Satyendra 
Nath Bose’s work on black-
body radiation, developing so-
called quantum statistics for 
one class of particles (such as 
photons).

1916
Karl Schwarzschild shows that 
a radius of a collapsing object 
exists at which Einstein’s 
gravity equations become 
“singular”—time vanishes, and 
space becomes infinite. R
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use of quantum statistics—both publicly 
and privately. The criticism devastated 
Chandrasekhar. But he held his ground, 
bolstered by people such as Danish 
physicist Niels Bohr, who assured him 
that Eddington was simply wrong and 
should be ignored.

A Singular Sensation
as researchers explored quantum 
statistics and white dwarfs, others 
tackled Einstein’s work on gravitation, 
his general theory of relativity. As far as 
I know, Einstein never spent a great 
deal of time looking for exact solutions 
to his gravitational equations. The part 
that described gravity around matter 
was extremely complicated, because 
gravity distorts the geometry of space 
and time, causing a particle to move 
from point to point along a curved path. 
More important to Einstein, the source 
of gravity—matter—could not be de-
scribed by the gravitational equations 
alone. It had to be put in by hand, leav-
ing Einstein to feel the equations were 

incomplete. Still, approximate solu-
tions could describe with sufficient ac-
curacy phenomena such as the bending 
of star light. Nevertheless, he was im-
pressed when, in 1916, German astron-
omer Karl Schwarz schild came up with 
an exact solution for a realistic situa-
tion—in particular, the case of a planet 
orbiting a star.

In the process, Schwarzschild found 
something disturbing. There is a dis-
tance from the center of the star at 

which the mathematics goes berserk. At 
this distance, now called the Schwarz-
schild radius, time vanishes, and space 
becomes infinite. The equation be-
comes what mathematicians call singu-
lar. The Schwarz schild radius is usually 
much smaller than the radius of the ob-
ject. For the sun, for example, it is three 
kilometers, whereas for a one-gram 
marble it is 10–28 centimeter.

Schwarzschild was, of course, aware 
that his formula went crazy at this ra-
dius, but he decided that it did not mat-
ter. He constructed a simplified model 
of a star and showed that it would take 
an infinite gradient of pressure to com-
press it to his radius. The finding, he 
argued, served no practical interest.

But his analysis did not appease ev-
erybody. It bothered Einstein, because 
Schwarzschild’s model star did not sat-
isfy certain technical requirements of 
relativity theory. Various people, how-
ever, showed that one could rewrite 
Schwarzschild’s solutions so that they 
avoided the singularity. But was the re-

1926 
Enrico Fermi (above left) and P.A.M. Dirac (above 
center) develop quantum statistics for particles that 
obey Pauli’s exclusion principle (such as electrons 
and protons). When compressed, such particles 
fly away from one another, creating a so-called 
degeneracy pressure.

1930
Using quantum statistics and Eddington’s 
work on stars, Subrahmanyan Chandra-
sekhar finds that the upper mass limit for 
white dwarfs is 1.4 times the mass of the sun, 
suggesting that more massive stars collapse 
into oblivion. Eddington makes fun of him.B
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sult really nonsingular? It would be in-
correct to say that a debate raged, be-
cause most physicists had little regard 
for these matters—at least until 1939.

In his 1939 paper Einstein credits 
his renewed concern about the Schwarz-
schild radius to discussions with Prince-
ton cosmologist Harold P. Rob ert son and 
with his assistant Peter G. Berg mann. It 
was certainly Einstein’s intention in this 
paper to kill off the Schwarz schild sin-
gularity once and for all. At the end of 
it he writes, “The essential result of this 
investigation is a clear understanding as 
to why ‘Schwarz schild singularities’ do 
not exist in physical reality.” In other 
words, black holes cannot exist.

To make his point, Einstein focused 
on a collection of small particles mov-
ing in circular orbits under the influ-
ence of one another’s gravitation—in 
effect, a system resembling a spherical 
star cluster. He then asked whether 
such a con fig uration could collapse un-
der its own gravity into a stable star 

with a radius equal to its Schwarzschild 
radius. He concluded that it could not, 
because at a somewhat larger radius the 
stars in the cluster would have to move 
faster than light in order to keep the 
config uration stable. Although Ein-
stein’s reasoning is correct, his point is 
irrelevant: it does not matter that a col-
lapsing star at the Schwarzschild radius 
is unstable, because the star collapses 
past that radius anyway. I was much 
taken by the fact that the then 60-year-
old Einstein presents in this paper ta-
bles of numerical results, which he must 
have gotten by using a slide rule. But 
the paper, like the slide rule, is now a 
historical artifact.

From Neutrons to Black Holes
w hile e inst e in was doing this re-
search, an entirely different enterprise 
was unfolding in California. Oppen-
heimer and his students were creating 
the modern theory of black holes. The 
curious thing about the black hole re-

search is that it was inspired by an idea 
that turned out to be entirely wrong. In 
1932 British experimental physicist 
James Chadwick found the neutron, 
the neutral component of the atomic 
nucleus. Soon there after speculation 
 began—most notably by Fritz Zwicky 
of the California Institute of Technol-
ogy and independently by the brilliant 
Soviet theoretical physicist Lev D. Lan-
dau—that neutrons could lead to an 
alternative to white dwarfs.

When the gravitational pressure got 
large enough, they argued, an electron 
in a star could react with a proton to 
produce a neutron. (Zwicky even con-
jectured that this process would hap-
pen in supernova explosions; he was 
right, and these “neutron stars” we now 
identify as pulsars.) At the time of this 
work, the actual mechanism for gen-
erating the energy in ordinary stars 
was not known. One solution placed 
a neutron star at the center of ordinary 
stars, in somewhat the same spirit that 

1939
Sparked by conversations with colleagues, 
Einstein tries to kill off the Schwarzschild 
radius once and for all: he concludes that 
black holes are impossible in a paper 
published in the Annals of Mathematics.

1939 
Using ideas of collapsing neutron stars 
and white dwarfs, J. Robert Oppenheimer
and his student Hartland S. Snyder show 
how a black hole can form.

1932 
James Chadwick discovers the neutron. 
Its existence leads researchers to wonder 
if “neutron stars” could be an alternative 
to white dwarfs.

“On a Stationary System with 
Spherical Symmetry Consisting 

of Many Gravitating Masses”
—Albert Einstein, Annals 
of Mathematics, 1939
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many astrophysicists now conjecture 
that black holes power quasars.

The question then arose: What was 
the equivalent of the Chandrasekhar 
mass limit for these stars? Determining 
this answer is much harder than finding 
the limit for white dwarfs. The reason 
is that the neutrons interact with one 
another with a strong force whose 
specifics we still do not fully understand. 
Gravity will eventually overcome this 
force, but the precise limiting mass is 
sensitive to the details. Oppenheimer 
published two papers on this subject 
with his students Robert Serber and 
George M. Volkoff and concluded that 
the mass limit here is comparable to the 
Chandrasekhar limit for white dwarfs. 
The first of these papers was published 
in 1938 and the second in 1939. (The 
real source of stellar energy—fusion—

was discovered in 1938 by Hans Bethe 
and Carl Friedrich von Weizsäcker, but 
it took a few years to be accepted, and 
so astrophysicists continued to pursue 
alternative theories.)

Oppenheimer went on to ask exact-
ly what Eddington had wondered about 
white dwarfs: What would happen if 
one had a collapsing star whose mass 
exceeded any of the limits? Einstein’s 
1939 rejection of black holes—to which 
Oppenheimer and his students were cer-
tainly oblivious, for they were working 
concurrently, 3,000 miles away—was 
of no relevance. But Oppenheimer did 
not want to construct a stable star with 
a radius equal to its Schwarz schild ra-
dius. He wanted to see what would 
happen if one let the star collapse 
through its Schwarz schild radius. He 
suggested that Snyder work out this 
problem in detail.

To simplify matters, Oppenheimer 
told Snyder to make certain assump-
tions and to neglect technical con-
siderations such as the degeneracy pres-
sure or the possible rotation of the star. 
Oppenheimer’s intuition told him that 
these factors would not change anything 
essential. (These assumptions were chal-
lenged many years later by a new gen-
eration of researchers using sophisticat-
ed high-speed computers—poor Snyder 
had an old-fashioned mechanical desk 

calculator—but Op pen heimer was right. 
Nothing essential changes.) With the 
simpli fied assumptions, Snyder found 
out that what happens to a collapsing 
star depends dramatically on the van-
tage point of the observer.

Two Views of a Collapse
l et us  sta rt with an observer at 
rest a safe distance from the star. Let us 
also suppose that there is another observ-
er attached to the surface of the star—

“co-moving” with its collapse—who can 
send light signals back to his stationary 
colleague. The stationary observer will 
see the signals from his moving coun-
terpart gradually shift to the red end of 
the electromagnetic spectrum. If the 
frequency of the signals is thought of as 
a clock, the stationary observer will say 
that the moving observer’s clock is grad-
ually slowing down.

Indeed, at the Schwarzschild radius 
the clock will slow down to zero. The 
stationary observer will argue that it 
took an infinite amount of time for the 
star to collapse to its Schwarzschild ra-
dius. What happens after that we can-
not say, because, according to the sta-
tionary observer, there is no “after.” As 
far as this observer is concerned, the star 

is frozen at its Schwarzschild radius. 
Indeed, until December 1967, when 

physicist John A. Wheeler of Princeton 
University coined the name “black hole” 
in a lecture he presented, these objects 
were often referred to in the literature as 
frozen stars. This fro zen state is the real 
significance of the singularity in the 
Schwarzschild geometry. As Oppen-
heimer and Snyder  observed in their pa-
per, the collapsing star “tends to close 
itself off from any com munication with 
a distant observer; only its gravitational 
field persists.” In other words, a black 
hole has been formed.

But what about observers riding 
with collapsing stars? These observers, 
Oppenheimer and Snyder pointed out, 
have a completely different sense of 
things. To them, the Schwarzschild ra-
dius has no special significance. They 
pass right through it and on to the  center 
in a matter of hours, as measured by 
their watch es. They would, however, be 
subject to monstrous tidal gravi tational 
forces that would tear them to pieces.

The year was 1939, and the world 
itself was about to be torn to pieces. 
Oppenheimer was soon to go off to war 
to build the most destructive weapon 
ever devised by humans. He never 
worked on the subject of black holes 
again. As far as I know, Einstein never 
did, either. In peacetime, in 1947, Op-
penheimer became the director of the 
Institute for Advanced Study in Prince-
ton, N.J., where Einstein was a profes-
sor. From time to time they  talked. 
There is no record of their ever having 
discussed black holes. Further progress 
would have to wait until the 1960s, 
when discoveries of quasars, pulsars 
and compact x-ray sources reinvigo-
rated thinking about the mysterious 
fate of stars. 
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 When Albert Einstein proposed his special theory 
of relativity in 1905, he rejected the 19th-century 
idea that light arises from vibrations of a hypo-

thetical medium, the “ether.” Instead, he argued, light waves 
can travel in vacuo without being supported by any mate-
rial—unlike sound waves, which are vibrations of the me-
dium in which they propagate. This feature of special rela-
tivity is untouched in the two other pillars of modern phys-
ics, general relativity and quantum mechanics. Right up to 
the present day, all experimental data, on scales ranging 
from subnuclear to galactic, are successfully explained by 
these three theories.

Nevertheless, physicists face a deep conceptual problem. 
As currently understood, general relativity and quantum me-
chanics are incompatible. Gravity, which general relativity 
attributes to the curvature of the spacetime continuum, stub-
bornly resists being incorporated into a quantum framework. 
Theorists have made only incremental progress toward un-
derstanding the highly curved structure of spacetime that 
quantum mechanics leads them to expect at extremely short 
distances. Frustrated, some have turned to an unexpected 
source for guidance: condensed-matter physics, the study of 
common substances such as crystals and fl uids.

Like spacetime, condensed matter looks like a continuum 
when viewed at large scales, but unlike spacetime it has a well-
understood microscopic structure governed by quantum me-
chanics. Moreover, the propagation of sound in an uneven 
fl uid fl ow is closely analogous to the propagation of light in a 
curved spacetime. By studying a model of a black hole using 
sound waves, we and our colleagues are attempting to exploit 
this analogy to gain insight into the possible microscopic 
workings of space time. The work suggests that space time 
may, like a material fl uid, be granular and possess a preferred 
frame of reference that manifests itself on fi ne scales—con-
trary to Einstein’s assumptions.

From Black Hole to Hot Coal
bl ack holes are a favorite testing ground for quantum 
gravity because they are among the few places where quan-
tum mechanics and general relativity are both critically im-
portant. A major step toward a merger of the two theories 
came in 1974, when Stephen Hawking of the University of 
Cambridge applied quantum mechanics to the horizon of 
black holes.

According to general relativity, the horizon is the surface 
that separates the inside of a black hole (where gravity is so 
strong that nothing can escape) from the outside. It is not a 
material limit; unfortunate travelers falling into the hole 
would not sense anything special on crossing the horizon. But 
once having done so, they would no longer be able to send 
light signals to people outside, let alone return there. An out-
side observer would receive only the signals transmitted by 
the travelers before they crossed over. As light waves climb 
out of the gravitational well around a black hole, they get 
stretched out, shifting down in frequency and lengthening in 
duration. Consequently, to the observer, the travelers would 
appear to move in slow motion and to be redder than usual.

This effect, known as gravitational redshift, is not spe-
cifi c to black holes. It also alters the frequency and timing of 
signals between, say, orbiting satellites and ground stations. 
GPS navigation systems must take it into account to work ac-
curately. What is specifi c to black holes, however, is that the 
redshift becomes infi nite as the travelers approach the hori-
zon. From the outside observer’s point of view, the descent 
appears to take an infi nite amount of time, even though only 
a fi nite time passes for the travelers themselves.

So far this description of black holes has treated light as a 
classical electromagnetic wave. What Hawking did was to 
reconsider the implications of the infi nite redshift when the 
quantum nature of light is taken into account. According to 
quantum theory, even a perfect vacuum is not truly empty; 
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AN ECHO 
of black holes
Sound waves in a fl uid behave uncannily like light waves in space. 
Black holes even have acoustic counterparts. Could spacetime 
literally be a kind of fl uid, like the ether of pre-Einsteinian physics?

By  Theodore A. Jacobson and Renaud Parentani
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it is fi lled with fl uctuations as a result of 
the Heisenberg uncertainty principle. 
The fl uctuations take the form of pairs 
of virtual photons. These photons are 
called virtual because, in an uncurved 
spacetime, far from any gravitational 
infl uence, they appear and disappear 
restlessly, remaining unobservable in the 
absence of any disturbance.

But in the curved spacetime around 
a black hole, one member of the pair can 
be trapped inside the horizon while the 
other gets stranded outside. The pair 
can then pass from virtual to real, lead-
ing to an outward fl ux of observable 
light and a corresponding decrease in the 
mass of the hole. The overall pattern of 
radiation is thermal, like that from a hot 
coal, with a temperature inversely pro-
portional to the mass of the black hole. 
This phenomenon is called the Hawking 
effect. Unless the hole swallows matter 
or energy to make up the loss, the Hawk-

ing radiation will drain it of all its mass.
An important point—which will be-

come critical later when considering 
fl uid analogies to black holes—is that the 
space very near the black hole horizon 
remains a nearly perfect quantum vac-
uum. In fact, this condition is essential 
for Hawking’s argument. The virtual 
photons are a feature of the lowest-en-
ergy quantum state, or “ground state.” 
It is only in the process of separating 
from their partners and climbing away 
from the horizon that the virtual pho-
tons become real.

The Ultimate Microscope
h awking’s a nalysis has played a 
central role in the attempt to build a full 
quantum theory of gravity. The ability to 
reproduce and elucidate the effect is a 
crucial test for candidate quantum grav-
ity theories, such as string theory. Yet 
although most physicists accept Hawk-

ing’s argument, they have never been 
able to confi rm it experimentally. The 
predicted emission from stellar and ga-
lactic black holes is far too feeble to see. 
The only hope for observing Hawking 
radiation is to fi nd miniature holes left 
over from the early universe or created in 
particle accelerators, which may well 
prove impossible.

The lack of empirical confi rmation of 
the Hawking effect is particularly vexing 
in view of the disturbing fact that the 
theory has potential fl aws, stemming 
from the infi nite redshift that it predicts 
a photon will undergo. Consider what 
the emission process looks like when 
viewed reversed in time. As the Hawking 
photon gets nearer to the hole, it blue-
shifts to a higher frequency and corre-
spondingly shorter wavelength. The fur-
ther back in time it is followed, the closer 
it approaches the horizon and the short-
er its wavelength becomes. Once the 
wavelength becomes much smaller than 
the black hole, the particle joins its part-
ner and becomes the virtual pair dis-
cussed earlier.

The blueshifting continues without 
abatement, down to arbitrarily short 
distances. Smaller than a distance of 
about 10–35 meter, known as the Planck 
length, neither relativity nor standard 
quantum theory can predict what the 
particle will do. A quantum theory of 
gravity is needed. A black hole horizon 
thus acts as a fantastic microscope that 
brings the observer into contact with 
unknown physics. For a theorist, this 
magnifi cation is worrisome. If Hawk-
ing’s prediction relies on unknown 
physics, should we not be suspicious of 
its validity? Might the properties, even 

Overview
Acoustic Black Holes

■     The famous physicist Stephen Hawking argued in the 1970s that black holes are 
not truly black; they emit a quantum glow of thermal radiation. But his analysis 
had a problem. According to relativity theory, waves starting at a black hole 
horizon will be stretched by an infi nite amount as they propagate away. 
Therefore, Hawking’s radiation must emerge from an infi nitely small region of 
space, where the unknown effects of quantum gravity take over.

■   Physicists have grappled with this problem by studying black hole analogues in 
fl uid systems. The fl uid’s molecular structure cuts off the infi nite stretching and 
replaces the microscopic mysteries of spacetime by known physics.

■   The analogies lend credence to Hawking’s conclusion. They also suggest to some 
researchers that spacetime has a “molecular” structure, contrary to the 
assumptions of standard relativity theory.

RIPPLES IN A STREAM behave much 
like light waves in spacetime. The fl ow 
of the stream around the rock is not 
uniform, so the ripples are bent and their 
wavelengths vary. The same happens 
to light passing through the gravitational 
fi eld of a planet or star. In some cases, 
the fl ow is so fast that ripples cannot 
propagate upstream—just as light cannot 
propagate out of a black hole.
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the existence, of Hawking radiation de-
pend on the microscopic properties of 
spacetime—much as, for example, the 
heat capacity or speed of sound of a 
substance depends on its microscopic 
structure and dynamics? Or is the ef-
fect, as Hawking originally argued, en-
tirely determined just by the macro-
scopic properties of the black hole, 
namely, its mass and spin?

Sound Bites
one effort to answer these embar-
rassing questions began with the work 
of William Unruh of the University of 
British Columbia. In 1981 he showed 
that there is a close analogy between the 
propagation of sound in a moving fl uid 
and that of light in a curved spacetime. 
He suggested that this analogy might be 
useful in assessing the impact of micro-
scopic physics on the origin of Hawking 
radiation. Moreover, it might even al-
low for experimental observation of a 
Hawking-like phenomenon.

Like light waves, acoustic (sound) 
waves are characterized by a frequency, 
wavelength and propagation speed. The 
very concept of a sound wave is valid 
only when the wavelength is much longer 
than the distance between molecules of 
the fluid; on smaller scales, acoustic 
waves cease to exist. It is precisely this 
limitation that makes the analogy so in-
teresting, because it can allow physicists 
to study the macroscopic consequences 
of microscopic structure. To be truly 
useful, however, this analogy must ex-
tend to the quantum level. Ordinarily, 
random thermal jigging of the molecules 
prevents sound waves from behaving 
analogously to light quanta. But when 
the temperature approaches absolute 
zero, sound can behave like quantum 
particles, which physicists call “pho-
nons” to underline the analogy with the 
particles of light, photons. Experiment-
ers routinely observe phonons in crys-
tals and in substances that remain fl uid 
at suffi ciently low temperatures, such as 
liquid helium.

The behavior of phonons in a fl uid 
at rest or moving uniformly is like that 
of photons in flat spacetime, where 
gravity is absent. Such phonons propa-

One falls in; the other climbs away. In the 
process, they go from virtual to real

A pair of virtual photons appears 
at the horizon because 
of quantum effects

Gravity stretches the emitted photon

Relativity theory predicts that a photon from the horizon gets stretched by an 
infi nite amount (red curve, below). In other words, an observed photon must 
have originated as a virtual one with a wavelength of almost precisely zero, 
which is problematic because unknown quantum gravity effects take over at 
distances shorter than the so-called Planck length of 10–35 meter. This 
conundrum has driven physicists to design experimentally realizable 
analogues to black holes to see whether they indeed emit radiation and to 
understand how it originates.

Distance from Horizon 

Realm where relativity theory is invalid

Planck length

Horizon

One of the greatest—and least recognized—mysteries of black holes concerns a 
fl aw in Stephen Hawking’s famous prediction that black holes emit radiation. A 
hole is defi ned by an event horizon, a one-way door: objects on the outside can 
fall in, but objects on the inside cannot get out. Hawking asked what happens to 
pairs of virtual particles (which continually appear and disappear everywhere in 
empty space because of quantum effects) that originate at the horizon itself. 

Was Hawking Wrong?
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gate in straight lines with unchanging 
wavelength, frequency and velocity. 
Sound in, say, a swimming pool or a 
smoothly fl owing river travels straight 
from its source to the ear. 

In a fluid moving nonuniformly, 
however, the phonons’ velocity is al-
tered and their wavelength can become 
stretched, just like photons in a curved 
spacetime. Sound in a river entering a 
narrow canyon or water swirling down 
the drain becomes distorted and fol-
lows a bent path, like light around a 

star. In fact, the situation can be de-
scribed using the geometric tools of 
general relativity.

A fl uid fl ow can even act on sound as 
a black hole acts on light. One way to 
create such an acoustic black hole is to 
use a device that hydrodynamicists call 
a Laval nozzle. The nozzle is designed 
so that the fl uid reaches the speed of 
sound at the narrowest point and is su-
personic beyond it. The effective acous-
tic geometry is very similar to the space-
time geometry of a black hole. The su-

personic region corresponds to the 
hole’s interior: sound waves propagat-
ing against the direction of the fl ow are 
swept downstream, like light pulled to-
ward the center of a hole. The subsonic 
region is the exterior of the hole: sound 
waves can propagate upstream but only 
at the expense of being stretched, like 
light being redshifted. The boundary 
between the two regions behaves ex-
actly like a black hole horizon.

Atomism
i f  t h e flu id is cold enough, the 
analogy extends to the quantum level. 
Unruh argued that the sonic horizon 
emits thermal phonons analogous to 
Hawking radiation. Quantum fl uctua-
tions near the horizon cause pairs of 
phonons to appear; one partner gets 
swept into the supersonic region, never 
to return, while the other ripples up-
stream, getting stretched out by the 
fluid flow. A microphone placed up-
stream picks up a faint hiss. The sound 
energy of the hiss is drawn from the 
kinetic energy of the fl uid fl ow. 

The dominant tone of the noise de-
pends on the geometry; the typical 
wavelength of the observed phonons is 
comparable to the distance over which 
the fl ow velocity changes appreciably. 
This distance is much larger than the 
distance between molecules, so Unruh 
did his original analysis assuming that 
the fl uid is smooth and continuous. Yet 
the phonons originate near the horizon 
with wavelengths so short that they 
should be sensitive to the granularity of 
the fl uid. Does that affect the end re-
sult? Does a real fl uid emit Hawking-
like phonons, or is Unruh’s prediction 
an artifact of the idealization of a con-
tinuous fl uid? If that question can be 
answered for acoustic black holes, 
it may by analogy guide physicists in 

A Laval nozzle—found at the end of rockets—makes a ready analogue to a black 
hole. The incoming fl uid is subsonic; the constriction forces it to accelerate to 
the speed of sound, so that the outgoing fl uid is supersonic. Sound waves in the 
subsonic region can move upstream, whereas waves in the supersonic region 
cannot. The constriction thus acts just like the horizon of a black hole: sound 
can enter but not exit the supersonic region. Quantum fl uctuations in the 
constriction should generate sound analogous to Hawking radiation.

Subsonic 

Waves swept downstream
Laval Nozzle

Black Hole

Horizon

Black Hole Analogue

Supersonic

Type 
of Wave

Classical 
Description

Quantum 
Description Velocity

What Causes Path 
of Wave to Curve

Where Description 
Breaks Down

Light Oscillating 
electric and 
magnetic fi elds

Electromagnetic-
wave photon

300,000 kilometers 
per second

Spacetime curvature, 
caused by matter 
and energy

Planck length?
(10–35 meter)

Sound Collective 
movements of 
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Variations in fl uid 
speed and direction
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the case of gravitational black holes.
Physicists have proposed a number 

of black hole analogues besides the 
transsonic fl uid fl ow. One involves not 
sound waves but ripples on the surface 
of a liquid or along the interface be-
tween layers of superfluid helium, 
which is so cold that it has lost all fric-
tional resistance to motion. Recently 
Unruh and Ralf Schütz hold of the 
Technical University of Dresden in Ger-
many proposed to study electromag-
netic waves passing through a tiny, 
carefully engineered electronic pipe. By 
sweeping a laser along the pipe to 
change the local wave speed, physicists 
might be able to create a horizon. Yet 
another idea is to model the accelerat-
ing expansion of the universe, which 
generates a Hawking-like radiation. A 
Bose-Einstein condensate—a gas so 
cold that the atoms have lost their indi-
vidual identity—can act on sound like 
an expanding universe does on light, 
either by literally fl ying apart or by be-
ing manipulated using a magnetic fi eld 
to give the same effect.

As yet, experimenters have not cre-
ated any of these devices in the labora-
tory. The procedures are complicated, 
and experimenters have plenty of other 
low-temperature phenomena to keep 
them busy. So theorists have been work-
ing to see whether they can make head-
way on the problem mathematically.

Understanding how the molecular 
structure of the fl uid affects phonons 
is extremely complicated. Fortunately, 
10 years after Unruh proposed his son-
ic analogy, one of us (Jacobson) came 
up with a very useful simplifi cation. 
The essential details of the molecular 
structure are encapsulated in the way 
that the frequency of a sound wave de-
pends on its wavelength. This depen-
dence, called the dispersion relation, 
determines the velocity of propaga-
tion. For large wavelengths, the veloc-
ity remains constant. For short wave-
lengths, approaching the intermolecu-
lar distance, the velocity can vary with 
wavelength.

Three different behaviors can arise. 
Type I is no dispersion—the wave be-
haves the same at short wavelengths as 

it does at long ones. For type II, the ve-
locity decreases as the wavelength de-
creases, and for type III, velocity in-
creases. Type I describes photons in 
relativity. Type II describes phonons in, 
for example, superfl uid helium, and type 
III describes phonons in dilute Bose-
Einstein condensates. This division into 
three types provides an organizing prin-
ciple for figuring out how molecular 
structure affects sound on a macroscop-
ic level. Beginning in 1995, Unruh and 
then other researchers have examined 
the Hawking effect in the presence of 
type II and type III dispersion.

Consider how the Hawking-like 
phonons look when viewed backward in 
time. Initially the dispersion type does 
not matter. The phonons swim down-
stream toward the horizon, their wave-
lengths decreasing all the while. Once 
the wavelength approaches the intermo-
lecular distance, the specifi c dispersion 
relation becomes important. For type II, 

the phonons slow down, then reverse 
direction and start heading upstream 
again. For type III, they accelerate, 
break the long-wavelength speed of 
sound, then cross the horizon.

Ether Redux
a t ru e a na logy to the Hawking 
effect must meet an important condi-
tion: the virtual phonon pairs must be-
gin life in their ground state, as do the 
virtual photon pairs around the black 
hole. In a real fl uid, this condition would 
be easily met. As long as the macroscop-
ic fl uid fl ow changes slowly in time and 
space (compared with the pace of events 
at the molecular level), the molecular 
state continuously adjusts to minimize 
the energy of the system as a whole. It 
does not matter which molecules the 
fl uid is made of.

With this condition met, it turns out 
that the fl uid emits Hawking-like radia-
tion no matter which of the three types 

 Acommon source of confusion in understanding the Hawking effect is 
how the energy balance is accounted for in the process and what is 
happening with the “virtual pairs” that are the origin of the radiation. 

Consider a pair of photons emerging from the vacuum, one outside the horizon 
with positive energy and the other inside with opposite, negative energy. (The 
members of a virtual pair must always have opposite values of energy, because 
the total energy is conserved.) Negative-energy particles cannot exist outside 
the horizon, because the vacuum is by defi nition the lowest energy state. 
Therefore, only a positive-energy photon can escape, whereas its negative-
energy partner is trapped inside, lowering the total energy—and therefore the 
mass—of the black hole.

If a negative-energy photon cannot exist outside the horizon, how can it 
exist inside? Would not that violate the defi nition of the vacuum, too? To 
understand why not, we must distinguish between locally measured energy 
and globally conserved energy. The usual concept of conserved energy is 
related to time-shift symmetry, whereby the laws of physics are the same at all 
times. Conserved momentum is related to space-shift symmetry. In a black hole 
spacetime, the global symmetry that is a temporal shift outside the horizon 
becomes a spatial shift inside. So the single conserved quantity, the “global 
energy,” corresponds to energy outside and momentum inside. In the Hawking 
effect, the partner photons inside the horizon have negative “global energy,” 
but their locally measured energy is positive.

In the fl uid analogue of a black hole, the energy for the sonic Hawking 
radiation comes from the kinetic energy of the bulk fl ow of fl uid. A sound wave 
going upstream saps energy from the fl ow, but the energy of the wave itself 
makes up for this, so the total energy is higher—as long as the fl ow speed is less 
than the speed of sound. Inside the sonic horizon, the fl ow speed is greater than 
the speed of sound. There the wave saps more energy from the fl ow than it 
carries itself, so the total energy is less than that of the undisturbed fl ow. Such a 
wave can be thought of as containing negative energy. —T.A.J. and R.P.

Energy Balance in the Hawking Effect
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of dispersion relations applies. The mi-
croscopic details of the fl uid do not have 
any effect. They get washed out as the 
phonons travel away from the horizon. 
In addition, the arbitrarily short wave-
lengths invoked by original Hawking 
analysis do not arise when either type II 
or III dispersion is included. Instead the 

wavelengths bottom out at the intermo-
lecular distance. The infi nite redshift is 
an avatar of the unphysical assumption 
of infi nitely small atoms.

Applied to real black holes, the fl uid 
analogy lends confi dence that Hawk-
ing’s result is correct despite the simpli-
fications he made. Moreover, it sug-

gests to some researchers that the infi -
nite redshift at a gravitational black 
hole horizon may be similarly avoided 
by dispersion of short wavelength light. 
But there is a catch. Relativity theory 
fl atly asserts that light does not under-
go dispersion in a vacuum. The wave-
length of a photon appears different to 
different observers; it is arbitrarily long 
when viewed from a reference frame 
that is moving suffi ciently close to the 
speed of light. Hence, the laws of phys-
ics cannot mandate a fi xed short-wave-
length cutoff, at which the dispersion 
relation changes from type I to type II 
or III. Each observ  er would perceive a 
different cutoff.

Devices besides the Laval nozzle also reproduce the essential 
characteristic of a black hole horizon: waves can go one way 

but not the other. Each offers novel insights into black holes. 
All should generate the analogue of Hawking radiation.

Instead of sound waves, this experiment involves surface waves 
in liquid fl owing around a circular channel. As the channel 
becomes shallower, the fl ow speeds up and, at some point, 
outpaces the waves, preventing them from traveling upstream—

thereby creating the analogue of a black hole horizon. 
Completing the circuit is the horizon of a “white hole”: a body 
that lets material fl ow out but not in. To observe Hawking-like 
radiation would require a supercooled fl uid such as helium 4. 

The long axis of an infl ating, cigar-shaped gas cloud can 
simulate a one-dimensional universe expanding at an 
accelerating rate. Such a universe behaves like an inside-out 
black hole: waves outside the horizons are swept away too 
quickly to enter the inner region. A Hawking-like radiation 
should stream inward. In practice, the gas would be a Bose-
Einstein condensate, a supercooled gas with quantum 
properties that make the Hawking analogy possible. 

This experiment studies microwaves passing through a rod built 
so that the speed of wave propagation can be tweaked with a 
laser beam. Sweeping the beam along the rod creates a moving 
horizon that divides the rod into slow- and fast-wave zones. 
Waves in the slow zone cannot reach the fast zone, but waves in 
the fast zone can cross to the slow. The Hawking-like radiation 
may be stronger and easier to observe than in fl uid analogies. 

White 
hole 
horizon

Black hole horizon
(fl ow outpaces wave)

Surface
wave

Slower 
fl ow

Hawking radiation analogue

Slow waves

Horizon Fast waves

Laser

Faster 
fl ow

Other Black Hole Models

Surface Ripples

Gas Cloud

Electromagnetic-Wave Pipe

THEODORE A. JACOBSON and RENAUD PARENTANI study the puzzles of quantum gravity 
and its possible observable consequences for black holes and cosmology. Jacobson is 
a physics professor at the University of Maryland. His recent research focuses on the 
thermodynamics of black holes, how spacetime might be microscopically discrete and 
whether that fi ne structure could be macroscopically detected. Parentani is a physics 
professor at the University of Paris-Sud at Orsay who does research at the CNRS Labora-
tory of Theoretical Physics. He investigates the role of quantum fl uctuations in black hole 
physics and cosmology.
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Physicists thus face a dilemma. Ei-
ther they retain Einstein’s injunction 
against a preferred frame and they swal-
low the infi nite redshifting, or they as-
sume that photons do not undergo an 
infi nite redshift and they have to intro-
duce a preferred reference frame. Would 
this frame necessarily violate relativity? 
No one yet knows. Perhaps the pre-
ferred frame is a local effect that arises 
only near black hole horizons—in which 
case relativity continues to apply in gen-
eral. On the other hand, perhaps the 
preferred frame exists everywhere, not 
just near black holes—in which case 
relativity is merely an approximation to 
a deeper theory of nature. Experiment-
ers have yet to see such a frame, but the 
null result may simply be for want of 
suffi cient precision.

Physicists have long suspected that 
reconciling general relativity with 
quantum mechanics would involve a 
short-distance cutoff, probably related 
to the Planck scale. The acoustic anal-
ogy bolsters this suspicion. Spacetime 
must be somehow granular to tame the 
dubious infi nite redshift.

If so, the analogy between sound and 
light propagation would be even better 
than Unruh originally thought. The uni-
fi cation of general relativity and quan-
tum mechanics may lead us to abandon 
the idealization of continuous space and 
time and to discover the  “atoms” of 
space time. Einstein may have had simi-
lar thoughts when he wrote to his close 
friend Michele Besso in 1954, the year 
before his death: “I consider it quite 
possible that physics cannot be based 
on the fi eld concept, that is, on continu-
ous structures.” But this would knock 
out the very foundation from under 
physics, and at present scientists have 
no clear candidate for a substitute. In-
deed, Einstein went on to say in his next 
sentence, “Then nothing remains of my 
entire castle in the air, including the 
theory of gravitation, but also nothing 
of the rest of modern physics.” 

Fifty years later the castle remains 
intact, although its future is unclear. 
Black holes and their acoustic ana-
logues have perhaps begun to light the 
path and sound out the way.  

Hawking’s analysis is based on standard relativity theory, in which light travels at 
a constant speed—type I behavior. If its speed varied with wavelength, as in the 
fl uid analogues, the paths of the Hawking photons would change.

For type II, the photons originate outside the horizon and fall inward. One 
undergoes a shift of velocity, reverses course and fl ies out.

Type III behavior

Type I behavior

Type II behavior 

Wavelength

W
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e 
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The fl uid analogies suggest how to fi x Hawking’s analysis. In an idealized fl uid, 
the speed of sound is the same no matter the wavelength (so-called type I 
behavior). In a real fl uid, the speed of sound either decreases (type II) or increases 
(type III) as the wavelength approaches the distance between molecules.

For type III, the photons originate inside the horizon. One accelerates past the 
usual speed of light, allowing it to escape.

Because the photons do not originate exactly at the horizon, they do not 
become infi nitely redshifted. This fi x to Hawking’s analysis has a price: relativity 
theory must be modifi ed. Contrary to Einstein’s assumptions, spacetime must 
act like a fl uid consisting of some unknown kind of “molecules.”

Hawking Was Right, but . . .
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 Ever since physicists invented par-
ticle accelerators, nearly 80 years 
ago, they have used them for such 

exotic tasks as splitting atoms, trans-
muting elements, producing antimatter 
and creating particles not previously 
observed in nature. With luck, though, 
they could soon undertake a challenge 
that will make those achievements seem 
almost pedestrian. Accelerators may 
produce the most profoundly mysteri-
ous objects in the universe: black holes.

When one thinks of black holes, one 
usually envisions massive monsters that 
can swallow spaceships, or even stars, 
whole. But the holes that might be pro-
duced at the highest-energy accelera-
tors—perhaps as early as mid-2008, 
when the Large Hadron Collider (LHC) 
at CERN near Geneva starts running at 
full design energy—are distant cousins 
of such astrophysical behemoths. They 
would be microscopic, comparable in 
size to elementary particles. They would 
not rip apart stars, reign over galaxies or 
pose a threat to our planet, but in some 
respects their properties should be even 
more dramatic. Because of quantum ef-
fects, they would evaporate shortly after 
they formed, lighting up the particle de-

tectors like Christmas trees. In so doing, 
they could give clues about how space-
time is woven together and whether it 
has unseen higher dimensions.

A Tight Squeeze
in i ts moder n for m, the concept 
of black holes emerges from Einstein’s 
general theory of relativity, which pre-
dicts that if matter is suffi ciently com-
pressed, its gravity becomes so strong 
that it carves out a region of space from 
which nothing can escape. The bound-
ary of the region is the black hole’s event 
horizon: objects can fall in, but none 
can come out. In the simplest case, where 
space has no hidden dimensions or those 
dimensions are smaller than the hole, its 
size is directly proportional to its mass. 
If you compressed the sun to a radius of 
three kilometers, about four millionths 
of its present size, it would become a 
black hole. For Earth to meet the same 
fate, you would need to squeeze it into a 
radius of nine millimeters, about a bil-
lionth its present size.

Thus, the smaller the hole, the higher 
the degree of compression that is re-
quired to create it. The density to which 
matter must be squeezed scales as the in- JE
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QUANTUM
black holes
Physicists could soon be creating 
black holes in the laboratory

By Bernard J. Carr and Steven B. Giddings
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verse square of the mass. For a hole with 
the mass of the sun, the density is about 
1019 kilograms per cubic meter, higher 
than that of an atomic nucleus. Such a 
density is about the highest that can be 
created through gravitational collapse 
in the present universe. A body lighter 
than the sun resists collapse because it 
gets stabilized by repulsive quantum 
forces between subatomic particles. 
Observationally, the lightest black hole 
candidates are about six solar masses.

Stellar collapse is not the only way 
that holes might form, however. In the 
early 1970s Stephen Hawking of the 
University of Cambridge and one of us 
(Carr) investigated a mechanism for 
generating holes in the early universe. 
These are termed “primordial” black 
holes. As the universe expands, the 
 average density of matter decreases; 
therefore, the density was much higher 
in the past, in particular exceeding nu-
clear levels within the fi rst microsecond 

of the big bang. The known laws of 
physics allow for a matter density up to 
the so-called Planck value of 1097 kilo-
grams per cubic meter—the density at 
which the strength of gravity becomes 
so strong that quantum-mechanical 
fluctuations should break down the 
fabric of spacetime. Such a density 
would have been enough to  create black 
holes a mere 10–35 meter across (a di-
mension known as the Planck length) 
with a mass of 10–8 kilogram (the 
Planck mass).

This is the lightest possible black 
hole according to conventional descrip-
tions of gravity. It is much more  massive 
but much smaller in size than an ele-
mentary particle. Progressively heavier 
primordial black holes could have 
formed as the cosmic density fell. Any 
lighter than 1012 kilograms would still 
be smaller than a proton, but beyond 
this mass the holes would be as large as 
more familiar physical objects. Those 
forming during the epoch when the cos-
mic density matched nuclear density 
would have a mass comparable to the 
sun’s and so would be macroscopic.

The high densities of the early uni-
verse were a prerequisite for the forma-
tion of primordial black holes but did D
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Overview
Black Hole Factories

■    Black holes need not be gargantuan, ravenous monsters. Theory implies that they can 
come in a huge variety of sizes, some even smaller than subatomic particles. Tiny 
holes should be wracked by quantum effects, and the very smallest would explode 
almost as soon as they formed.

■   Small black holes might be left over from the early stages of the big bang, and 
astronomers might be able to detect some of them exploding today.

■   Theorists have recently proposed that small black holes might be created in collisions in 
the present universe, even on Earth. They had thought that the requisite energies were 
too high, but if space has extra dimensions with the right properties, then the energy 
threshold for black hole production is much lower. If so, holes might be produced by 
the Large Hadron Collider (LHC) at CERN and in cosmic-ray collisions high in the 
atmosphere. Physicists could use the holes to probe the extra dimensions of space.

Mass: 1031 kilograms
Radius: 20 kilometers
Evaporation time: 1067 years

Companion star

Black hole

Accretion 
disk

Jet
Mass: 10–23 kilogram
Radius: 10–19 meter
Evaporation time: 10–26 second

Proton

MICROSCOPIC BLACK HOLES have masses ranging up to that 

of a large asteroid. They might have been churned out by 

the collapse of matter early in the big bang. If space has 

unseen extra dimensions, they might also be created by 

energetic particle collisions in today’s universe. Rather than 

swallowing matter, they would give off radiation and 

decay away rapidly.

ASTROPHYSICAL BLACK HOLES are thought to be the corpses 

of massive stars that collapsed under their own weight. 

As matter falls into them, they act like cosmic hydroelectric 

plants, releasing gravitational potential energy—the only power 

source that can account for the intense x-rays and gaseous jets 

that astronomers see spurting out of celestial systems such as 

the x-ray binary shown here.

Black hole

A Tale of Two Black Holes
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not guarantee it. For a region to stop 
expanding and collapse to a black hole, 
it must have been denser than average, 
so density fl uctuations were also neces-
sary. Astronomers know that such fl uc-
tuations existed, at least on large scales, 
or else structures such as galaxies and 
clusters of galaxies would never have 
coalesced. For primordial black holes 
to form, these fl uctuations must have 
been stronger on smaller scales than on 
large ones, which is possible though not 
inevitable. Even in the absence of fl uc-
tuations, holes might have formed 
spontaneously at various cosmological 
phase transitions—for example, when 
the universe ended its early period of 
accelerated expansion, known as infl a-
tion, or at the nuclear density epoch, 
when particles such as protons con-
densed out of the soup of their constitu-
ent quarks. Indeed, cosmologists can 
place important constraints on models 
of the early universe from the fact that 
not too much matter ended up in pri-
mordial black holes. 

Going, Going, Gone?
the r ealizat ion that holes could 
be small prompted Hawking to con-
sider what quantum effects might come 
into play, and in 1974 he came to his 
famous conclusion that black holes do 
not just swallow particles but also spit 
them out. Hawking predicted that a 
hole radiates thermally like a hot coal, 
with a temperature inversely propor-
tional to its mass. For a solar-mass hole, 
the temperature is around a millionth 
of a kelvin, which is completely negli-
gible in today’s universe. But for a black 
hole of 1012 kilograms, which is about 
the mass of a mountain, it is 1012 kel-
vins—hot enough to emit both massless 
particles, such as photons, and massive 
ones, such as electrons and positrons.

Because the emission carries off en-
ergy, the mass of the hole tends to de-
crease. So a black hole is highly unsta-
ble. As it shrinks, it gets steadily hotter, 
emitting increasingly energetic parti-
cles and shrinking faster and faster. 
When the hole shrivels to a mass of 
about 106 kilograms, the game is up: 
within a second, it explodes with the 

energy of a million-megaton nuclear 
bomb. The total time for a black hole to 
evaporate away is proportional to the 
cube of its initial mass. For a solar-mass 
hole, the lifetime is an unobservably 
long 1064 years. For a 1012-kilogram 
one, it is 1010 years—about the present 
age of the universe. Hence, any primor-
dial black holes of this mass would be 
completing their evaporation and ex-
ploding right now. Any smaller ones 
would have evaporated during an ear-
lier cosmological epoch.

Hawking’s work was a tremendous 
conceptual advance because it linked 
three previously disparate areas of 
physics: general relativity, quantum 
theory and thermodynamics. It was 
also a step toward a full quantum the-

ory of gravity. Even if primordial black 
holes never actually formed, thinking 
about them has led to remarkable phys-
ical insights. So it can be useful to study 
something even if it does not exist.

In particular, the discovery opened 
up a profound paradox that aims at the 
heart of why general relativity and quan-
tum mechanics are so hard to reconcile. 
According to relativity theory, informa-
tion about what falls into a black hole is 
forever lost. If the hole evaporates, how-
ever, what happens to the information 
contained within? Hawking suggested 
that black holes completely evaporate, 
destroying the information and violat-
ing the basic tenets of quantum me-
chanics. But such destruction of infor-
mation also confl icts with the law of 
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Cosmic-Ray Collisions
Cosmic rays—highly energetic 
particles from celestial 
sources—could smack into 
Earth’s atmosphere and form 
black holes. They would 
explode in a shower of 
radiation and secondary 
particles that could be 
detected on the ground.

Primordial Density 
Fluctuations
Early in the history of our 
universe, space was fi lled with 
hot, dense plasma. The density 
varied from place to place, and 
in locations where the relative 
density was suffi ciently high, 
the plasma could collapse into 
a black hole.

Black hole

Cosmic ray 

Exploding  
black hole

Particle Accelerator
An accelerator such as the 
LHC could crash two particles 
together at such an energy 
that they would collapse into a 
black hole. Detectors would 
register the subsequent decay 
of the hole. 

Detector

Detector

Ways to Make a Mini Black Hole
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energy conservation, making this pos-
sibility implausible. 

One alternative, that evaporating 
black holes leave behind remnants, is 
equally unpalatable. For these rem-
nants to encode all the information that 
could have gone into the black hole, 
they would have to come in an infi nite 
variety of types. The laws of physics 
predict that the rate of production of a 
particle is proportional to the number 
of types of that particle. Therefore, the 
black hole remnants would be pro-
duced at an infi nite rate; even such ev-
eryday physical processes as turning on 
a microwave oven would generate them. 
Nature would be catastrophically un-
stable. A third (and most likely) possi-
bility is that information escapes 
through a breakdown of locality—the 
notion that events at spatially separated 
points can infl uence one another only 
after light has had time to travel be-

tween them—that is more profound 
than ordinary quantum nonlocality. 
This conundrum challenges theorists to 
this day.

Looking for Holes
progr ess in ph ysics usually re-
quires some guidance from experiment, 
so the questions raised by microscopic 
black holes motivate an empirical 
search for them. One possibility is that 
astronomers might be able to detect 
primordial black holes with an initial 
mass of 1012 kilograms exploding in 
the present universe. Roughly a tenth of 
the mass of these holes would go into 
gamma rays. In 1976 Hawking and 
Don Page, then at the California Insti-
tute of Technology, realized that gam-
ma-ray background observations place 
stringent upper limits on the number of 
such holes. They could not, for exam-
ple, constitute a signifi cant amount of 

the universe’s dark matter, and their ex-
plosions would rarely be close enough 
to be detectable. In the mid-1990s, 
however, David Cline of the University 
of California, Los Angeles, and his col-
leagues suggested that the shortest 
gamma-ray bursts might be primordial 
black holes blowing up. Although lon-
ger bursts are thought to be associated 
with exploding or merging stars, the 
short events may have another explana-
tion. Future observations should settle 
this issue, but the possibility that astro-
nomical observations could probe the 
fi nal stages of black hole evaporation is 
tantalizing.

The production of black holes by 
particle accelerators is an even more ex-
citing possibility. When it comes to pro-
ducing high densities, no device outdoes 
accelerators such as the LHC and the Te-
vatron at Fermi National Accelerator 
Laboratory in Batavia, Ill. These ma-

If conditions are right, two particles 
(shown here as wave packets) can 
collide to create a black hole. The 
newborn hole is asymmetrical. 
It can be rotating, vibrating and 
electrically charged. (Times and 
masses are approximate; 1 TeV is 
the energy equivalent of about 
10–24 kilogram.)

As it settles down, the black hole emits 
gravitational and electromagnetic 
waves. To paraphrase physicist John 
A. Wheeler, the hole loses its hair—it 
becomes an almost featureless body, 
characterized solely by charge, spin 
and mass. Even the charge quickly 
leaks away as the hole gives off 
charged particles. 

The black hole is no longer black: 
it radiates. At fi rst, the emission 
comes at the expense of spin, so the 
hole slows down and relaxes into a 
spherical shape. The radiation emerges 
mainly along the equatorial plane 
of the black hole. 

Birth Balding Phase Spin-Down Phase

0 to 1 × 10–27 second
Mass: 8 to 6 TeV 0 Mass: 10 to 8 TeV

Mass: 10 TeV

TIME

The Rise and Demise of a Quantum Black Hole

1 to 3 × 10–27 second
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chines accelerate subatomic particles, 
such as protons, to velocities exceeding-
ly close to the speed of light. The parti-
cles then have enormous kinetic energies. 
At the LHC, a proton will reach an en-
ergy of roughly seven tera-electron volts 
(TeV). In accord with Einstein’s famous 
relation E = mc2, this energy is equivalent 
to a mass of 10–23 kilogram, or 7,000 
times the proton’s rest mass. When two 
such particles collide at close range, their 
energy is concentrated into a tiny region 
of space. So one might guess that, once in 
a while, the colliding particles will get 
close enough to form a black hole.

As it stands, this argument has a 
problem: a mass of 10–23 kilogram is 
far shy of the Planck value of 10–8 kilo-
gram, which conventional gravity the-
ory implies is the lightest possible hole. 
This lower limit arises from the uncer-
tainty principle of quantum mechanics. 
Because particles also behave like 

waves, they are smeared out over a dis-
tance that decreases with increasing 
energy—at LHC energies, about 10–19 
meter. So this is the smallest region into 
which a particle’s energy can be packed. 
It allows for a density of 1034 kilograms 
per cubic meter, which is high but not 
high enough to create a hole. For a par-
ticle to be both energetic enough and 
compact enough to form a black hole, 
it must have the Planck energy, a factor 
of 1015 beyond the energy of the LHC. 

Interestingly, accelerators may be able 
to create objects mathematically relat-
ed to black holes. The Relativistic 
Heavy Ion Collider at Brookhaven Na-
tional Laboratory in Upton, N.Y., may 
already have done so, but black holes 
themselves appear to lie out of reach.

Reaching into 
Other Dimensions
over the past decade , however,  
physicists have realized that the stan-

Having lost its spin, the black hole is 
now an even simpler body than before, 
characterized solely by mass. Even 
the mass leaks away in the form of 
radiation and massive particles, which 
emerge in every direction.

The hole approaches the Planck mass—the lowest mass possible for a 
hole, according to present theory—and winks into nothingness. String 
theory suggests that the hole would begin to emit strings, the most 
fundamental units of matter. 

SIMULATED DECAY of a 
black hole shows a particle 
accelerator and detector in 
cross section. From the 
center of the accelerator 
pipe (black circle) emerge 
particles (spokes) registered 
by layers of detectors 
(concentric colored rings).

Schwarzschild Phase Planck Phase

Mass: 6 to 2 TeV
Mass: 2 to 0 TeV3 to 20 × 10–27 second

20 to 22 × 10–27 second

BERNARD J. CARR and STEVEN B. GIDDINGS fi rst met in person at a conference to celebrate 
Stephen Hawking’s 60th birthday in 2002. Carr traces his enthusiasm for astrophysics to 
the famous 1969 BBC television documentary by Nigel Calder entitled The Violent Universe. 
He became a graduate student of Hawking’s in the 1970s, was one of the fi rst scientists 
to investigate small black holes and today is professor at Queen Mary, University of Lon-
don. Giddings caught the physics bug when his father fi rst told him about the weird proper-
ties of quantum mechanics. He went on to become an expert on quantum gravity and 
cosmology, was among the fi rst to study the possibility of creating black holes in particle 
accelerators and is now professor at the University of California, Santa Barbara. When not 
theorizing about gravity, he struggles against it by rock climbing.
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dard estimate of the necessary Planck-
ian density could be too high. String 
theory, one of the leading contenders 
for a quantum theory of gravity, pre-
dicts that space has dimensions beyond 
the usual three. Gravity, unlike other 
forces, should propagate into these di-
mensions and, as a result, grow unex-
pectedly stronger at short distances. In 
three dimensions, the force of gravity 
quadruples as you halve the distance 
between two objects. But in nine di-
mensions, gravity would get 256 times 
as strong. This effect can be quite im-
portant if the extra dimensions of space 

are suffi ciently large, and it has been 
widely investigated in the past few 
years. There are also other confi gura-
tions of extra dimensions, known as 
warped compactifi cations, that have 
the same gravity-magnifying effect and 
may be even more likely to occur if 
string theory is correct; these have been 
extensively studied in recent years.

This enhanced growth of the strength 
of gravity means that the true energy 
scale at which the laws of gravity and 
quantum mechanics clash—and black 
holes can be made—could be much 
lower than the traditional expectation. 

Although no experimental evidence yet 
supports this possibility, the idea sheds 
new light on various theoretical conun-
drums. And if it is true, the density re-
quired to create black holes could lie 
within the range of the LHC.

The theoretical study of black hole 
production in high-energy collisions 
goes back to the work of Roger Penrose 
of the University of Oxford in the mid-
1970s and Peter D’Eath and Philip Nor-
bert Payne, both then at Cambridge, in 
the early 1990s. The newfound possi-
bility of large extra dimensions breathed 
new life into these investigations and 
motivated Tom Banks of the University 
of California, Santa Cruz, and Rutgers 
University and Willy Fisch ler of the 
University of Texas at Austin to write a 
1999 paper with a preliminary discus-
sion of black hole production.

At a 2001 workshop two groups—

one of us (Giddings), with Scott Thom-
as, then at Stanford University, and 
 Savas Dimopoulos of Stanford, with 
Greg Landsberg of Brown University—

independently described the observable 
 effects, and thus the potential for dis-
covery, of black hole production at par-
ticle colliders such as the LHC. After a 
few calculations, we were astounded. 
Rough estimates indicated that under 
the most optimistic scenarios, corre-
sponding to the lowest plausible value 
for the Planck scale, black holes could 
be produced at the rate of one per sec-
ond. Physicists refer to an accelerator 
producing a particle at this rate as a 

“factory,” so the LHC would be a black 
hole factory.

The evaporation of these holes 
would leave very distinctive imprints 
on the detectors. Typical collisions 
 produce moderate numbers of high-
 energy particles, but a decaying black 
hole is different. According to Hawk-
ing’s work, it radiates a large number of 
particles in all directions with very high 
energies. The decay products include 
all the particle species found in nature. 
Several research groups have since done 
increasingly detailed investigations 
into the remarkable signatures that 
black holes would produce in the detec-
tors at the LHC. D
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How much do you need to squeeze a piece of matter to turn it into a black hole? 
The lighter a body is, the more you must compress it before its gravity becomes 
strong enough to make a hole. Planets and people are farther from the brink than 
stars are (graph). The wave nature of matter resists compression; particles cannot 
be squeezed into a region smaller than their characteristic wavelength (diagram), 
suggesting that no hole could be smaller than 10–8 kilogram. But if space has extra 
dimensions, gravity would be inherently stronger over short distances and an 
object would not need to be squeezed as much, giving would-be hole makers 
hope that they might succeed in the near future.
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Is It Raining Black Holes?
t h e prospec t of producing black 
holes on Earth may strike some as folly. 
How do we know that they would safe-
ly decay, as Hawking predicted, instead 
of continuing to grow, eventually con-
suming the entire planet? At fi rst glance, 
this seems like a serious concern, espe-
cially given that some details of Hawk-
ing’s original argument may be incor-
rect—specifi cally the claim that infor-
mation is destroyed in black holes. 

But general quantum reasoning im-
plies that microscopic black holes can-
not be stable and therefore are safe. 
Concentrations of mass energy, such as 
elementary particles, are stable only if 
a conservation law forbids their decay; 
examples include the conservation of 
electric charge and of baryon number 
(which, unless it is somehow violated, 
assures the stability of protons). There 
is no such conservation law to stabilize 
a small black hole. In quantum theory, 
anything not expressly forbidden is 
compulsory, so small black holes will 
rapidly decay, in accord with the sec-
ond law of thermodynamics.

Indeed, high-energy collisions such 
as those at the LHC have already taken 
place—for example, in the early uni-
verse and even now, when suffi ciently 
high energy cosmic rays hit our atmo-
sphere. So if collisions at LHC energies 
can make black holes, nature has al-
ready been harmlessly producing them 
right over our heads. Early estimates by 
Giddings and Thomas indicated that 
the highest-energy cosmic rays—pro-
tons or heavier atomic nuclei with ener-
gies of up to 109 TeV—could produce 
as many as 100 black holes in the atmo-
sphere a year.

In addition, they—along with Da-
vid Dorfan of U.C. Santa Cruz and Tom 

Rizzo of the Stanford Linear Accelera-
tor Center and, independently, Jona-
than L. Feng of the University of Cali-
fornia, Irvine, and Alfred D. Shapere of 
the University of Kentucky—have dis-
covered that collisions of cosmic neu-
trinos might be even more productive. 
If so, the new Auger cosmic-ray obser-
vatory in Argentina, which is now tak-
ing data, and the upgraded Fly’s Eye 
observatory in Utah may be able to see 
upward of several holes a year. These 
observations, however, would not obvi-
ate the need for accelerator experi-
ments, which could generate holes 
more reliably, in greater numbers and 
under more controlled circumstances.

Producing black holes would open 
up a whole new frontier of physics. 
Their mere presence would be compel-
ling evidence of the previously hidden 
dimensions of space, and by observing 
their properties, physicists might begin 
to explore the geographic features of 
those dimensions. For example, as ac-
celerators manufacture black holes of 
increasing mass, the holes would poke 
further into the extra dimensions and 
could become comparable in size to one 
or more of them, leading to a distinc-
tive change in the dependence of a 

hole’s temperature on mass. Likewise, 
if a black hole grows large enough to 
intersect a parallel three-dimensional 
universe in the extra dimensions, its de-
cay properties would suddenly change.

Producing black holes in accelera-
tors would also represent the end of one 
of humankind’s historic quests: under-
standing matter on ever fi ner scales. 
Over the past century, physicists have 
pushed back the frontier of the small—
from dust motes to atoms to protons 
and neutrons to quarks. If they can cre-
ate black holes, they will have reached 
the Planck scale, which is believed to be 
the shortest meaningful length, the 
limiting distance below which the very 
notions of space and length probably 
cease to exist. Any attempt to investi-
gate the possible existence of shorter 
distances, by performing higher-energy 
collisions, would inevitably result in 
black hole production. Higher-energy 
collisions, rather than splitting matter 
into fi ner pieces, would simply produce 
bigger black holes. In this way, the ap-
pearance of black holes would mark 
the close of a frontier of science. In its 
place, however, would be a new fron-
tier, that of exploring the geography of 
the extra dimensions of space.  
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BLACK HOLES OF DIFFERENT SIZES could probe extra 

dimensions that are otherwise inaccessible to us. 

Because gravity, unlike other forces, extends into 

those dimensions, so do black holes. Physicists would 

vary their size by tuning the particle accelerator to 

different energies. If a hole intersects a parallel 

universe, it will decay faster and appear to give off 

less energy (because some of the energy is absorbed 

by that other universe).

Parallel universe

Our universe
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 T ime travel has been a popular 
science-fi ction theme since H. G. 
Wells wrote his celebrated novel 

The Time Machine in 1895. But can it 
really be done? Is it possible to build a 
machine that would transport a hu-
man being into the past or future?

For decades, time travel lay beyond 
the fringe of respectable science. In re-
cent years, however, the topic has be-
come something of a  cottage industry 
among theoretical physicists. The mo-
tivation has been partly recreational—
time travel is fun to think about. But 
this research has a serious side, too. 
Understanding the relation between 
cause and effect is a key part of attempts 
to construct a unifi ed theory of physics. 
If unrestricted time travel were  possible, 
even in principle, the nature of such 
a unifi ed theory could be drastically 
 affected.

Our best understanding of time 
comes from Einstein’s theories of rela-
tivity. Prior to these theories, time was 
widely regarded as absolute and uni-

versal, the same for everyone no mat-
ter what their physical circumstances 
were. In his special theory of relativity, 
Einstein proposed that the measured 
interval between two events depends 
on how the observer is moving. Cru-
cially, two observers who move differ-
ently will experience different dura-
tions between the same two events.

The effect is often described using 
the “twin paradox.” Suppose that Sal-
ly and Sam are twins. Sally boards a 
rocket ship and travels at high speed to 
a nearby star, turns around and fl ies 
back to Earth, while Sam stays at home. 
For Sally the duration of the journey 
might be, say, one year, but when she 
returns and steps out of the spaceship, 
she fi nds that 10 years have elapsed on 
Earth. Her brother is now nine years 
older than she is. Sally and Sam are no 
longer the same age, despite the fact 
that they were born on the same day. 
This example illustrates a limited type 
of time travel. In effect, Sally has leaped 
nine years into Earth’s future. P
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how to build a
TIME 
MACHINE
It wouldn’t be easy, but it might be possible

By Paul Davies
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WORMHOLE GENERATOR/TOWING MACHINE is imagined by futurist artist Peter 
Bollinger.  This painting depicts a gigantic space-based particle accelerator that is 
capable of creating, enlarging and moving wormholes for use as time machines.
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Jet Lag
the effect, k nown as time dilation, occurs whenever 
two observers move relative to each other. In daily life we don’t 
notice weird time warps, because the effect becomes dramatic 
only when the motion occurs at close to the speed of light. Even 
at aircraft speeds, the time dilation in a typical journey 
amounts to just a few nanoseconds—hardly an adventure of 
Wellsian proportions. Nevertheless, atomic clocks are accurate 
enough to record the shift and confi rm that time really is 
stretched by motion. So travel into the future is a proved fact, 
even if it has so far been in rather unexciting amounts.

To observe really dramatic time warps, one has to look 
beyond the realm of ordinary experience. Subatomic par-
ticles can be propelled at nearly the speed of light in large 
accelerator machines. Some of these particles, such as muons, 
have a built-in clock because they decay with a defi nite half-
life; in accordance with Einstein’s theory, fast-moving muons 
inside accelerators are observed to decay in slow motion. 
Some cosmic rays also experience spectacular time warps. 
These particles move so close to the speed of light that, from 
their point of view, they cross the galaxy in minutes, even 
though in Earth’s frame of reference they seem to take tens 
of thousands of years. If time dilation did not occur, those 
particles would never make it here.

Speed is one way to jump ahead in time. Gravity is an-
other. In his general theory of relativity, Einstein predicted 
that gravity slows time. Clocks run a bit faster in the attic 
than in the basement, which is closer to the center of Earth 
and therefore deeper down in a gravitational fi eld. Similarly, 
clocks run faster in space than on the ground. Once again the 
effect is minuscule, but it has been directly measured using 

accurate clocks. Indeed, these time-warping effects have to 
be taken into account in the Global Positioning System. If 
they weren’t, sailors, taxi drivers and cruise missiles could 
fi nd themselves many kilometers off course.

At the surface of a neutron star, gravity is so strong that 
time is slowed by about 30 percent relative to Earth time. 
Viewed from such a star, events here would resemble a fast-
forwarded video. A black hole represents the ultimate time 
warp; at the surface of the hole, time stands still relative to 
Earth. This means that if you fell into a black hole from near-
by, in the brief interval it took you to reach the surface, all of 
eternity would pass by in the wider universe. The region 
within the black hole is therefore beyond the end of time, as 
far as the outside universe is concerned. If an astronaut could 
zoom very close to a black hole and return unscathed—ad-
mittedly a fanciful, not to mention foolhardy, prospect—he 
could leap far into the future.

My Head Is Spinning
so fa r i h ave discussed travel forward in time. What 
about going backward? This is much more problematic. In 
1948 Kurt Gödel of the Institute for Advanced Study in Prince-
ton, N.J., produced a solution of Einstein’s gravitational fi eld 
equations that described a rotating universe. In this universe, 
an astronaut could travel through space so as to reach his 
own past. This comes about because of the way gravity af-
fects light. The rotation of the universe would drag light (and 
thus the causal relations between objects) around with it, en-
abling a material object to travel in a closed loop in space that 
is also a closed loop in time, without at any stage exceeding 
the speed of light in the immediate neighborhood of the par-
ticle. Gödel’s solution was shrugged aside as a mathematical 
curiosity—after all, observations show no sign that the uni-
verse as a whole is spinning. His result served nonetheless to 
demonstrate that going back in time was not forbidden by the 
theory of relativity. Indeed, Einstein confessed that he was 
troubled by the thought that his theory might permit travel 
into the past under some circumstances.

Other scenarios have been found to permit travel into the 
past. For example, in 1974 Frank J. Tipler of Tulane Univer-
sity calculated that a massive, infi nitely long cylinder spin-
ning on its axis at near the speed of light could let astronauts 
visit their own past, again by dragging light around the cyl-
inder into a loop. In 1991 J. Richard Gott of Princeton Uni-
versity predicted that cosmic strings—structures that cos-
mologists think were created in the early stages of the big 

Overview
Time Travel

■   Traveling forward in time is easy enough. If you move close 
to the speed of light or sit in a strong gravitational fi eld, 
you experience time more slowly than other people do—
another way of saying that you travel into their future.

■   Traveling into the past is rather trickier. Relativity theory 
allows it in certain space time confi gurations: a rotating 
universe, a rotating cylinder and, most famously, 
a wormhole—a tunnel through space and time.

The wormhole was used as
a fi ctional device by Carl Sagan
in his novel Contact.
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bang—could produce similar results. But in the mid-1980s 
the most realistic scenario for a time machine emerged, based 
on the concept of a wormhole.

In science fi ction, wormholes are sometimes called star-
gates; they offer a shortcut between two widely separated 
points in space. Jump through a hypothetical wormhole, and 
you might come out moments later on the other side of 
the galaxy. Wormholes naturally fi t into the general theory 
of relativity, whereby gravity warps not only time but also 
space. The theory allows the analogue of alternative road and 
tunnel routes connecting two points in space. Mathemati-
cians refer to such a space as multiply connected. Just as a 
tunnel passing under a hill can be shorter than the surface 

street, a wormhole may be shorter than the usual route 
through ordinary space.

The wormhole was used as a fi ctional device by Carl Sa-
gan in his 1985 novel Contact. Prompted by Sagan, Kip S. 
Thorne and his co-workers at the California Institute of 

A Wormhole Time Machine in Three Not So Easy Steps

 1Find or build a wormhole—a tunnel 
connecting two different locations in 

space. Large wormholes might exist 
naturally in deep space, a relic of the big 
bang. Otherwise we would have to make do 
with subatomic wormholes, either natural 
ones (which are thought to be winking in 
and out of existence all around us) or 
artifi cial ones (produced by particle 
accelerators, as imagined here). These 
smaller wormholes would have to be 
enlarged to a useful size, perhaps using 
energy fi elds like those that caused space to 
infl ate shortly after the big bang.

 2Stabilize the wormhole. An infusion of 
negative energy, produced by quantum 

means such as the so-called Casimir effect, 
would allow a signal or object to pass safely 
through the wormhole. Negative energy 
counteracts the tendency of the wormhole 
to pinch off into a point of infi nite or near-
infi nite density. In other words, it prevents 
the wormhole from becoming a black hole.

 3Tow the wormhole. A spaceship, 
presumably of highly advanced 

technology, would separate the mouths of 
the wormhole. One mouth might be 
positioned near the surface of a neutron 
star, an extremely dense star with a strong 
gravitational fi eld. The intense gravity 
causes time to pass more slowly. Because 
time passes more quickly at the other 
wormhole mouth, the two mouths become 
separated not only in space but also in time.

PAUL DAVIES is director of Beyond: Center for Fundamental Con-
cepts in Science at Arizona State University. A theoretical phys-
icist and cosmologist by profession, he also works in the fi eld 
of astrobiology. He is one of the most prolifi c writers of popular-
level books in physics. His scientifi c research interests include 
black holes, quantum fi eld theory, the nature of conscious-
ness, and the origin and evolution of life.
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Technology set out to fi nd whether wormholes were consis-
tent with known physics. Their starting point was that a 
wormhole would resemble a black hole in being an object 
with fearsome gravity. But unlike a black hole, which offers 
a one-way journey to nowhere, a wormhole would have an 
exit as well as an entrance.

In the Loop
for t he wor mhole to be traversable, it must contain 
what Thorne termed exotic matter. In effect, this is some-
thing that will generate antigravity to combat the natural 
tendency of a massive system to implode into a black hole 
under its intense weight. Antigravity, or gravitational repul-
sion, can be generated by negative energy or pressure. Nega-
tive-energy states are known to exist in certain quantum sys-
tems, which suggests that Thorne’s exotic matter is not ruled 
out by the laws of physics, although it is unclear whether 
enough antigravitating stuff can be assembled to stabilize 
a wormhole.

Soon Thorne and his colleagues realized that if a stable 
worm hole could be created, then it could readily be turned 
into a time machine. An astronaut who passed through one 
might come out not only somewhere else in the universe but 
somewhen else, too—in either the future or the past.

To adapt the wormhole for time travel, one of its mouths 

could be towed to a neutron star and placed close to its sur-
face. The gravity of the star would slow time near that worm-
hole mouth, so that a time difference between the ends of the 
wormhole would gradually accumulate. If both mouths were 
then parked at a convenient place in space, this time differ-
ence would remain frozen in.

Suppose the difference were 10 years. An astronaut pass-
ing through the wormhole in one direction would jump 10 
years into the future, whereas an astronaut passing in the 
other direction would jump 10 years into the past. By return-
ing to his starting point at high speed across ordinary space, 
the second astronaut might get back home before he left. In 
other words, a closed loop in space could become a loop in 
time as well. The one restriction is that the astronaut could 
not return to a time before the wormhole was fi rst built.

A formidable problem that stands in the way of making 
a wormhole time machine is the creation of the wormhole in 
the fi rst place. Possibly space is threaded with such structures 
naturally—relics of the big bang. If so, a supercivilization 
might commandeer one. Alternatively, wormholes might 
naturally come into existence on tiny scales, the so-called 
Planck length, about 20 factors of 10 as small as an atomic 
nucleus. In principle, such a minute wormhole could be sta-
bilized by a pulse of energy and then somehow infl ated to 
usable dimensions.

Censored!
assuming th at the engineering problems could be over-
come, the production of a time machine could open up a 
Pandora’s box of causal paradoxes. Consider, for example, 
the time traveler who visits the past and murders his mother 
when she was a young girl. How do we make sense of this? If 
the girl dies, she cannot become the time traveler’s mother. 
But if the time traveler was never born, he could not go back 
and murder his mother.

Paradoxes of this kind arise when the time traveler tries to 
change the past, which is obviously impossible. But that does 
not prevent someone from being a part of the past.  Suppose 
the time traveler goes back and rescues a young girl from mur-
der, and this girl grows up to become his mother. The causal 
loop is now self-consistent and no longer paradoxical. Causal 
consistency might impose restrictions on what a time traveler 
is able to do, but it does not rule out time travel per se.

Even if time travel isn’t strictly paradoxical, it is certainly 
weird. Consider the time traveler who leaps ahead a year and  P
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Unlike a black hole, which offers 
a one-way journey to nowhere, 
a wormhole would have an exit 
as well as an entrance.

Existing Forms of Forward Travel

System Specifi cations Cumulative Time Lag

Airline fl ight 920 kilometers 
an hour for 
eight hours

10 nanoseconds 
(relative to inertial 
reference frame)

Nuclear 
submarine 
tour

300 meters’ 
depth for six 
months

500 nanoseconds 
(relative to sea level)

Cosmic-ray 
neutron

1018 electron 
volts

Mean life stretched 
from 15 minutes to 
30,000 years

Neutron star Redshift  0.2 Time intervals 
expand 30 per cent 
(relative to deep 
space)
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reads about a new mathematical theorem in a future edition 
of Scientifi c American. He notes the details, returns to his 
own time and teaches the theorem to a student, who then 
writes it up for Scientifi c American. The article is, of course, 
the very one that the time traveler read. The question then 
arises: Where did the information about the theorem come 
from? Not from the time traveler, because he read it, but not 
from the student either, who learned it from the time traveler. 
The information seemingly came into existence from nowhere, 
reasonlessly.

The bizarre consequences of time travel have led some 
 scientists to reject the notion outright. Stephen Hawking of the 
University of Cambridge has proposed a “chronology protec-
tion conjecture,” which would outlaw causal loops. Because 
the theory of relativity is known to permit causal loops, chro-
nology protection would require some other factor to intercede 
to prevent travel into the past. What might this factor be? One 
suggestion is that quantum processes will come to the rescue. 
The existence of a time machine would allow particles to loop 
into their own past. Calculations hint that the ensuing dis-
turbance would become self-reinforcing, creating a runaway 
surge of energy that would wreck the wormhole.

Chronology protection is still just a conjecture, so time 
travel remains a possibility. A fi nal resolution of the matter 
may have to await the successful union of quantum mechan-
ics and gravitation, perhaps through a theory such as string 
theory or its extension, so-called M-theory. It is even conceiv-
able that the next generation of particle accelerators will be 
able to create subatomic wormholes that survive long enough 
for nearby particles to execute fl eeting causal loops. This 
would be a far cry from Wells’s vision of a time machine, but 
it would forever change our picture of physical reality.  
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Mother of All Paradoxes

Resolution of the paradox proceeds from a simple 
realization: the billiard ball cannot do something that is 
inconsistent with logic or with the laws of physics. It 
cannot pass through the wormhole in such a way that will 
prevent it from passing through the wormhole. But 
nothing stops it from passing through the wormhole in 
an infi nity of other ways.

The notorious mother paradox (sometimes formulated 
using other familial relationships) arises when people or 
objects can travel backward in time and alter the past. 
A simplifi ed version involves billiard balls. A billiard ball 
passes through a wormhole time machine. When it 
emerges, it hits its earlier self, thereby preventing it from 
ever entering the wormhole.
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A PICTURE LIKE THIS could not have been drawn with any 

confi dence a decade ago, because no one had yet fi gured out 

what causes gamma-ray bursts—fl ashes of high-energy radiation 

that light up the sky a couple of times a day. Now astronomers 

think of them as the ultimate stellar swan song. A black hole, 

created by the implosion of a giant star, sucks in debris and sprays 

out some of it. A series of shock waves emits radiation.
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 E arly in the morning of January 23, 1999, a robotic telescope in New Mex-
ico picked up a faint fl ash of light in the constellation Corona Borealis. 
Though just barely visible through binoculars, it turned out to be the most 

brilliant explosion ever witnessed by humanity. We could see it nine billion light-
years away, more than halfway across the observable universe. If the event had 
instead taken place a few thousand light-years away, it would have been as bright 
as the midday sun, and it would have dosed Earth with enough radiation to kill 
off nearly every living thing.

The fl ash was another of the famous gamma-ray bursts, which in recent de-
cades have been one of astronomy’s most intriguing mysteries. The fi rst sighting 
of a gamma-ray burst (GRB) came on July 2, 1967, from military satellites 
watching for nuclear tests in space. These cosmic explosions proved to be rather 
different from the man-made explosions that the satellites were designed to de-
tect. For most of the next 30 years, each new burst had merely heightened the 
puzzlement. Whenever researchers thought they had the explanation, the evi-
dence sent them back to square one.

The monumental discoveries of the past decade have brought astron o mers 
closer to a defi nitive answer. Before 1997, most of what we knew about GRBs 
was based on observations from the Burst and Transient Source Experiment 
(BATSE) onboard the Compton Gamma Ray Observatory. BATSE revealed that 
two or three GRBs occur somewhere in the observable universe on a typical day. 
They outshine everything else in the gamma-ray sky. Although each is unique, 
the bursts fall into one of two rough categories. Bursts that last less than two 
seconds are “short,” and those that last longer—the majority—are “long.” The 
two categories differ spectroscopically, with short bursts having relatively more 
high-energy gamma rays than long bursts do. The January 1999 burst emitted 
gamma rays for a minute and a half.

Arguably the most important result from BATSE concerned the distribution 
of the bursts. They occur isotropically—that is, they are spread evenly over the 
entire sky. This fi nding cast doubt on the prevailing wisdom, which held that 
bursts came from sources within the Milky Way; if they did, the shape of our gal-
axy, or Earth’s off-center position within it, should have caused them to bunch up 
in certain areas of the sky. The uniform distribution led most astronomers to con-
clude that the instruments were picking up some kind of event happening through-
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THE BRIGHTEST
EXPLOSIONS
in the universe
Every time a gamma-ray burst goes off, 
a black hole is born

By  Neil Gehrels, Luigi Piro
and Peter J. T. Leonard
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out the universe. Unfortunately, gamma 
rays alone did not provide enough infor-
mation to settle the question for sure. 
Researchers would need to detect radia-
tion from the bursts at other wave-
lengths. Visible light, for example, could 
reveal the  galaxies in which the bursts 
took place, allowing their distances to 
be  measured. Attempts were made to 
detect these burst counterparts, but 
they proved fruitless.

A Burst of Progress
t he f ield took a leap forward in 
1996 with the advent of the x-ray space-
craft BeppoSAX, built and operated by 
the Italian Space Agency with the par-
ticipation of the Netherlands Space 
Agency. Beppo SAX was the fi rst satel-
lite to localize GRBs precisely and to 
discover their x-ray “after glows.” The 
afterglow appears when the gamma-ray 
signal disappears. It persists for days to 
months, diminishing with time and de-
grading from x-rays into less potent ra-
diation, including visible light and radio 
waves. Although BeppoSAX detected 
afterglows for only long bursts—eight  
more years would pass before counter-
parts of short bursts would be discov-
ered—it made follow-up observations 
possible at last. Given the positional in-
formation from  BeppoSAX, optical and 
radio telescopes were able to identify 
the galaxies in which the GRBs took 
place. Nearly all lie billions of light-
years away, meaning that the bursts 
must be enormously powerful. Extreme 
energies, in turn, call for extreme causes, 
and researchers began to associate 
GRBs with the most extreme objects 
they knew of: black holes.

Among the fi rst GRBs pinpointed by 
BeppoSAX was GRB970508, so named 
because it occurred on May 8, 1997. 
Radio observations of its afterglow pro-

vided an essential clue. The glow varied 
erratically by roughly a factor of two 
during the fi rst three weeks, after which 
it stabilized and then began to diminish. 
The large variations probably had noth-
ing to do with the burst source itself; 
rather they involved the propagation of 
the afterglow light through space. Just 
as Earth’s atmosphere causes visible 
starlight to twinkle, interstellar plasma 
causes radio waves to scintillate. For 
this process to be visible, the source 
must be so small and far away that it 
appears to us as a mere point. Planets 
do not twinkle, because, being fairly 
nearby, they look like disks, not points.

Therefore, if GRB970508 was scin-
tillating at radio wavelengths and then 
stopped, its source must have grown 
from a mere point to a discernible disk. 

“Discernible” in this case means a few 
light-weeks across. To reach that size, 
the source must have been expanding 
at a considerable rate—close to the 
speed of light.

The BeppoSAX and follow-up ob-
servations have transformed astrono-
mers’ view of GRBs. The old concept of 
a sudden release of energy concentrated 
in a few brief seconds has been discard-
ed. Indeed, even the term “afterglow” 
is now recognized as misleading: the 
energy radiated during both phases is 
comparable. The spectrum of the after-

Overview
Gamma-Ray Bursts

■   For three decades, the study of 
gamma-ray bursts was stuck in fi rst 
gear—astronomers couldn’t settle on 
even a sketchy picture of what sets off 
these cosmic fi reworks.

■    Over the past decade, however, 
observations have revealed that bursts 
are the birth throes of black holes. Most 
of the holes are probably created when 
a massive star collapses, releasing a 
pulse of radiation that can be seen 
billions of light-years away.

■   Now the research has shifted into 
second gear—fl eshing out the theory 
and probing subtle riddles, especially 
the bursts’ incredible diversity.

Eight hours 21 hours Eight days

X-rays

A (Very) Warm Afterglow

Three days

Visible light  

X-RAYS: Eight hours after a burst went off on February 28, 
1997, astronomers using the BeppoSAX satellite—including 
one of the authors (Piro)—saw an x-ray afterglow for the 
fi rst time. The second image was taken a couple days later, 
by which time the x-rays had faded by a factor of 20.

VISIBLE LIGHT: A comparably quick reaction by astronomers 
on La Palma in the Canary Islands allowed the same 
afterglow to be seen in visible light. Over the next week, the 
light dimmed to one sixth of its original brightness, and as it 
did so, the surrounding galaxy slowly became apparent.
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glow is characteristic of electrons mov-
ing in a magnetic fi eld at or very close 
to the speed of light.

GRB 990 1 2 3—the January 1999 
burst—was instrumental in demonstrat-
ing the immense power of the bursts. If 
the burst radiated its energy equally in 
all directions, it must have had a lumi-
nosity of a few times 1045 watts, which 
is 1019 times as bright as our sun. In 
comparison, the photonic emissions of 
a supernova explosion are spread out 
over several weeks, with a luminosity 
that is only a tiny fraction of that of a 
GRB. Even quasars, which are  famously 
brilliant, give off only about 1040 watts.

If the burst beamed its energy in par-
ticular directions rather than in all direc-
tions, however, the luminosity estimate 
would be lower. Evidence for beaming 
comes from the way the afterglow of 
GRB 990123, among others, dimmed 
over time. Two days into the burst, the 
rate of dimming increased suddenly, 
which would happen naturally if the ob-
served radiation came from a narrow jet 
of material moving at close to the speed 
of light. Because of a relativistic effect, 
the observer sees more and more of the 
jet as it slows down. At some point, there 
is no more to be seen, and the apparent 
brightness begins to fall off more  rapidly 
[see box on next page]. 

For GRB 990123 and several other 
bursts, the inferred jet-opening angle is 
a few degrees. Only if the jet is aimed 
along our line of sight do we see the 
burst. This beaming effect reduces the 
overall energy emitted by the burst ap-
proximately in proportion to the square 
of the jet angle. For example, if the jet 
subtends 10 degrees, it covers about one 
500th of the sky, so the energy require-
ment goes down by a factor of 500; 
moreover, for every GRB that is ob-
served, another 499 GRBs go unseen. 
Even after taking beaming into account, 
however, the luminosity of GRB990123 
was still an impressive 1043 watts.

GRB-Supernova Connection
one of the most interesting discov-
eries has been the connection between 
GRBs and supernovae. When  telescopes 
went to look at GRB 980425, they also 

found a supernova, called SN1998bw, 
that had exploded at approximately the 
same time as the burst. The probability 
of a chance coincidence was one in 
10,000. A fi rmer case is the association 
of GRB030329 with SN2003dh. This 
GRB was localized by NASA’s second 
High Energy Transient Explorer satel-
lite (HETE-2), launched in October 
2000. Ground-based observations re-
vealed the broad spectroscopic features 
of a supernova, basically identical to 
those of SN1998bw, 10 days after the 
GRB. The best case by far is GRB060218, 
which is tied quite nicely to SN2006aj. 
This GRB was discovered by NASA’s 
Swift satellite, launched in November 
2004. Ground-based telescopes were 
intensely scrutinizing the fading after-
glow when the supernova appeared, 
three days after the GRB.

Of the three cases mentioned above, 
GRB030329 comes closest to being a 
normal long GRB; GRB980425 and 
GRB060218 are unusual in that they 
are underluminous, of long duration 
and predominantly x-ray events. Also, 
these two bursts occurred in, by GRB 

standards, relatively nearby galaxies. 
The two have long spectral lags, mean-
ing that the high- and low-energy gam-
ma-ray pulses arrive several seconds 
apart. These bursts may be best de-
scribed as “x-ray fl ashes,” which will 
be explained later.

In addition to GRB030329, there is 
strong evidence that other normal long 
GRBs are associated with supernovae. 
GRB970228 was the fi rst BeppoSAX 
GRB for which an optical afterglow was 
discovered. At 30 days after the burst, a 
bump in its optical light curve appeared 
that looked a lot like a supernova.

A link between GRBs and superno-
vae has also been suggested by the de-
tection of metals, most notably iron, in 
the x-ray spectra of several bursts. Iron 
atoms are known to be synthesized and 
dumped into interstellar space by su-
pernovae explosions. If these atoms are 
stripped of their electrons and later 
hook up with them again, they give off 
light at distinctive wavelengths, re-
ferred to as emission lines. Early detec-
tions of such lines by BeppoSAX and 
the Japanese x-ray satellite ASCA have 

The brightest gamma-ray burst 
yet recorded went off on 
January 23, 1999. Telescopes 
tracked its brightness in gamma 
rays (blue in graph), x-rays 
(green), visible light (orange) and 
radio waves (red). At one point, 
the rate of dimming changed 
abruptly—a telltale sign that the 
radiation was coming from 
narrow jets of high-speed 
material. About two weeks into 
the burst, after the visible light 
had dimmed by a factor of four 
million, the Hubble Space 
Telescope took a picture and 
found a severely distorted 
galaxy. Such galaxies typically 
have high rates of star 
formation. If bursts are the 
explosions of young stars, they 
should occur in just such a place.

Gamma rays

Robotic-telescope measurement
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been followed up with more solid mea-
surements. Notably, NASA’s Chandra 
X-ray Observatory detected iron lines 
in GRB991216, which yielded a direct 
distance measurement of the GRB. The 
fi gure agreed with the estimated dis-
tance of the burst’s host galaxy. And in 
the shell of gas around GRB011211, 
the European Space Agency’s X-ray 
Multi-Mirror Satellite found evidence 

of emission lines from silicon, sulfur, 
argon and other elements commonly 
released by supernovae.

A connection between GRBs and 
supernovae is now generally accepted 
by astronomers. Because GRBs are 
much rarer than supernovae—every 
day a couple of GRBs go off somewhere 
in the universe, as opposed to hundreds 
of thousands of supernovae—not every 
supernova can be associated with a 
burst. Perhaps jetting inside a super-
nova is common, and, in some small 
fraction of cases, relativistic jets escape 
from the supernova, and, in some small 
fraction of those cases, one of the jets is 
directed toward us, which allows us to 
observe a GRB. Also, if the jet is point-
ed just slightly away from us, then we 
may observe a lower-energy event, with 
more x-rays than gamma rays.

Great Balls of Fire
ev en leav ing aside the question 
of how the energy in GRBs might be 
generated, their sheer brilliance poses a 
paradox. Rapid brightness variations 
suggest that the emission originates in a 
small region: a luminosity of 1019 suns 
comes from a volume the size of one sun. 
With so much radiation emanating from 
such a compact space, the photons must 
be so densely packed that they should 
interact and prevent one another from 
escaping. The situation is like a crowd 
of people who are running for the exit 
in such a panic that that nobody can get 
out. But if the gamma rays are unable to 
escape, how can we be seeing GRBs?

The resolution of this conundrum, 
developed over the past 10 years, is that 
the gammas are not emitted immedi-
ately. Instead the initial energy release of 
the explosion is stored in the kinetic en-
ergy of a shell of particles—a fi reball—
moving at close to the speed of light. 
The particles include electrons and their 
antimatter counterpart, positrons. This 
fi reball expands to a diameter of 10 bil-
lion to 100 billion kilometers, by which 
point the density has dropped enough 
for the gamma rays to escape unhin-
dered. The fi reball then converts some 
of its kinetic energy into electromag-
netic radiation, yielding a GRB.

The initial gamma-ray emission is 
most likely the result of internal shock 
waves within the expanding fireball. 
Those shocks are set up when faster 
blobs in the expanding material over-
take slower blobs. Because the fi reball 
is expanding so close to the speed of 
light, the timescale witnessed by an ex-
ternal observer in the path of the fi re-
ball is vastly compressed, according to 
the principles of relativity. So the ob-
server in the path of the fi reball sees a 
burst of gamma rays that lasts only a 
few seconds, even if it took a day to pro-
duce. The fi reball continues to expand, 
and eventually it encounters and sweeps 
up surrounding gas. Another shock 
wave forms, this time at the boundary 
between the fi reball and the external 
medium, and persists as the fireball 
slows down. This external shock nicely 
accounts for the GRB afterglow emis-
sion and the gradual degradation of this 
emission from gamma rays to x-rays to 
visible light and, fi nally, to radio waves.

Although the fi reball can transform 
the explosive energy into the observed 
radiation, what generates the energy to 
begin with? That is a separate problem, 
and astronomers have yet to reach a 
consensus. One family of models, re-
ferred to as hypernovae or collapsars, 
involves stars born with masses greater 
than about 20 to 30 times that of our 
sun. Simulations show that the central 
core of such a star eventually collapses 
to form a rapidly rotating black hole 
encircled by a disk of leftover material.

A second family of models invokes 
binary systems that consist of two com-
pact objects, such as a pair of neutron 
stars (which are ultradense stellar 
corpses) or a neutron star paired with a 
black hole. Such a system loses orbital 
energy as a result of the emission of 
gravitational radiation, and so the two 
objects spiral toward each other and 
merge into one. Just as in the collapsar 
scenario, the result is the formation of a 
single black hole surrounded by a disk.

Many celestial phenomena involve a 
hole-disk combination. What distin-
guishes this particular type of system is 
the sheer mass of the disk (which allows 
for a gargantuan release of energy) and JU
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 2As the jet slows, the beams 
widen, so fewer of them bypass 

the observer. More of the jet 
comes into view.

 3Eventually beams from 
the edges reach the observer. 

The entire jet is now visible. 
Data reveal this transition.

Central engine

Jet

Observer

Beam Lines

 1Moving at close to the speed 
of light, the jet emits light in 

narrow beams. Some beams bypass 
the observer.

Light beam

Relativity plays tricks on observers’ 
view of jets from gamma-ray bursts. 
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the lack of a companion star to resupply 
the disk (which means that the energy 
release is, more or less, a one-shot event). 
The black hole and disk have two large 
reservoirs of energy: the gravitational 
energy of the disk and the rotational en-
ergy of the hole. Exactly how these are 
converted into a fi reball is not fully un-
derstood. It is possible that a magnetic 
field, 1015 times more intense than 
Earth’s magnetic fi eld, builds up during 
the formation of the disk. In so doing, it 
heats the disk to such high temperatures 
that it unleashes a fi reball of photons, 
neutrinos and plasma. The fi reball is 
funneled into a pair of narrow jets that 
fl ow out along the rotational axis.

In addition to collapsar and com-
pact-object merger models, it should be 

noted that there are other models for 
the central engine of a GRB. One in-
volves the extraction of energy from an 
electrically charged black hole. In this 
scenario, both the prompt and afterglow 
GRB emissions are a result of the fi reball 
sweeping up the external medium.

There is quite a bit of evidence to sup-
port the hypothesis that collapsars ac-
count for the long GRBs. In particular, 
the association of long GRBs with super-
novae is a point in favor of collapsars, 
which, after all, are essentially large su-
pernovae. Furthermore, long GRBs are 
usually found just where collapsars 
would be expected to occur—namely, in 
areas of recent star formation within 
galaxies. A massive star blows up fairly 
soon (a few million years) after it is born, 

so its deathbed is close to its birthplace.
The evidence is growing that com-

pact-star coalescence accounts for the 
short-duration GRBs. This mechanism 
is not expected to produce a supernova, 
and, indeed, an association between 
short GRBs and supernovae has not 
been found. Also, the decay of the orbit 
of a pair of compact stars is a process 
that occurs on a range of timescales, 
from tens of millions to billions of 
years. In the former case, the merger 
will occur close to where the stars in the 
compact pair were born. In the latter 
case, the pair will drift around its host 
galaxy, and so the fi nal coalescence is 
unlikely to have an association with 
any star-forming region. Such a mixed 
association of short GRBs with star 

Formation of a gamma-ray burst could begin 
either with the merger of two neutron stars or 
with the collapse of a massive star. Both these 
events create a black hole with a disk of material 
around it. The hole-disk system, in turn, pumps 
out a jet of material at close to the speed of light. 
Shock waves within this material give off radiation.

Merger scenario

Hypernova scenario
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formation is exactly what was found 
after Swift and HETE-2 discovered 
and localized the x-ray afterglows of 
several short bursts in 2005.

We still do not completely under-
stand the differences between long and 
short GRBs. For example, the recent 
burst GRB060614 was a bright, well-
observed, nearby event that does not fi t 
cleanly into either category.

All these fi ndings have shown that 
the fi eld has the potential for answering 
some of the most fundamental ques-
tions in astronomy: How do stars end 
their lives? How and where are black 
holes formed? What is the nature of jet 
outfl ows from collapsed objects?

Blasts from the Past
on e ou tsta n di ng question con-
cerns the dark, or “ghost,” GRBs. Of 
the roughly 200 GRBs that have been 
localized and studied at wavelengths 
other than gamma rays, about 90 per-
cent have been seen in x-rays. In con-
trast, only about 50 percent have been 

seen in visible light. Why do some bursts 
fail to shine in visible light? 

There are several effects that can 
make a burst dark. One explanation is 
that these GRBs lie in regions of star 
formation, which tend to be fi lled with 
dust. Dust blocks visible light but not 
x-rays. Another intriguing possibility is 
that some of the ghosts are GRBs that 
happen to be very far away. The rele-
vant wavelengths of light produced by 
these bursts would be absorbed by in-
tergalactic gas. To test this hypothesis, 
measurement of the distance via x-ray 
or infrared spectra will be crucial. A 

third possibility is that ghosts are opti-
cally faint by nature.

High-sensitivity optical and radio 
investigations have identifi ed the prob-
able host galaxies of some dark GRBs. 
Most of them are at moderate distances, 
favoring—for these events—the dust 
explanation. But one of them, pin-
pointed by Swift, is at high redshift in 
the dark universe region.

Another mystery concerns a class of 
events known as the x-ray-rich GRBs, 
or simply the x-ray fl ashes. Discovered 
by BeppoSAX, later confirmed by 
HETE-2 observation and reanalysis of 
BATSE data, and currently observed by 
Swift, these bursts represent 20 to 30 
percent of GRBs. They give off more x-
radiation than gamma radiation; in-
deed, extreme cases exhibit no detect-
able gamma radiation at all.

There are three possible explana-
tions for the x-ray fl ashes. One is that 
the fi reball is loaded with a relatively 
large amount of baryonic matter such 
as protons, making for a “dirty fi re-
ball.” These particles increase the iner-
tia of the fi reball, so that it moves more 
slowly and is less able to boost photons 
into the gamma-ray range. Alternative-
ly, the x-ray fl ashes could be typical 
GRBs with jets that are pointing just 
out of our view, so that only the less 
collimated and less energetic x-rays 
reach us. A third possibility is that at 
least one of the x-ray fl ashes appears to 
be associated with a less extreme super-
nova explosion than is usual for normal 
long GRBs. There is speculation that, 
in this case, a neutron star, not a black 
hole, was formed in the supernova.

The next step for GRB astronomy is 
to accumulate observations of hundreds 
of bursts of all varieties to fl esh out the 

Stars spend most of their lives in the relatively unexciting main-sequence 
evolutionary phase, during which they casually convert hydrogen into helium in 
their cores via nuclear fusion. Our sun is in this phase. According to basic stellar 
theory, stars more massive than the sun shine more brightly and burn their fuel 
more quickly. A star 20 times as massive as the sun can keep going for only a 
thousandth as long.

As the hydrogen in the core of a star runs out, the core contracts, heats up 
and starts to fuse heavier elements, such as helium, oxygen and carbon. The 
star thus evolves into a giant and then, if suffi ciently massive, a supergiant 
star. If the initial mass of the star is at least eight times that of the sun, the star 
successively fuses heavier and heavier elements in its interior until it produces 
iron. Iron fusion does not release energy—on the contrary, it uses up energy. So 
the star suddenly fi nds itself without any useful fuel.

The result is a sudden and catastrophic collapse. The core is thought to turn 
into a neutron star, a stellar corpse that packs at least 40 percent more mass 
than the sun into a ball with a radius of only 10 kilometers. The remainder of 
the star is violently ejected into space in a powerful supernova explosion.

There is a limit to how massive a neutron star can be—namely, two to three 
times as massive as the sun. If it is any heavier, theory predicts it will collapse 
into a black hole. It can be pushed over the line if enough matter falls onto it. 
It is also possible that a black hole can be formed directly during the collapse. 
Stars born with masses exceeding roughly 20 solar masses may be destined to 
become black holes. The creation of these holes provides a natural explanation 
for gamma-ray bursts.  —N.G., L.P. and P.J.T.L.

The Destinies of Massive Stars

NEIL GEHRELS, LUIGI PIRO and PETER J. T. LEONARD bring both observation and theory 
to the study of gamma-ray bursts. Gehrels and Piro are primarily observers—they were 
the lead scientists, respectively, of the Compton Gamma Ray Observatory and the Bep-
poSAX satellite. Leonard is a theorist, and like most theorists, he used to think it un-
likely that the bursts were bright enough to be seen across the vastness of intergalac-
tic space. “I have to admit that the GRBs really had me fooled,” he says. Gehrels is chief 
of the Astroparticle Physics Laboratory at the NASA Goddard Space Flight Center and 
lead scientist of the Swift satellite. Piro is director of research at the Institute of Space 
Astrophysics and Cosmic Physics of the INAF (National Institute of Astrophysics) in 
Rome. Leonard works for ADNET Systems, in support of missions at Goddard.
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data on burst, afterglow and host-gal-
axy characteristics. This effort is being 
spearheaded by the Swift satellite, 
thanks to its multiwavelength capabili-
ties and its ability to quickly and auton-
omously reorient itself to better observe 
a burst with its high-resolution instru-
ments. Swift’s sensitivity to short-dura-
tion bursts has been a major factor in 
understanding this poorly studied class.

Another goal is to probe extreme 
gamma-ray energies. GRB940217, for 
example, emitted high-energy gamma 
rays for more than an hour after the 
burst, as observed by the Energetic 
Gamma Ray Experiment Telescope on 
the Compton Gamma Ray Observato-
ry. Astronomers do not understand 
how such extensive and energetic after-
glows can be produced. The Italian 
Space Agency’s AGILE satellite, ex-
pected to launch in 2007, will observe 
GRBs at these high energies. The super-
sensitive Gamma-Ray Large Area 
Space Telescope mission, also sched-
uled for launch in 2007, will be key for 
studying this puzzling phenomenon.

Other missions, though not de-
signed solely for GRB discovery, will 
also contribute. The International 
Gamma-Ray Astrophysics Laboratory, 
launched on October 17, 2002, is de-
tecting more than 10 GRBs a year. The 
proposed Energetic X-ray Imaging Sur-
vey Telescope will have a sensitive gam-
ma-ray instrument capable of detecting 
thousands of GRBs. The Explorer of 
Diffuse Emission and GRB Explosions 
(EDGE) is proposed to observe GRBs 
as cosmic beacons—to study the early 
stages of the universe and its evolution 
over time.

The fi eld has experienced a series of 
breakthrough years, with the discovery 
that GRBs are immense explosions oc-
curring throughout the universe. Bursts 
provide us with an exciting opportunity 
to study new regimes of physics and to 
learn what the universe was like at the 
earliest epochs of star formation. Space- 
and ground-based observations over the 
coming years should allow us to uncov-
er the detailed nature of these most re-
markable beasts. Astronomers can no 
longer talk of bursts as utter mysteries, 
but that does not mean the puzzle is 
completely solved.  

Burst Class
(subclass)

Percentage 
of All Bursts

Typical 
Duration 
of Initial  
Emission 
(seconds)

Initial 
Gamma- 
Ray 
Emission

Afterglow 
X-ray 
Emission

Afterglow 
Visible 
Emission

Hypothetical 
Central Engine

Explanation 
for Peculiar 
Properties

Long (normal) 25 20 Y Y Y Energetic 
explosion of 
massive star

Not applicable

Long 
(ghosts or 
dark)

30 20 Y Y N Energetic 
explosion of 
massive star

Extremely 
distant, 
obscured 
by dust, or 
intrinsically faint

Long 
(x-ray-rich or 
x-ray fl ashes)

25 30 N Y Y Energetic 
explosion of 
massive star

Jet weighed 
down by extra 
particles, 
misaligned jet, 
or neutron star 
formed instead 
of black hole

Short 20 0.3 Y Y Y Merger of pair of 
compact objects

Does not 
occur in a star-
forming region, 
so ambient gas 
is less dense 
and external 
shocks are 
weaker

Classes of Gamma-Ray Bursts

M O R E  T O  E X P L O R E
Observation of X-ray Lines from a Gamma-Ray Burst (GRB991216): Evidence of Moving 
Ejecta from the Progenitor. Luigi Piro et al. in Science, Vol. 290, pages 955–958; November 3, 
2000. Available online at arxiv.org/abs/astro-ph/0011337

Flash! The Hunt for the Biggest Explosions in the Universe. Govert Schilling. Cambridge 
University Press, 2002. 
A Short Gamma-Ray Burst Apparently Associated with an Elliptical Galaxy at Redshift 
z = 0.225. Neil Gehrels et al. in Nature, Vol. 437, pages 851–854; October 6, 2005.

The Association of GRB 060218 with a Supernova and the Evolution of the Shock Wave. 
Sergio Campana et al. in Nature, Vol. 442, pages 1008–1010; August 31, 2006.

The Supernova–Gamma-Ray-Burst Connection. Stan Woosley and Josh Bloom in Annual 
Reviews of Astronomy and Astrophysics, Vol. 44, pages 507–556; 2006.
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the galactic
ODD 
COUPLE

Why do giant black holes and stellar 
baby booms, two phenomena with 

little in common, so often go together?

By Kimberly Weaver
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 Black holes have a bad reputation. In many ways, it is deserved. They are 
the most effi cient engines of destruction known to humanity. Their 
intense gravity is a one-way ticket to oblivion for anything that strays 

too close; inside them is undiscovered country from whose bourn no traveler 
returns. We see them only because the victims do not go quietly to their doom. 
Material spiraling into a black hole can heat up to millions of degrees and 
glow brightly. Some of its kinetic energy and momentum may be transferred 
to a jet of particles fl owing outward at close to the speed of light. Black holes 
of various sizes take the rap for fusillades of radiation and plasma that as-
tronomers observe all over the cosmos.

Yet black holes are not all-powerful. Even those found at the centers of 
many galaxies, supermassive black holes—whose very name connotes a vora-
cious monster that rules its galactic roost—are minuscule by cosmic stan-
dards. They typically count for less than a percent of their galaxy’s mass, and 

 S C I E N T I F I C  A M E R I C A N  R E P O R T S 43
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WRETCHED GALAXY NGC 3079 is among 

those wracked by both of the two most 

powerful phenomena in the universe: an 

outburst of star formation and an actively 

feeding supermassive black hole. As a 

result, a cone-shaped bubble of hot gas is 

bursting out of the center of the galaxy at 

nearly 1,000 kilometers a second. This 

image combines Hubble Space Telescope 

visible-light data (red and green) and 

Chandra X-ray Observatory data (blue). 

7,500 light-years
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their gravity is highly concentrated. Accordingly, astrono-
mers long assumed that supermassive holes, let alone their 
smaller cousins, would have little effect beyond their imme-
diate neighborhoods. Star formation farther out in the galaxy 
was thought to march to the beat of a different drummer.

So it has come as a surprise over the past decade that black 
hole activity and star formation are closely intertwined. In 
many galaxies where black holes devour material greedily—

generating a phenomenon that astronomers call an active 
galactic nucleus (AGN)—stars form at a precipitous rate in 
episodes known as starbursts. How can these two seemingly 
disconnected processes be so intimately related?

Today the AGN-starburst connection is a revolutionary 
area of research. Beautiful Hubble Space Telescope images 
are allowing astronomers to pick apart the complex events at 
the hearts of galaxies, the Chandra X-ray Observatory is 
peering into places hidden to Hubble, and theorists are trying 
to make sense of it all. This research bears on some of the 
most basic questions in astronomy: How did the dark early 
universe come to light up with billions of stars? Did super-
massive black holes need a helping hand to grow to be so big? 
Could they be agents of creation as well as destruction?

Galaxies on Steroids
bot h ac t i v e ga l ac t ic n ucl e i  and starbursts are 
among the most spectacular phenomena in the universe. An 
AGN is a luminous and compact source of light at the center 
of a galaxy. Quasars are the most extreme example. Pumping 
out as much power as a billion to a trillion suns, AGNs can 
outshine the rest of their host galaxies. The supermassive 
black holes that are thought to power them pack a million to 
a billion times the sun’s mass inside a region smaller than 
1,000 times the sun’s diameter. Like a falling rock, material 
spiraling toward the hole picks up speed and releases energy 

as it collides with other material. In so doing, it gives off ra-
diation at all wavelengths: radio, infrared, optical, ultravio-
let, x-ray, gamma-ray.

Starburst galaxies rival the brilliance of AGNs. They are 
places where gas condenses into stars at a rate equivalent to 
producing up to 1,000 suns a year—1,000 times faster than 
stars currently form in our own galaxy. Some starbursts are 
confi ned to comparatively small regions, only hundreds of 
light-years across, located near the center of a galaxy; others 
occur on much larger scales, sometimes tens of thousands 
of light-years across. Starbursts often take place in galaxies 
that are going through, or have recently undergone, a close 
encoun ter or merger with a neighboring galaxy. The tidal 
forces between the two galaxies disrupt gas and cause it to 
fall inward, greatly accelerating the normal process by which 
interstellar clouds collapse and form stars. A starburst typi-
cally lasts about 10 million years before running out of gas 
(literally).

Like AGNs, starburst galaxies shine at a wide range of 
wavelengths. Much of their power output is simply the light 
of the stars that have been formed. Starbursts tend to be es-
pecially bright sources of infrared radiation, which is pro-
duced when interstellar dust absorbs and reradiates starlight. 
Starbursts also produce a lot of x-rays, which pour forth from 
massive stars, especially as they die. A massive star goes out 
with a bang: a supernova explosion, which generates x-rays 
directly, scatters hot x-ray-emitting debris, and leaves behind 
a neutron star or a smallish black hole, capable of cannibal-
izing a companion star and spewing x-rays. The surrounding 
interstellar gas, heated by all the stellar activity, gives off x-
rays, too.

The idea that AGNs are somehow linked to starbursts was 
not sparked by a single earthshaking discovery but has evolved 
slowly. It goes back to a time when astronomers were still 
debating what powered AGNs. Although today nearly all at-
tribute AGNs to supermassive black holes, the situation was 
not so clear as recently as 20 years ago. Researchers, including 
Roberto Terlevich of the University of Cambridge and Jorge 
Melnick of the European Southern Observatory, argued that 
AGNs were a type of starburst. To the telescopes of the day, a 
tight knot of young stars and supernova debris would look just 
like a supermassive black hole.

The Case for a Connection
the not ion fell from favor only in the late 1980s, 
as higher-resolution telescopes operating at multiple wave-
lengths began to reveal just how compact AGNs are: at most 
a few light-years across and probably a matter of light-minutes 
across, far too small to encompass a starburst. Even if an entire 
cluster of stars could fi t into such a small space, the stars would 
rapidly merge together and collapse into a black hole anyway. 
In addition, AGNs tend to be accompanied by fast-moving jets 
of material—as a black hole, but not a starburst, would natu-
rally produce.

Although AGNs and starbursts proved to be distinct phe-

Overview
AGNs and Starbursts

■   The two most powerful phenomena in galaxies are active 
galactic nuclei (AGNs) and starbursts. The former are  
intense, concentrated sources of light—probably matter 
falling into a supermassive black hole. (Quasars are the 
best-known example.) Starbursts are galactic fi reworks 
shows during which stars form at a frenetic pace.

■   Astronomers used to think that AGNs and starbursts, 
which are often separated by vast distances, had 
nothing to do with each other. But they have found that 
the two phenomena tend to occur hand in hand.

■   Does an AGN cause the starburst? Or vice versa? Or 
are they both caused by some underlying process? 
The answer will be crucial to understanding the 
evolution of galaxies.
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nomena, these discussions primed astronomers to accept that 
they might be related in some way. Several pillars of observa-
tional evidence now point to just such a relation. The fi ndings 
come in a bewildering variety, suggesting that the connection 
has had a pervasive effect on the universe.

The fi rst piece of evidence is the most direct. Telescopes 
have seen AGNs alongside starbursts in nearby galaxies. 
These observations have been tricky to make because galactic 
cores are fi lled with gas and dust, obstructing our view. This 
is where x-ray astronomy comes in. X-rays can penetrate 
dense gas. Even though current x-ray telescopes lack the resolu-
tion of Hubble, they often produce clearer pictures of the dusty 
centers of galaxies.

A second line of evidence comes from a survey of nearly 
23,000 AGNs by Timothy Heckman of Johns Hopkins Uni-
versity and his colleagues. Rather than scrutinizing images 
of all those galaxies, the researchers inferred the presence of 
AGNs or starbursts from the strength of particular spectral 
lines, taking highly ionized oxygen as a sign of an AGN and 
strong hydrogen absorption as indicative of a starburst. The 
main conclusion was that galaxies with powerful AGNs had 
many more young stars than did similar galaxies without 
AGNs. The more powerful the AGN, the more likely it was 
that the galaxy had experienced a major starburst not long 

ago. In short, this study verifi ed that the AGN-starburst con-
nection is not merely anecdotal.

Third, AGN galaxies are not the only ones to be blessed 
with supermassive black holes. Astronomers have detected 
them at the centers of inactive galaxies as well. It seems that 
giant holes are everywhere. Most of the time they lie dormant 
and invisible; they produce AGNs only when material falls 
into them at a large and sustained rate. John Kormendy of the 
University of Texas at Austin, Douglas O. Richstone of the 
University of Michigan at Ann Arbor and others have dem-
onstrated a correlation between the mass of these holes and 
the total mass of stars in the galactic centers: the black hole 
mass is about 0.1 percent of the stellar mass. The same cor-
relation applies to most (though not all) AGN galaxies. Some 
process, therefore, has linked central black holes to star for-
mation. Lingering discrepancies show that researchers do not 
fully understand the link.

An AGN-starburst connection might even lurk a mere 
24,000 light-years away—at the core of our own galaxy. Rap-
id motions of stars and gas around the galaxy’s center betray 
the presence of a concentrated mass equal to that of 2.6 mil-
lion suns. The radio and x-ray emission from this location 
indicates that the mass is a supermassive black hole—not a 
truly active hole but one that does feed occasionally. Some 

Accretion 
disk

Jet

0.1 light-year

Starburst 
region

Galactic disk

Supermassive 
black hole

A typical spiral galaxy contains 100 billion stars, most in a 
fl attened disk. Toward the center is a bulge of stars, and at the 
very center is usually a supermassive black hole. If the hole 
is actively feeding, infalling matter forms an accretion disk or 

is shot back out as a jet. If the galaxy is undergoing a starburst, 
loose gas turns into stars at a high rate. For years, astronomers 
thought that the hole and the starburst were unrelated. 
They were wrong.
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have hypothesized that it operates like a mini AGN, slurping 
up surrounding material at one ten-millionth the rate of a true 
AGN. Although it is not currently accompanied by a starburst, 
bright clusters of stars do reside nearby. They could be left 
over from a burst of star formation several million years ago.

Two other forms of evidence come from looking back in 
time. Observers have noticed that AGNs and star formation 
were even more closely related when the universe was a tenth 
of its current age. Back then, two types of galaxies were more 
com mon: ultraluminous infrared galaxies (called ULIRGs) 
and radio galaxies, which appear to be galaxies either in an 
early stage of formation or in the process of a galaxy merger. 
Their cores contain huge amounts—billions of solar masses—

of cold, dense gas. And they host both AGNs and intense 
starbursts. The other historical approach concerns distant 
and luminous AGNs—specifi cally, quasars. They frequently 
live in messy galaxies, whose distorted shapes and unusual 
colors suggest that they are merging and forming stars at a 
high rate.

A fi nal line of evidence derives from the x-ray background 
radiation, a lesser-known cousin of the cosmic microwave 
background radiation. Studies of the background have 
 unveiled a population of AGNs hidden from optical tele-
scopes. This obscuration has a natural explanation: the 
AGNs were accompanied by starbursts, which choked the 
galaxies with dust.

Chicken or Egg?
t he agn-sta r burst con n ec t ion could have come 
about in four broad ways: the starburst and AGN are one and 
the same; some third process caused both the AGN and the 
starburst; the AGN caused the starburst; or the starburst 
caused the AGN.

The fi rst scenario is a limited version of the older idea that 
AGNs are simply a type of starburst. Although that idea proved 
to be wrong for most AGNs, it might work for some of them. 
Weak AGNs could conceivably be produced by  extreme  stellar 
activity rather than a supermassive hole. The activity would 
occur in such a small region that telescopes might mistake it 
for a hole. The jury is still out on this possibility.

The second scenario is that the “connection” is merely 
coincidence. The same processes could set the stage for both 
starbursts and AGNs. For instance, a galaxy merger could 
shove gas toward the center of the newly formed entity, induc-
ing a starburst and, by providing fuel for a hole, triggering an 
AGN. Interestingly, theory predicts that the time it takes for 
a black hole to grow to supermassive proportions (about 10 
million years) is similar to the typical lifetime of a starburst, 
which is also similar to the time it takes for two galaxies to 
merge together.

Most researchers, however, have gravitated to the remain-
ing two scenarios, in which AGNs and starbursts are causally 
related. The third scenario posits that an existing supermas- D
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1   Starburst Mimics a Hole

To a telescope with insuffi cient resolution, 
a compact starburst looks like an active black hole.

2    Starburst and Hole Have 
a Common Source of Fuel

. . .  tidal forces thrust gas inward . . .

As two galaxies approach each other . . .   

. . .   where it feeds the hole 
and forms stars.

Inactive 
black hole

Star-forming 
region

Four Ways to Relate Black Holes and Starbursts
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sive black hole, contrary to expectation, exerts a strong infl u-
ence on its host galaxy. Perhaps the hole pulls material toward 
the galactic center, enabling star formation. Françoise Combes 
of the Astronomical Observatory of Paris has championed this 
model. She argues that once a hole is in place, gas naturally 
fl ows into the galaxy core, fueling an AGN. As gas collects, it 
serves as the raw material for a starburst. The theory is quite 
plausible: many nearby galaxies that host AGNs also contain 
dusty structures within their cores, which could be material 
drawn in from outside. On the other hand, not all these struc-
tures have the theoretically predicted shape.

Instead of resulting from an infl ow of material into the 
hole, a starburst might be set off by an outfl ow of energy from 
the hole. When the supermassive black hole starts to devour 
material and produce an AGN, shock waves and jets may 
rip through the galaxy. Gas piles up along shock fronts and 
condenses into stars. Chandra observations of the Centaurus 
A galaxy, where the star formation rate is extremely high, 
suggest that a massive AGN outburst occurred about 10 mil-
lion years ago. In the outskirts of the galaxy lies a ring of x-ray 
emission about 25,000 light-years across, which may have 
resulted from the shock waves of this explosion. The explo-
sion coincided with an episode of star formation, and the x-
ray ring overlaps with arcs of young stars.

The black-hole-comes-first scenario has interesting 
implications. Black holes, rather than stars, may have been the 

first beacons in the utter blackness of the early universe. 
Moreover, some astronomers have suggested that the sun was 
born during a starburst. If this event was triggered by an AGN 
in the Milky Way, we may owe our existence to a black hole.

Digging a Hole
t h e sta r bu rst- com es-f irst scenario, though, has 
the most theoretical and empirical support. The connection 
can result naturally from normal stellar evolution. A starburst 
creates dense clusters of stars, within which stellar collisions 
are common. Massive stars in the cluster quickly die and be-
come neutron stars or stellar-mass black holes, and these bod-
ies agglomerate together. Over tens of millions to hundreds 
of millions of years, they build up a more massive black hole.

Alternatively, a large black hole could arise from light-
weight stars similar to our sun, which do not normally turn 
into holes. In a dense cluster, these stars could undergo a run-
away process of mergers, in which the stars collide and form 

3   Hole Causes the Starburst 4   Starburst Causes the Hole

In a cluster of stars near the galactic center . . .

. . .   massive stars die and become black holes, 
which merge . . .

. . .   eventually becoming a single 
supermassive hole.

An actively feeding hole 
squirts out jets . . .

. . .   which slam into
ambient gas . . .

. . .   raising its pressure 
and causing it to 
collapse into stars.

Jet

Disk
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massive stars, which then join further into megastars a few 
hundred to a few thousand times as heavy as our sun. Those 
megastars then col lapse to form black holes of similar mass. 
This process would also take about 100 million years—much 
less than the lifetime of a galaxy and fast enough to account 
for the earliest quasars.

No matter how they are created, the black holes would 
tend to sink into the center of the galaxy. Several could merge 
to form a supermassive one. This idea has been bolstered by 
observations of the galaxy NGC 6240, in which a pair of 
supermassive black holes are circling each other, destined to 
merge [see illustration above]. Supermassive black holes can 

continue to grow by feasting on surrounding material. Even 
star clusters that form in distant reaches of a galaxy can 
contribute mass to the central hole. Those clusters slowly lose 
kinetic energy and angular momentum because of friction on 
a galactic scale, caused by dynamical and gravitational 
interactions with the rest of the galaxy. They spiral inward and 
eventually get torn apart by tidal forces. Over the course of 
billions of years, this process could inject into the central black 
hole a mass equivalent to tens of millions of suns. Disturbances 
of the galaxy disk, such as an interaction or merger, could 
likewise pour fuel into the black hole.

Middleweights
t h e sta r bu rst- com es-f irst model predicts an en-
tirely new population of black holes, intermediate between 
stellar-mass black holes and supermassive ones. Over the past 
13 years, circumstantial evidence for these midsize holes has 
emerged in the form of so-called ultraluminous x-ray sources. 
Found in several nearby galaxies, these sources emit 10 times 
to several hundred times as much x-ray power as neutron stars 
or stellar-mass black holes. They might be neutron stars whose 
light is beamed in our direction, making them appear abnor-
mally powerful. But evidence is accumulating that they are in 
fact black holes with a mass of up to several hundred times the 
mass of the sun.

In 2002 two teams of astronomers, one led by Roeland P. 
van der Marel of the Space Telescope Science Institute in Bal-
timore and the other by Michael Rich of the University of Cal-
ifornia, Los Angeles, found hints of intermediate-mass holes 
at the centers of two dense star clusters, M15 and M31-G1. 
Stars in these clusters are moving so quickly that it would take 
bodies of 2,000 and 20,000 solar masses, respectively, to con-
fi ne them. The “bodies” do not have to be large black holes—

they could be a batch of neutron stars or small black holes. But 
even if that is the case, those objects should eventually merge 
and produce a large black hole.

Tod Strohmayer and Richard Mushotzky of the NASA God-
dard Space Flight Center discovered that one of the ultralumi-
nous sources, located near the center of the starburst galaxy 
M82, fl ickers with a period of about 18 seconds. The fl ickering 
is too slow and irregular to come from the surface of a neutron 
star and too intense to come from material in orbit around such 
a star. If it comes instead from material in orbit around a black 
hole, the hole could have a mass of several thousand suns. In 
the spiral galaxy NGC 1313, Jon Miller, then at the Harvard-
Smithsonian Center for Astrophysics, and his colleagues found 
two ultraluminous x-ray sources that are cooler than stellar-
mass black holes. Theory predicts that the temperatures near 
black holes decrease as their mass increases, so the holes in 
NGC 1313 must be more massive than stellar-mass holes.

These candidate middleweight holes are not located at the 
centers of their host galaxies, so their relevance to the AGN-
starburst connection is not fi rmly established. But my studies 
of one nearby starburst galaxy, NGC 253, have provided 
some direct clues. Before 1995, astronomers believed that the 

DOUBLE TROUBLE: As its strange butterfl y shape suggests (top), 

NGC 6240 is not one galaxy but a pair of galaxies that recently 

merged. The system appears to have not one but two supermassive 

black holes, which show up as distinct sources of x-rays (blue circles 

on bottom image). Diffuse x-ray-emitting gas (red) is a sign of rapid 

star formation. NGC 6240 is a classic example of how holes, 

starbursts and galaxy mergers occur together.
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energetic x-rays from this galaxy originated in the hot gas as-
sociated with the starburst. In that year, I found hints of black 
holes in the x-ray spectrum. It was not until 2001, however, 
that my colleagues and I obtained an x-ray image of this gal-
axy with Chandra [see illustration above].

We found fi ve ultraluminous x-ray sources within the inner 
3,000 light-years of NGC 253. One of them, located exactly 
at the center of the galaxy, is about 100 times as bright as a 
neutron star or stellar-mass hole, suggesting that it has a mass 
equivalent to about 100 suns. It could be a black hole caught 
in the act of developing into a full-fl edged AGN. The sequence 
of events might go as follows: A starburst takes place near the 
center of the galaxy. The massive stars thus formed collapse 
and merge to form lightweight black holes, which then spiral 
to the galactic center and merge, forming the seed for a super-
massive hole. As the starburst winds down, the supermassive 
hole starts to power an AGN.

Studying how starburst activity affects the fueling and 
growth of a supermassive hole should offer insight into the 
birth of the most powerful of all AGNs, quasars. Astronomers 
have wondered why quasars in the early universe were much 
more powerful than present-day AGNs. The reason may be 
simply that the early universe had more frequent episodes of 
star formation, which triggered more intense AGNs.

To be sure, the situation may be more complicated than a 
straightforward triggering of one type of activity by the oth-
er. Galaxies could cycle between an AGN phase and a star-
burst phase. When the cycles overlapped, astronomers would 
see both phenomena together. AGNs and starbursts may even 
evolve in unison. Current observations are not able to tell 
whether the AGN comes fi rst, the starburst comes fi rst, or 

they both occur together. This fascinating question should be 
answered with the next generation of telescopes.

Observations with the Spitzer Space Telescope, launched 
by NASA in August 2003, will help illuminate the AGN-star-
burst connection in some early galaxies. By combining 
Spitzer’s infrared data with visible-light and x-ray data, sci-
entists will be able to determine whether AGNs or starbursts 
dominate the activity during galaxy formation, which could 
determine which came fi rst.

The AGN-starburst connection is perhaps the ultimate 
intergenerational link in the universe. Black holes represent 
the coalesced embers of bygone stars; starbursts represent the 
birth of vibrant young stars. It may have taken a partnership 
of the old and the new to shape galaxies, including ours. 

SMOKING GUN? The central region of galaxy NGC 253 (left) 

suggests that starbursts can build up supermassive black holes. 

Five x-ray sources (circles on right image) are brighter than stellar-

mass black holes but dimmer than supermassive ones. 

They could be medium-size black holes, an intermediate 

step in the process of creating big holes from mergers of dead 

stars. Fuzz in the x-ray image is gas associated with 

star formation.
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 M
illions of galaxies shine in the night sky, most 
made visible by the combined light of their bil-
lions of stars. In a few, however, a pointlike 

region in the central core dwarfs the brightness of the 
rest of the galaxy. The details of such galactic dynamos 
are too small to be resolved even with the Hubble Space 
Telescope. Fortunately, debris from these colossal ex-
plosions—in the form of hot gas glowing at tempera-
tures well in excess of a million degrees—sometimes 
appears outside the compact core, on scales that can be 
seen directly from Earth.

The patterns that this superheated material traces 
through the interstellar gas and dust surrounding the 
site of the explosion provide important clues to the na-
ture and history of the powerful forces at work inside 
the galactic nucleus. Astronomers can now determine 
what kind of engines drive these dynamos and the ef-
fects of their tremendous outpourings on the interga-
lactic medium.

Furthermore, because such cataclysms appear to 
have been taking place since early in the history of the 
universe, they have almost certainly affected the envi-
ronment in which our own Milky Way galaxy evolved. 
Understanding how such events take place today may 
illuminate the distribution of chemical elements that 
has proved crucial to formation of stars like the sun.

Astronomers have proposed two distinctly different 
mechanisms for galactic dynamos. The first was the 
brainchild of Martin J. Rees of the University of Cam-
bridge and Roger D. Blandford, now at Stanford Uni-
versity. During the early 1970s, the two sought to ex-
plain the prodigious luminosity—thousands of times 
that of the Milky Way—and the spectacular “radio jets” 
(highly focused streams of energetic material) that 
stretch over millions of light-years from the centers of 
some hyperactive young galaxies known as quasars. 
They suggested that an ultramassive black hole—not 
much larger than the sun but with perhaps a million C
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colossal
GALACTIC EXPLOSIONS
Enormous outpourings of gas from the centers of 
nearby galaxies may ultimately help explain both 
star formation and the intergalactic medium

By Sylvain Veilleux, Gerald Cecil and Joss Bland-Hawthorn



a b

c
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GALAXY M82 (outlined details in a and b), about 10 
million light-years away from Earth, is distinguished 
by an outpouring of incandescent gas from the area 
around its core (c). Astronomers have deduced that 
the upheaval is caused by the rapid formation of 
stars near the galactic nucleus. The resulting heat 
and radiation cause dust and gas from the galactic 
disk to rush into intergalactic space. The galaxy’s 
activity may have been triggered by interaction with 
its neighbor M81, which cannot be seen in the 
visible-light image (a) but is evident in the radio 
image of atomic hydrogen gas (b).
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times its mass—could power a quasar.
A black hole itself produces essen-

tially no light, but the disk of accreted 
matter spiraling in toward the hole 
heats up and radiates as its density in-
creases. The inner, hotter part of the 
disk produces ultraviolet and x-ray 
photons over a broad range of energies, 
a small fraction of which are absorbed 
by the surrounding gas and reemitted 
as discrete spectral lines of ultraviolet 
and visible light. In the years since Rees 
and Blandford proposed their model, 

astronomers have come to understand 
that similar black holes may be respon-
sible for the energy output of nearer ac-
tive galaxies.

As the disk heats up, gas in its vicin-
ity reaches temperatures of millions of 
degrees and expands outward from the 
galactic nucleus at high speed. This 
flow, an enormous cousin to the solar 
wind that streams away from the sun 

or other stars, can sweep up other in-
terstellar gases and expel them from 
the nucleus. The resulting luminous 
shock waves can span thousands of 
light-years—comparable to the visible 
sizes of the galaxies themselves—and 
can be studied from space or ground-
based observatories. Some of these gal-
axies also produce radio jets: thin 
streams of rapidly moving gas that emit 
radio waves as they traverse a magnetic 
field that may be anchored within the 
accretion disk.

Black holes are not the only engines 
that drive violent galactic events. Some 
galaxies apparently undergo short epi-
sodes of rapid star formation in their 
cores: so-called nuclear starbursts. The 
myriad new stars produce strong stellar 
winds and, as the stars age, a rash of 
supernovae. The fast-moving gas eject-
ed from the supernovae strikes the 
background interstellar dust and gas 

and heats it to millions of degrees.
The pressure of this hot gas forms a 

cavity, like a steam bubble in boiling 
water. As the bubble expands, cooler 
gas and dust accumulate in a dense 
shell at the edge of the bubble, slowing 
its expansion. The transition from free 
flow inside the bubble to near stasis at 
its boundary gives rise to a zone of tur-
bulence that is readily visible from 
Earth. If the energy injected into the 
cavity is large enough, the bubble 
bursts out of the galaxy’s gas disk and 

spews the shell’s fragments and hot gas 
into the galaxy halo or beyond, thou-
sands of light-years away from their 
origins.

Identifying the Engine
bo t h t h e  s ta r bu r s t  and the 
black hole explanations appear plau-
sible, but there are important differ-
ences between the two that may reveal 

Superbubble in Space

STARBURST, a sudden pulse of star formation, may be respon sible 

for the activity of NGC 3079 even though the galaxy has a black 

hole at its center. In these images taken by the Hubble Space 

Telescope, a close-up view (inset) of the area near the nucleus 

reveals the outlines of an enormous bubble, 3,500 light-years 

across, that has been blown into the interstellar medium by the 

heat of the stars forming at the galaxy’s center.
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Some galaxies undergo short episodes of 
rapid star formation in their cores.
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which one is at work in a given galaxy. 
A black hole can convert as much as 10 
percent of the infalling matter to ener-
gy. Starbursts, in contrast, rely on nu-
clear fusion, which can liberate only 0.1 
percent of the reacting mass. As a re-
sult, they require at least 100 times as 
much matter, most of which accumu-
lates as unburned fuel. Over the life-
time of a starburst-powered qua sar, the 
total mass accumulated in the nucleus 
of the galaxy could reach 100 billion 
times the mass of the sun, equivalent to 
the mass of all the stars in the Milky 
Way galaxy.

The more mass near the nucleus, the 
more rapidly the orbiting stars must 
move. Ground-based optical observa-
tions, which are limited by atmospher-
ic blurring, have not placed tight con-
straints on the concentration of mass in 
galactic centers. In 1995, however, ra-
dio telescopes discovered an accretion 
disk with an inner radius of half a light-
year spinning rapidly around a mass 20 
million times that of the sun at the cen-
ter of a nearby spiral gal axy called 
NGC 4258.

Several research groups have 
mapped the patterns of stellar motions 

across  galactic nuclei using an effi cient 
spectrograph installed on the Hubble 
telescope by astronauts in 1997. The 
early discovery that gas in the inner 
core of galaxy M87 is moving in a man-
ner consistent with a black hole accre-
tion disk demonstrated the promise of 
such techniques, and subsequent stud-
ies have pointed to the presence of black 
holes at the center of most massive 
 galaxies.

Starbursts and black holes also 
 differ in the spectra of the most ener-
getic photons they produce. Near a 
black hole, the combination of a strong 
magnetic field and a dense accretion 
disk creates a soup of very fast parti-
cles that collide with one another and 
with photons to generate x-rays and 
gamma rays. A starburst, in contrast, 
produces most of its high-energy radia-
tion from collisions between superno-
va ejecta and the surrounding galactic 
gas and dust. 

This impact heats gas to no more 
than about a billion degrees and so 
cannot produce any radiation more en-
ergetic than x-rays. The large num bers 
of gamma rays detected from some qua-
sars by the Compton Gamma Ray Ob-

servatory imply that black holes are at 
their centers.

A final difference between black 
holes and starbursts lies in the forces 
that focus the flow of outrushing gas. 
The magnetic field lines attached to the 
accretion disk around a black hole di-
rect outflowing matter along the rota-
tion axis of the disk in a thin jet. The 
material expelled by a starburst bubble, 
in contrast, simply follows the path of 
least resistance in the surrounding en-
vironment. A powerful starburst in a 
spiral galaxy will spew gas perpendicu-
lar to the plane of the galaxy’s disk of 
stars and gas, but the flow will be dis-
tributed inside an hourglass-shaped re-
gion with a wide opening. The narrow 
radio jets that extend millions of light-
years from the core of some active gal-
axies clearly suggest the presence of 
black holes.

All that we know about galaxies—

active or otherwise—comes from the 
radiation they emit. Our observations 
supply the data that astrophysicists can 
use to choose among competing theo-
ries. The three of us have concentrated 
on visible light, from which we can de-
termine the temperatures, pressures and 
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concentrations of different atoms in the 
gas agitated by galactic explosions. We 
compare the wavelength and relative 
intensities of emission lines from excit-
ed or ionized atoms with those mea-
sured in terrestrial labora tories or de-
rived from theoretical calculations.

Thanks to the Doppler shift, which 
changes the frequency and wavelength 
of light emitted by moving sources, this 
analysis also reveals how fast the gas is 
moving. Approaching gas emits light 
shifted toward the blue end of the spec-
trum, and receding gas emits light 
shifted toward the red end.

In the past, astronomers unraveled 

gas behavior by means of two comple-
mentary methods: emission-line imag-
ing and long-slit spectroscopy. The first 
produces images through a filter that 
selects light of a particular wavelength 
emitted by an element such as hydro-
gen. Such images often dramatically 
reveal the filamentary patterns of ex-
plosions, but they cannot tell observers 
anything about the speed or direction 
of the gases’ motions, because the filter 
does not discriminate finely enough to 
measure redshifts or blueshifts. Long-
slit spectrometers, which disperse light 
into its constituent colors, provide de-
tailed information about gas motions 
but only over a tiny region.

For a decade our group used an in-
strument that combines the advantages 
of these two methods without the main 
drawbacks. The Hawaii Imaging Fabry-

Perot Interferometer (HIFI) yields de-
tailed spectral information over a large 
field of view. Named after the turn-of-
the-19th-century French inventors 
Charles Fabry and Alfred Perot, such 
interferometers have found wide-rang-
ing applications in astronomy. At their 
heart are two glass plates that are kept 
perfectly parallel while separated by 
less than a twentieth of a millimeter. 
The inner surfaces of the plates are 
highly reflecting, so light passing 
through the plates is trapped into re-
peated reflec tions. Light of all but a 
specific wavelength—determined by 
the precise separation—is attenuated 

by destructive interference as the light 
waves bounce back and forth between 
the plates. By adjusting the separation 
between the plates, we can produce a 
series of images that are essentially a 
grid of spectra obtained by the interfer-
ometer at every position over the field 
of view.

The HIFI took its pictures atop the 
4,200-meter dormant volcano Mauna 
Kea, using the 2.2-meter telescope 
owned by the University of Hawaii and 
the 3.6-meter Canada-France-Hawaii 
instrument. The smooth airflow at the 
mountaintop produces sharp images. 
Charge-coupled devices, which are very 
stable and sensitive to faint light, col-
lect the photons. In a single night, this 
powerful combination generated 
 rec ords of up to a million spectra across 
the full extent of a galaxy.

We used the HIFI to explore NGC 
1068, an active spiral galaxy 46 million 
light-years away. As the nearest and 
brightest galaxy of this type visible 
from the Northern Hemi sphere, it has 
been studied extensively. At radio 
wavelengths, NGC 1068 looks like a 
miniature quasar: two jets extend 
about 900 light-years from the core, 
with more diffuse emission from re-
gions farther out. Most likely, emission 
from gaseous plasma moving at relativ-
istic speeds creates the radio jets, and 
the “radio lobes” arise where the plas-
ma encounters matter from the galactic 
disk. As might a supersonic aircraft, 

the leading edge of the northeast jet 
produces a V-shaped shock front.

The same regions also emit large 
amounts of visible and ultraviolet light. 
We have found, however, that only 10 
percent of the light comes from the nu-
cleus. Another 5 percent comes from gal-
axy-disk gas that has piled up on the ex-
panding edge of the northeast radio lobe. 
All the rest comes from two fans of high-
velocity gas moving outward from the 
center at high speeds. We have mapped 
gas moving in excess of 3,000  kilometers 
a second with the upgraded spectrome-
ter on the Hubble Space Telescope.

The gas flows outward in two coni-
cal regions; it is probably composed of 
dense filaments of matter that have 
been swept up by the hot wind from the 
accretion disk. The axis of the cones of 
outflowing wind is tilted above the 
plane of the galaxy but does not point 
toward the poles.

The effects of the activity within the 
nucleus reach out several thousand 
light-years, well beyond the radio lobes. 
The diffuse interstellar gas exhibits un-
usually high temperatures, and a large 
fraction of the atoms have lost one or 
more electrons and become ionized. At 
the same time, phenomena in the disk 
appear to influence the nucleus. Infra-

SYLVAIN VEILLEUX, GERALD CECIL and JOSS BLAND-HAWTHORN met while working at ob-
servatories in Hawaii and were drawn to collaborate by a shared interest in highly active 
galaxies. Veilleux, now professor of astronomy at the University of Maryland, received his 
Ph.D. from the University of California, Santa Cruz. Cecil, professor of astronomy and phys-
ics at the University of North Carolina at Chapel Hill, received his doctorate from the Uni-
versity of Hawaii. Aware of the rapidly approaching and premature transition of human-
ity’s energy use away from petroleum, he has in recent years spent more time on energy 
analysis than astrophysics. Bland-Hawthorn received his Ph.D. in astronomy and astro-
physics from the University of Sussex and the Royal Greenwich Observatory in England. 
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Sometimes a starburst appears to coexist 
with a black hole engine.
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red images reveal an elongated bar of 
stars that extends more than 3,000 
light-years from the nucleus. The HIFI 
velocity measurements suggest that the 
bar distorts the circular orbits of gas in 
the disk, funneling material toward the 
center of the galaxy. This inflow of ma-
terial may fuel the black hole.

Nearby Active Galaxies
a not h e r tremendous explosion is 
occurring in the core of one of our near-
est neighbor galaxies, M82, just a few 
million light-years away. In contrast to 
NGC 1068, this cataclysm  appears to 
be an archetypal starburst-driven event. 
Images exposed through a filter that 
passes the red light of forming hydro-
gen atoms reveal a web of filaments 
spraying outward along the galactic 
poles. Our spectral grids of emission 
from filaments perpen dicular to the ga-
lactic disk reveal two main masses of 

gas, one receding and the other ap-
proaching. The difference in velocity 
between the two increases as the gas 
moves outward from the core, reaching 
about 350 kilometers a second at a dis-
tance of 3,000 light-years. At a distance 
of 4,500 light-years from the core, the 
velocity separation diminishes.

The core of M82 is undergoing an 
intense burst of star formation, possi-
bly triggered by a recent orbital en-
counter with its neighbors M81 and 
NGC 3077. Its infrared luminosity is 
30 billion times the total luminosity of 
the sun, and radio astronomers have 
identified the remnants of large num-
bers of supernovae. The fil amentary 
web visible from Earth results from two 
elongated bubbles oriented roughly 
perpendicular to the disk of M82 and 
straddling the nucleus. X-ray observa-
tories in space have detected the hot 
wind that in flates these bubbles; their 

foamy appearance probably arises from 
instabilities in the hot gas as it cools. 

Ambiguous Activity
unfortunately, the identity of the 
principal source of energy in active gal-
axies is not always so obvious. Some-
times a starburst appears to coexist with 
a black hole engine. Like M82, many of 
these galaxies are abnormally bright at 
infrared wavelengths and rich in molec-
ular gas, the raw material of stars. Ra-
dio emission and visual spectra resem-
bling those of a quasar, how ever,  suggest 
that a black hole may also be present.

Such ambiguity plagues interpreta-
tions of the behavior of the nearby gal-
axy NGC 3079. This spiral galaxy ap-
pears almost edge-on from Earth—an 
excellent vantage point from which to 
study the gas expelled from the nucleus. 
Like galaxy M82, NGC 3079 is anoma-
lously bright in the infrared, and it also C
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Galactic Wind

OUTPOURING OF GAS rapidly becomes turbulent in this com-

puter simulation of an active starburst-driven galaxy. Tem-

perature maps (right) show how the hot gas emanating from 

the nucleus displaces the cooler galactic gas around it. 

The resulting shock fronts appear as sharp boundaries in maps 

of gas density (left). Time progresses from bottom (one million 

years old) to top (four million years old). Distances are shown in 

kiloparsecs, each equivalent to about 3,000 light-years.
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contains a massive disk of molecular 
gas spanning 8,000 light-years around 
its core. At the same time, the core is 
unusually bright at radio wavelengths, 
and the linear shape of radio-emitting 
regions near the core suggests a colli-
mated jet out flow. On a larger scale, the 
radio-emission pattern is complex and 
extends more than 6,500 light-years 
from either side of the galactic disk.

Images made in red hydrogen light 
show a nearly circular ring 3,600 light-
years across just east of the nucleus; 
 velocity measurements from the HIFI 
confirm that the ring marks the edge of 
a bubble as seen from the side. The 
 bubble resembles an egg with its pointed 
extremity balanced on the nucleus and 
its long axis aligned with the galactic 
pole. There is another bubble on the west 
side of the nucleus, but most of it is hid-
den behind the dusty galaxy disk.

Our spectral observations imply 
that the total energy of this violent 
outflow is probably comparable with 
that of the explosions in NGC 1068 or 
M82. The alignment of the bubble along 
the polar axis of the host galaxy implies 
that galactic dust and gas, rather than a 
central black hole, are collimating the 
out flow. Nevertheless, the evidence is 
fairly clear that NGC 3079 contains a 
massive black hole at its core.

COLOSSAL FORCES at work in the center of an active galaxy can make themselves felt half 

a million light-years or more away as jets of gas moving at relativistic speeds plow into the 

intergalactic medium and create enormous shock waves (1). Closer to the center of the 

galaxy (2, 3), a dense equatorial disk of dust and molecular gas feeds matter to the active 

nucleus while hot gas and radiation spill out along the poles. The high density of the 

infalling gas within a few dozen light-years of the center of the galaxy causes a burst of star 

formation (4). Even closer to the center (5), the disk, glowing at ultraviolet and x-ray 

wavelengths, tapers inward to feed what astronomers believe is a black hole containing 

millions of stellar masses—but it is still so small as to be invisible on this scale.
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Is the nuclear starburst solely re-
sponsible for such a gigantic explosion? 
We have tried to answer this question by 
analyzing the infrared radiation coming 
from the starburst area. Most of the ra-
diation from young stars embedded in 
molecular clouds is absorbed and reemit-
ted in the infrared, so the infrared lumi-
nosity of NGC 3079’s nucleus may be a 
good indicator of the rate at which su-
pernovae and stellar winds are injecting 
energy at the center of the galaxy. When 
we compare the predictions of the star-
burst model with our observations, we 
find that the stellar ejecta appears to 
have enough energy to inflate the bubble. 
Although the black hole presumed to ex-
ist in the core of NGC 3079 may con-
tribute to the outflow, there is no need to 
invoke it as an energy source. The same 
may be true for a prominent radio lobe 
above the center of our own Milky Way. 
We are combining radio, infrared and 
x-ray maps to learn its origin.

How Active Galaxies Form
a lt hough a st ronom e r s  now 
understand the basic principles of op-
eration of the engines that drive active 
galaxies, many details remain unclear. 
There is a vigorous debate about the na-
ture of the processes that ignite a star-
burst or form a central black hole. What 

is the conveyor belt that transports fuel 
down to the pointlike nucleus? Most 
likely, gravitational interactions with 
gas-rich galaxies redistribute gas in the 
host galaxy, perhaps by forming a stel-
lar bar such as the one in NGC 1068. 
Computer simulations appear to indi-
cate that the bar, once formed, may be 
quite stable. (Indeed, the bar must be 
stable, because NGC 1068 currently 
has no close companion.)

Researchers are also divided on 
which comes first, nuclear starburst or 
black hole. Perhaps the starburst is an 
early phase in the evolution of active gal-
axies, eventually fading to leave a dense 
cluster of stellar remnants that rapidly 
coalesce into a massive black hole.

The anomalous gas flows that we and 
others have studied are almost certainly 
only particularly prominent examples of 
widespread, but more subtle, processes 
that affect many more galaxies. Lumi-
nous infrared galaxies are common, and 
growing evidence is leading astronomers 
to believe that many of their cores are 

also the seats of explosions. These events 
may profoundly affect the formation of 
stars throughout the galactic neighbor-
hood. The bubble in NGC 3079, for in-
stance, is partially ruptured at the top 
and so probably leaks material into the 
outer galactic halo or even into the vast 
space between galaxies. Nuclear reac-
tions in the torrent of supernovae un-
leashed by the starburst enrich this hot 
wind in heavy chemical elements. As a 
result, the wind will not only heat its 
surroundings but also alter the environ-
ment’s chemical composition.

The full impact of this “cosmic bub-
ble bath” over the history of the  universe 
is difficult to assess accurately because 
we currently know very little of the state 
of more distant galaxies. Images of dis-
tant galaxies taken by the Hubble are 
clarifying some of these questions. In-
deed, as the light that left those galaxies 
billions of years ago reaches our instru-
ments, we may be watching an equiva-
lent of our own galactic prehistory un-
folding elsewhere in the universe. 
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COSMIC DOWNSIZING has occurred over the past 14 billion years 

as activity has shifted to smaller galaxies. In the fi rst half of the 

universe’s lifetime, giant galaxies gave birth to prodigious numbers 

of stars and supermassive black holes that powered brilliant quasars 

(left). In the second half, activity in the giant galaxies slowed, but star 

formation and black hole building continued in medium-size 

galaxies (center). In the future, the main sites of cosmic activity will 

be dwarf galaxies holding only a few million stars each (right).
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THE MIDLIFE CRISIS
of the cosmos
Although it is not as active as it used to be, 
the  universe is still forming stars and building 
black holes at an impressive pace 

By Amy J. Barger 
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 Until recently, most astronomers 
believed that the universe had 
entered a very boring middle 

age. According to this paradigm, the 
early history of the universe—that is, 
until about six billion years after the big 
bang—was an era of cosmic fi reworks: 
galaxies collided and merged, powerful 
black holes sucked in huge whirlpools 
of gas, and stars were born in unrivaled 
profusion. In the following eight billion 
years, in contrast, galactic mergers be-
came much less common, the gargan-
tuan black holes went dormant, and 
star formation slowed to a fl icker. Many 
astronomers were convinced that they 
were witnessing the end of cosmic his-
tory and that the future held nothing 
but the relentless expansion of a be-
calmed and senescent universe. 

In the past few years, however, new 
observations have made it clear that 

the reports of the universe’s demise 
have been greatly exaggerated. With 
the advent of new space observatories 
and new instruments on ground-based 
telescopes, astronomers have detected 
violent activity occurring in nearby gal-
axies during the recent past. (The light 
from more distant galaxies takes longer 
to reach us, so we observe these struc-
tures in an earlier stage of  development.) 
By examining the x-rays emitted by the 
cores of these relatively close galaxies, 
researchers have discovered many tre-
mendously massive black holes still de-
vouring the surrounding gas and dust. 
Furthermore, a more thorough study of 
the light emitted by galaxies of differ-
ent ages has shown that the star forma-
tion rate has not declined as steeply as 
once believed.

The emerging consensus is that the 
early universe was dominated by a 
small number of giant galaxies con-
taining colossal black holes and prodi-
gious bursts of star formation, whereas 
the present universe has a more dis-
persed nature—the creation of stars 
and the accretion of material into black 
holes are now occurring in a large num-
ber of medium-size and small galaxies. 
Essentially, we are in the midst of a vast 
downsizing that is redistributing cos-
mic activity.

Deep-Field Images
to piece together the history of 
the cosmos, astronomers must first 
make sense of the astounding multi-
tude of objects they observe. Our most 
sensitive optical views of the universe 
come from the Hubble Space Telescope. 
In the Hubble Deep Field studies—10-
day exposures of two tiny regions of 
the sky observed through four different 
wavelength filters—researchers have 
found thousands of distant galaxies, 
with the oldest dating back to about 
one billion years after the big bang. A 
more recent study, called the Hubble 

Ultra Deep Field, has revealed even 
older galaxies.

Obtaining these deep-fi eld images 
is only the beginning, however. Astron-
omers are seeking to understand how 
the oldest and most distant objects 
evolved into present-day galaxies. It is 
somewhat like learning how a human 
baby grows to be an adult. Connecting 
the present with the past has become 
one of the dominant themes of modern 
astronomy.

A major step in this direction is to 
determine the cosmic stratigraphy—

which objects are in front and which 
are more distant—among the thou-
sands of galaxies in a typical deep-fi eld 
image. The standard way to perform 
this task is to obtain a spectrum of each 
galaxy in the image and measure its 
redshift. Because of the universe’s ex-
pansion, the light from distant sources 
has been stretched, shifting its wave-
length toward the red end of the spec-
trum. The more the light is shifted to 
the red, the farther away the source is 
and thus the older it is. For example, a 
redshift of one means that the wave-
length has been stretched by 100 per-
cent—that is, to twice its original size. 
Light from an object with this redshift 
was emitted about six billion years af-
ter the big bang, which is less than half 
the current age of the universe. In fact, 
astronomers usually talk in terms of 
redshift rather than years, because red-
shift is what we measure directly.

Obtaining redshifts is a practically 
foolproof technique for reconstructing 
cosmic history, but in the deepest of the 
deep-fi eld images it is almost impossi-
ble to measure redshifts for all the gal-
axies. One reason is the sheer number 
of galaxies in the image, but a more 
fundamental problem is the intrinsic 
faintness of some of the galaxies. The 
light from these dim objects arrives at 
a trickle of only one photon per minute 
in each square centimeter. And when A
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Overview
Middle-Aged Cosmos

■    The early history of the universe was 
a turbulent era marked by galactic 
collisions, huge bursts of star formation 
and the creation of extremely massive 
black holes. The falloff in cosmic 
activity since then has led many 
astronomers to believe that the glory 
days of the universe are long gone. 

■   In recent years, though, researchers 
have found powerful black holes still 
actively consuming gas in many nearby 
galaxies. New observations also 
suggest that star formation has not 
dropped as steeply as once believed.

■   The results point to a cosmic 
downsizing: whereas the early universe 
was dominated by a relatively small 
number of giant galaxies, activity in the 
current universe is dispersed among 
a large number of smaller galaxies. 
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observers take a spectrum of the gal-
axy, the diffraction grating of the spec-
trograph disperses the light over a large 
area on the detector, rendering the sig-
nal even fainter at each wavelength.

In the late 1980s a team led by Len-
nox L. Cowie of the University of Ha-
waii Institute for Astronomy and Si-
mon J. Lilly, now at the Swiss Federal 
Institute of Technology in Zurich, de-
veloped a novel approach to avoid the 
need for laborious redshift observa-
tions. The researchers observed regions 
of the sky with fi lters that selected nar-
row wavebands in the ultraviolet, green 
and red parts of the spectrum and then 
measured how bright the galaxies were 
in each of the wavebands [see box on 
page 63]. A nearby star-forming galaxy 
is equally bright in all three wavebands. 

The intrinsic light from a star-forming 
galaxy has a sharp cutoff just beyond 
the ultraviolet waveband, at a wave-
length of about 912 angstroms. (The 
cutoff appears because the neutral hy-
drogen gas in and around the galaxy 
absorbs radiation with shorter wave-
lengths.) Because the light from distant 
galaxies is shifted to the red, the cutoff 
moves to longer wavelengths; if the red-
shift is great enough, the galaxy’s light 
will not appear in the ultraviolet wave-
band, and if the redshift is greater still, 
the galaxy will not be visible in the 
green waveband either.

Thus, Cowie and Lilly could sepa-
rate star-forming galaxies into broad 
redshift intervals that roughly indicat-
ed their ages. In 1996 Charles C. Steidel 
of the California Institute of Technol-

ogy and his collaborators used this 
technique to isolate hundreds of an-
cient star-forming galaxies with red-
shifts of about three, dating from about 
two billion years after the big bang. 
The researchers confi rmed many of the 
estimated redshifts by obtaining very 
deep spectra of the galaxies with the 
powerful 10-meter Keck telescope on 
Mauna Kea in Hawaii.

Once the redshifts of the galaxies 
have been measured, we can begin to 
reconstruct the history of star forma-
tion. We know from observations of 
nearby galaxies that a small number of 
high-mass stars and a larger number of 
low-mass stars usually form at the same 
time. For every 20 sunlike stars that are 
born, only one 10-solar-mass star (that 
is, a star with a mass 10 times as great 
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As astronomers peer into the depths of space, they also look 
back in time, because the light from distant objects takes 
longer to reach us. More than 10.5 billion years ago, 
tremendous galaxies collided and merged, triggering bursts 
of star formation and the accretion of gas into supermassive 
black holes. Between eight billion and 10.5 billion years ago, 

stars continued to form at a high rate, and black holes 
continued to grow inside the galactic cores. In more recent 
times, star formation and black hole activity began to die 
down in the bigger galaxies; in the present-day universe, 
most of the star formation takes place in smaller spiral and 
irregular galaxies.
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as the sun’s) is created. High-mass stars 
emit ultraviolet and blue light, whereas 
low-mass stars emit yellow and red 
light. If the redshift of a distant galaxy 
is known, astronomers can determine 
the galaxy’s intrinsic spectrum (also 
called the rest-frame spectrum). Then, 
by measuring the total amount of rest-
frame ultraviolet light, researchers can 
estimate the number of high-mass stars 
in the galaxy.

Because high-mass stars live for 
only a few tens of millions of years—a 
short time by galactic standards—their 
number closely tracks variations in the 
galaxy’s overall star formation rate. As 
the pace of star creation slows, the 

number of high-mass stars declines 
soon afterward because they die so 
quickly after they are born. In our own 
Milky Way, which is quite typical of 
nearby, massive spiral galaxies, the 
number of observed high-mass stars in-
dicates that stars are forming at a rate 
of a few solar masses a year. In high-
redshift galaxies, however, the rate of 
star formation is 10 times as great.

When Cowie and Lilly calculated 
the star formation rates in all the galax-
ies they observed, they came to the re-
markable conclusion that the universe 
underwent a veritable baby boom at a 
redshift of about one. In 1996 Piero 
Madau, now at the University of Cali-
fornia at Santa Cruz, put the technique 
to work on the Hubble Deep Field 

North data, which were ideal for this 
approach because of the very precise in-
tensity measurements in four wave-
bands. Madau combined his results 
with those from existing lower-redshift 
optical observations to refi ne the esti-
mates of the star formation history of 
the universe. He inferred that the rate of 
star formation must have peaked when 
the universe was about four b illion to 
six billion years old. This result led 
many astronomers to conclude that the 
universe’s best days were far behind it.

An Absorbing Tale
although madau’s analysis of 
star formation history was an impor-

tant milestone, it was only a small part 
of the story. Galaxy surveys using opti-
cal telescopes cannot detect every 
source in the early universe. The more 
distant a galaxy is, the more it suffers 
from cosmological redshifting, and at 
high enough redshifts, the galaxy’s rest-
frame ultraviolet and optical emissions 
will be stretched into the infrared part 
of the spectrum. Furthermore, stars 
tend to reside in very dusty environ-
ments because of the detritus from su-
pernova explosions and other process-
es. The starlight heats up the dust 
grains, which then reradiate this energy 
at far-infrared wavelengths. For very 
distant sources, the light that is ab-
sorbed by dust and reradiated into the 
far-infrared is shifted by the expansion 

of the universe to submillimeter wave-
lengths. Therefore, a bright source of 
submillimeter light is often a sign of in-
tense star formation.

Until recently, astronomers found it 
diffi cult to make submillimeter obser-
vations with ground-based telescopes, 
partly because water vapor in the atmo-
sphere absorbs signals of that wave-
length. But those diffi culties were eased 
with the introduction of the Submilli-
meter Common-User Bolometer Array 
(SCUBA), a camera that was installed 
on the James Clerk Maxwell Telescope 
on Mauna Kea in 1997. (Located at a 
height of four kilometers above sea lev-
el, the observatory is above 97 percent 
of the water in the atmosphere.) Several 
teams of researchers, one of which I led, 
used SCUBA to directly image regions 
of the sky with suffi cient sensitivity and 
area coverage to discover distant, ex-
ceptionally luminous dust-obscured 
sources. Because the resolution is fairly 
coarse, the galaxies have a bloblike ap-
pearance [see illustration above]. They 
are also relatively rare— even after 
many hours of exposure, few sources 
appeared on each SCUBA image—but 

they are among the most luminous gal-
axies in the universe. It is sobering to 
realize that before SCUBA became 
available, we did not even know that 
these powerful, distant systems exist-
ed! Their star formation rates are hun-
dreds of times greater than those of 
present-day galaxies, another indica-
tion that the universe used to be much 
more exciting than it is now.

Finding all this previously hidden 
star formation was revolutionary, but 
might the universe be covering up other 
violent activity? For example, gas and 
dust within galaxies could also be ob-
scuring the radiation emitted by the 
disks of material whirling around su-
permassive black holes (those weighing 
as much as billions of suns). These 

EXTREMELY LUMINOUS GALAXIES in the early 

universe have been discovered using the 

Submillimeter Common-User Bolometer Array 

(SCUBA) on the James Clerk Maxwell Telescope 

on Mauna Kea in Hawaii. The bright blob on the 

left is believed to be an ancient dust-

enshrouded galaxy that spawned stars at a 

phenomenal rate, forming the equivalent of 

more than 1,000 suns every year. 

New observations make it clear that reports of the 
universe’s demise have been greatly exaggerated.
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disks are believed to be the power 
sources of quasars, the prodigiously lu-
minous objects found at high redshifts, 
as well as the active nuclei at the centers 
of many nearby galaxies. Optical stud-
ies in the 1980s suggested that there 
were far more quasars several billion 
years after the big bang than there are 
active galactic nuclei in the present-day 
universe. Because the supermassive 
black holes that powered the distant 
quasar activity cannot be destroyed, 
astronomers presumed that many near-
by galaxies must contain dead qua-
sars—black holes that have exhausted 
their fuel supply.

These dormant supermassive black 
holes have indeed been detected 
through their gravitational infl uence. 
Stars and gas continue to orbit around 
the holes even though little material is 
swirling into them. In fact, a nearly 
dormant black hole resides at the center 
of the Milky Way. Together these re-
sults led scientists to develop a scenar-
io: most supermassive black holes 
formed during the quasar era, con-
sumed all the material surrounding 

them in a violent fi t of growth and then 
disappeared from optical observations 
once their fuel supply ran out. In short, 
quasar activity, like star formation, 
was more vigorous in the distant past, a 
third sign that we live in relatively bor-
ing times.

This scenario, however, is incom-
plete. By combining x-ray and visible-
light observations, astronomers are 
now revisiting the conclusion that the 
vast majority of quasars died out long 
ago. X-rays are important because, un-
like visible light, they can pass through 
the gas and dust surrounding hidden 
black holes. But x-rays are blocked by 
the earth’s atmosphere, so researchers 
must rely on space telescopes such as 
the Chandra and XMM-Newton X-ray 

observatories to detect black hole activ-
ity. In 2000 a team consisting of Cowie, 
Richard F. Mushotzky of the NASA God-
dard Space Flight Center, Eric A. Rich-
ards, then at Arizona State University, 
and I used the Subaru telescope at Mau-
na Kea to identify optical counterparts 
to 20 x-ray sources found by Chandra in 
a survey fi eld. We then employed the 10-
meter Keck telescope to obtain the spec-
tra of these objects.

Our result was quite unexpected: 
many of the active supermassive black 
holes detected by Chandra reside in rel-
atively nearby, luminous galaxies. Mod-
elers of the cosmic x-ray background 
had predicted the existence of a large 
population of obscured supermassive 
black holes, but they had not expected 
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Finding Ancient Galaxies

To effi ciently detect the 
oldest galaxies in a survey 
fi eld, astronomers have 
developed a technique 
employing fi lters that 
select wavebands in the 
ultraviolet, green and red 
parts of the spectrum. 
Because of the expansion 
of the universe, the light 
from the oldest galaxies 
has been shifted toward 
the red end; the graph 
(top) shows how a 
relatively high redshift 
(about three) can push the 
radiation from a distant 
galaxy out of the 
ultraviolet waveband. As a 
result, the ancient galaxies 
appear in images made 
with the red and green 
fi lters but not in images 
made with the ultraviolet 
fi lter (bottom). 
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them to be so close at hand! Moreover, 
the optical spectra of many of these gal-
axies showed absolutely no evidence of 
black hole activity; without the x-ray 
observations, astronomers could never 
have discovered the supermassive black 
holes lurking in their cores.

This research suggests that not all 
supermassive black holes were formed 
in the quasar era. These mighty objects 
have apparently been assembling from 
the earliest times until the present. The 
supermassive black holes that are still 
active, however, do not exhibit the same 
behavioral patterns as the distant qua-
sars. Quasars are voracious consumers, 
greedily gobbling up the material around 
them at an enormous rate. In contrast, 
most of the nearby sources that Chan-
dra detected are more moderate eaters 
and thus radiate less intensely. Scientists 
have not yet determined what mecha-
nism is responsible for this vastly differ-
ent behavior. One possibility is that the 
present-day black holes have less gas to 
consume. Nearby galaxies undergo 
fewer collisions than the distant, an-
cient galaxies did, and such collisions 
could drive material into the supermas-

sive black holes at the galactic centers. 
Chandra had yet another secret to 

reveal: although the moderate x-ray 
sources were much less luminous than 
the quasars—generating as little as 1 
percent of the radiation emitted by their 
older counterparts—when we added up 
the light produced by all the moderate 
sources in recent times, we found the 
amount to be about one tenth of that 
produced by the quasars in early times. 
The only way this result could arise is if 
there are many more moderate black 
holes active now than there were qua-
sars active in the past. In other words, 
the contents of the universe have tran-
sitioned from a small number of bright 
objects to a large number of dimmer 
ones. Even though supermassive black 
holes are now being built smaller and 
cheaper, their combined effect is still 
potent.

Star-forming galaxies have also un-
dergone a cosmic downsizing. Although 
some nearby galaxies are just as extrav-
agant in their star-forming habits as the 
extremely luminous, dust-obscured gal-
axies found in the SCUBA images, the 
density of ultraluminous galaxies in the 

present-day universe is more than 400 
times lower than their density in the dis-
tant universe. Again, however, smaller 
galaxies have taken up some of the slack. 
A team consisting of Cowie, Gillian Wil-
son, now at the California Institute of 
Technology’s Spitzer Science Center, 
Doug J. Burke, now at the Harvard-
Smithsonian Center for Astrophysics, 
and I has refi ned the estimates of the 
universe’s luminosity density by study-
ing high-quality images produced with 
a wide range of fi lters and performing a 
complete spectroscopic follow-up. We 
found that the luminosity density of op-
tical and ultraviolet light has not 
changed all that much with cosmic time. 
Although the overall star formation rate 
has dropped in the second half of the 
universe’s lifetime because the mon-
strous dusty galaxies are no longer 
bursting with stars, the population of 
small, nearby star-forming galaxies is so 
numerous that the density of optical and 
ultraviolet light is declining rather grad-
ually. This result gives us a much more 
optimistic outlook on the continuing 
health of the universe.

Middle-Aged Vigor
the emerging picture of contin-
ued vigor fi ts well with cosmological 
theory. New computer simulations sug-
gest that the shift from a universe dom-
inated by a few large and powerful gal-
axies to a universe fi lled with many 
smaller and meeker galaxies may be a 
direct consequence of cosmic expan-
sion. As the universe expands, galaxies 
become more separated and mergers 
become rarer. Furthermore, as the gas 
surrounding galaxies grows more dif-
fuse, it becomes easier to heat. Because 
hot gas is more energetic than cold gas, 
it does not gravitationally collapse as 
readily into the galaxy’s potential well. 
Fabrizio Nicastro of the Harvard-
Smithsonian Center for Astrophysics 
and his co-workers have recently de-
tected a warm intergalactic fog through 
its absorption of ultraviolet light and 
x-rays from distant quasars and active 
galactic nuclei. This warm fog sur-
rounds our galaxy in every direction 
and is part of the Local Group of galax-

X-RAY VISION can be used to fi nd hidden black holes. The Chandra X-ray Observatory 

detected many black holes in its Deep Field North survey (left). Some were ancient, 

powering brilliant quasars that fl ourished just a few billion years after the big bang 

(top right). But others lurked in the centers of relatively nearby galaxies, still generating 

x-rays in the modern era (bottom right).
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ies, which includes the Milky Way, An-
dromeda and 30 smaller galaxies. Most 
likely this gaseous material was left 
over from the galaxy formation process 
but is too warm to permit further gal-
axy formation to take place.

Small galaxies may lie in cooler en-
vironments because they may not have 
heated their surrounding regions of gas 
to the same extent that the big galaxies 
did through supernova explosions and 
quasar energy. Also, the small galaxies 
may have consumed less of their sur-
rounding material, allowing them to 
continue their more modest lifestyles to 
the present day. In contrast, the larger 
and more profl igate galaxies have ex-
hausted their resources and are no lon-
ger able to collect more from their envi-
ronments. Ongoing observational stud-
ies of the gaseous properties of small, 
nearby galaxies may reveal how they 

interact with their environments and 
thus provide a key to understanding ga-
lactic evolution.

But a crucial part of the puzzle re-
mains unsolved: How did the universe 
form monster quasars so early in its his-
tory? The Sloan Digital Sky Survey, a 
major astronomical project to map one 
quarter of the entire sky and measure 
distances to more than a million remote 
objects, has discovered quasars that ex-
isted when the universe was only one 
sixteenth of its present age, about 800 
million years after the big bang. In 2003 
Fabian Walter, then at the National Ra-
dio Astronomy Observatory, and his 
collaborators detected the presence of 
carbon monoxide in the emission from 
one of these quasars; because carbon 
and oxygen could have been created 
only from the thermonuclear reactions 
in stars, this discovery suggests that a 
signifi cant amount of star formation 
occurred in the universe’s fi rst several 

hundred million years. Recent results 
from the Wilkinson Microwave Anisot-
ropy Probe, a satellite that studies the 
cosmic background radiation, also in-
dicate that star formation began just 
400 million years after the big bang.

Furthermore, computer simulations 
have shown that the fi rst stars were most 
likely hundreds of times as massive as the 
sun. Such stars would have burned so 
brightly that they would have run out of 
fuel in just a few tens of millions of years; 
then the heaviest stars would have col-
lapsed to black holes, which could have 
formed the seeds of the supermassive 
black holes that powered the fi rst qua-
sars. This explanation for the early ap-
pearance of quasars may be bolstered by 
the further study of gamma-ray bursts, 
which are believed to result from the col-
lapse of very massive stars into black 
holes. Because gamma-ray bursts are the 

most powerful explosions in the universe 
since the big bang, astronomers can de-
tect them at very great distances. In No-
vember 2004 NASA launched the Swift 
Gamma-Ray Burst Mission, a $250-mil-
lion satellite with three telescopes de-
signed to observe the explosions and 
their afterglows in the gamma-ray, x-ray, 
ultraviolet and optical wavelengths. In 
the two years since its launch, Swift has 
identified a number of gamma-ray 
bursts. The most exciting of these was 
the September 2005 discovery of an ex-
plosion that took place only 900 million 

years after the big bang. The hope is that 
this is just the fi rst of many such detec-
tions stretching to even greater distanc-
es, thereby providing scientists with a 
much better understanding of how col-
lapsing stars could have started the 
growth of supermassive black holes in 
the early universe.

In comic books, Superman looked 
through walls with his x-ray vision. As-
tronomers have now acquired a similar 
ability with the Chandra and XMM-
Newton observatories and are making 
good use of it to peer deep into the dust-
enshrouded regions of the universe. 
What is being revealed is a dramatic 
transition from the mighty to the meek. 
The giant star-forming galaxies and vo-
racious black holes of the universe’s 
past are now moribund. A few billion 
years from now, the smaller galaxies 
that are active today will have con-

sumed much of their fuel, and the total 
cosmic output of radiation will decline 
dramatically. Even our own Milky Way 
will someday face this same fate. As the 
cosmic downsizing continues, the 
dwarf galaxies—which hold only a few 
million stars each but are the most nu-
merous type of galaxy in the universe—

will become the primary hot spots of 
star formation. Inevitably, though, the 
universe will darken, and its only con-
tents will be the fossils of galaxies from 
its glorious past. Old galaxies never die, 
they just fade away.  

M O R E  T O  E X P L O R E

Star Formation History since z = 1.5 as Inferred from Rest-Frame Ultraviolet Luminosity 
Density Evolution. Gillian Wilson et al. in Astronomical Journal, Vol. 124, pages 1258–1265; 
September 2002. Available online at arxiv.org/abs/astro-ph/0203168 

Supermassive Black Holes in the Distant Universe. Edited by Amy J. Barger. Astrophysics and 
Space Science Library, Vol. 308. Springer, 2004.

The Cosmic Evolution of Hard X-ray Selected Active Galactic Nuclei. Amy J. Barger et al. 
in Astronomical Journal, Vol. 129, pages 578–609; February 2005. 
arxiv.org/abs/astro-ph/0410527

What is being revealed is a dramatic transition 
from the mighty to the meek. Dwarf galaxies will 
become the primary hot spots of star formation.
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 A sk anybody what the physical 
world is made of, and you are 
likely to be told “matter and en-

ergy.” Yet if we have learned anything 
from engineering, biology and physics, 
information is just as crucial an ingredi-
ent. The robot at the automobile factory 
is supplied with metal and plastic but 
can make nothing useful without copi-
ous instructions telling it which part to 
weld to what and so on. A ribosome in 
a cell in your body is supplied with ami-
no acid building blocks and is powered 
by energy released by the conversion of 
ATP to ADP, but it can synthesize no 
proteins without the information 
brought to it from the DNA in the cell’s 
nucleus. Likewise, a century of develop-
ments in physics has taught us that in-
formation is a crucial player in physical 
systems and processes. Indeed, a cur-
rent trend, initiated by John A. Wheeler 
of Princeton University, is to regard the 
physical world as made of information, 
with energy and matter as incidentals.

This viewpoint invites a new look at 
venerable questions. The information 
storage capacity of devices such as hard-
disk drives has been increasing by leaps 
and bounds. When will such progress 

halt? What is the ultimate information 
capacity of a device that weighs, say, 
less than a gram and can fit inside a cu-
bic centimeter (roughly the size of a 
computer chip)? How much informa-
tion does it take to describe a whole uni-
verse? Could that description fit in a 
computer’s memory? Could we, as Wil-
liam Blake memorably penned, “see a 
world in a grain of sand,” or is that idea 
no more than poetic license? 

Remarkably, recent developments in 
theoretical physics answer some of these 
questions, and the answers might be im-
portant clues to the ultimate theory of 
reality. By studying the mysterious prop-
erties of black holes, physicists have de-
duced absolute limits on how much in-
formation a region of space or a quantity 
of matter and energy can hold. Related 
results suggest that our universe, which 
we perceive to have three spatial dimen-
sions, might instead be “written” on a 
two-dimensional surface, like a holo-
gram. Our everyday perceptions of the 
world as three-dimensional would then 
be either a profound illusion or merely 
one of two alternative ways of viewing 
reality. A grain of sand may not encom-
pass our world, but a flat screen might.

information in the
HOLOGRAPHIC  
UNIVERSE
Theoretical results about black holes suggest that 
the universe could be like a gigantic hologram

Illustrations by Alfred T. Kamajian

By Jacob D. Bekenstein
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A Tale of Two Entropies
for m a l  i n for m at ion  theory 
originated in seminal 1948 papers by 
American applied mathematician Claude 
E. Shannon, who introduced today’s 
most widely used measure of informa-
tion content: entropy. Entropy had long 
been a central concept of thermodynam-
ics, the branch of physics dealing with 
heat. Thermodynamic entropy is popu-
larly described as the disorder in a phys-
ical system. In 1877 Austrian physicist 
Ludwig Boltzmann characterized it 
more precisely in terms of the number of 
distinct microscopic states that the par-
ticles composing a chunk of matter 
could be in while still looking like the 
same macroscopic chunk of matter. For 
example, for the air in the room around 
you, one would count all the ways that 
the individual gas molecules could be 
distributed in the room and all the ways 
they could be moving.

When Shannon cast about for a way 
to quantify the information contained 
in, say, a message, he was led by logic 

to a formula with the same form as 
Boltzmann’s. The Shannon entropy of 
a message is the number of binary dig-
its, or bits, needed to encode it. Shan-
non entropy does not enlighten us 
about the value of information, which 
is highly dependent on context. Yet as 
an objective measure of quantity of in-
formation, it has been enormously use-
ful in science and technology. For in-
stance, the design of every modern 
communications device—from cellular 
phones to modems to compact-disc 
players—relies on Shannon entropy.

Thermodynamic entropy and Shan-
non entropy are conceptually equiva-
lent: the number of arrangements that 
are counted by Boltzmann entropy re-
flects the amount of Shannon informa-
tion one would need to implement any 
particular arrangement. The two entro-
pies have two salient differences, though. 
First, the thermodynamic entropy used 
by a chemist or a refrigeration engineer 
is expressed in units of energy divided  
by temperature, whereas the Shannon 
entropy used by a communications en-
gineer is in bits, essentially dimension-
less. That difference is merely a matter 
of convention.

Even when reduced to common units, 
however, typical values of the two entro-
pies differ vastly in magnitude. A silicon 
microchip carrying a gigabyte of data, 
for instance, has a Shannon entropy of 
about 1010 bits (one byte is eight bits), 
tremendously smaller than the chip’s 
thermodynamic entropy, which is about 
1023 bits at room temperature. This dis-
crepancy occurs because the entropies 
are computed for different degrees of 
freedom. A degree of freedom is any 
quantity that can vary, such as a coordi-
nate specifying a particle’s location or 
one component of its velocity. The Shan-
non entropy of the chip cares only about 
the overall state of each tiny transistor 
etched in the silicon crystal—the transis-
tor is on or off; it is a 0 or a 1—a single 
binary degree of freedom. 

Thermodynamic entropy, in con-
trast, depends on the states of all the 
billions of atoms (and their roaming 
electrons) that make up each transistor. 
As miniaturization brings closer the 

day when each atom will store one bit 
of information for us, the useful Shan-
non entropy of the state-of-the-art mi-
crochip will edge closer in magnitude 
to its material’s thermodynamic entro-
py. When the two entropies are calcu-
lated for the same degrees of freedom, 
they are equal.

What are the ultimate degrees of 
freedom? Atoms, after all, are made of 
electrons and nuclei, nuclei are agglom-
erations of protons and neutrons, and 
those in turn are composed of quarks. 
Many physicists today consider elec-
trons and quarks to be excitations of 
superstrings, which they hypothesize 
to be the most fundamental entities. 
But the vicissitudes of a century of rev-
elations in physics warn us not to be 
dogmatic. There could be more levels 
of structure in our universe than are 
dreamt of in today’s physics.

One cannot calculate the ultimate 
information capacity of a chunk of 
matter or, equivalently, its true thermo-
dynamic entropy, without knowing the 
nature of the ultimate constituents of 
matter or of the deepest level of struc-
ture, which I shall refer to as level X. 
(This ambiguity causes no problems in 
analyzing practical thermodynamics, 
such as that of car engines, for example, 
because the quarks within the atoms 
can be ignored—they do not change 
their states under the relatively benign 
conditions in the engine.) Given the 
dizzying progress in miniaturization, 
one can playfully contemplate a day 
when quarks will serve to store infor-
mation, one bit apiece perhaps. How 
much information would then fit into 
our one-centimeter cube? And how 
much if we harness superstrings or even 
deeper, yet undreamt of levels? Surpris-
ingly, developments in gravitation 
physics in the past three decades have 
supplied some clear answers to what 
seem to be elusive questions.

Black Hole Thermodynamics
a cen t r al pl ay er  in these devel-
opments is the black hole. Black holes 
are a consequence of general relativity, 
Albert Einstein’s geometric theory of 
gravitation, initially published in 1915. 

Overview
The World as a Hologram

■   An astonishing theory called the 
holographic principle holds that the 
universe is like a hologram: just as  
a trick of light allows a fully three-
dimensional image to be recorded  
on a flat piece of film, our seemingly 
three-dimensional universe could be 
completely equivalent to alternative 
quantum fields and physical laws 
“painted” on a distant, vast surface.

■   The physics of black holes—immensely 
dense concentrations of mass—pro-
vides a hint that the principle might be 
true. Studies of black holes show that, 
although it defies common sense,  
the maximum entropy or information 
content of any region of space is 
defined not by its volume but by its 
surface area.

■   Physicists hope that this surprising 
finding is a clue to the ultimate theory 
of reality.
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In this theory, gravitation arises from 
the curvature of spacetime, which 
makes objects move as if they were 
pulled by a force. Conversely, the cur-
vature is caused by the presence of mat-
ter and energy. According to Einstein’s 
equations, a sufficiently dense concen-
tration of matter or energy will curve 
spacetime so extremely that it rends, 
forming a black hole. The laws of rela-
tivity forbid anything that went into a 
black hole from coming out again, at 
least within the classical (nonquantum) 
description of the physics. The point of 
no return, called the event horizon of 
the black hole, is of crucial importance. 
In the simplest case, the horizon is a 
sphere, whose surface area is larger for 
more massive black holes.

It is impossible to determine what is 
inside a black hole. No detailed infor-
mation can emerge across the horizon 
and escape into the outside world. In 
disappearing forever into a black hole, 
however, a piece of matter does leave 
some traces. Its energy (we count any 
mass as energy in accordance with Ein-

stein’s E = mc2) is permanently reflect-
ed in an increment in the black hole’s 
mass. If the matter is captured while 
circling the hole, its associated angular 
momentum is added to the black hole’s 
angular momentum. Both the mass and 
angular momentum of a black hole are 
measurable from their effects on space-
time around the hole. In this way, the 
laws of conservation of energy and an-
gular momentum are upheld by black 
holes. Another fundamental law, the 
second law of thermodynamics, ap-
pears to be violated.

The second law of thermodynamics 
summarizes the familiar observation 
that most processes in nature are irre-
versible: a teacup falls from the table 

and shatters, but no one has ever seen 
shards jump up of their own accord and 
assemble into a teacup. The second law 
of thermodynamics forbids such inverse 
processes. It states that the entropy of 
an isolated physical system can never 
decrease; at best, entropy remains con-
stant, and usually it increases. This law 
is central to physical chemistry and en-
gineering; it is arguably the physical law 
with the greatest impact outside physics.

As first emphasized by Wheeler, 
when matter disappears into a black 
hole, its entropy is gone for good, and 
the second law seems to be transcended, 
made irrelevant. A clue to resolving this 
puzzle came in 1970, when Demetrious 
Christodoulou, then a graduate student 
of Wheeler’s at Princeton, and Stephen 
Hawking of the University of Cam-
bridge independently proved that in 
various processes, such as black hole 
mergers, the total area of the event ho-
rizons never decreases. The analogy 
with the tendency of entropy to increase 
led me to propose in 1972 that a black 
hole has entropy proportional to the 
area of its horizon [see illustration on 
this page]. I conjectured that when mat-
ter falls into a black hole, the increase in 
black hole entropy always compensates 
or overcompensates for the “lost” en-
tropy of the matter. More generally, the 
sum of black hole entropies and the or-
dinary entropy outside the black holes 
cannot decrease. This is the generalized 
second law—GSL for short.

The GSL has passed a large number 
of stringent, if purely theoretical, tests. 
When a star collapses to form a black 
hole, the black hole entropy greatly ex-
ceeds the star’s entropy. In 1974 Hawk-
ing demonstrated that a black hole 
spontaneously emits thermal radiation, 
now known as Hawking radiation, by a 
quantum process. The Christodoulou-

ENTROPY OF A BLACK HOLE is proportional to the area of its event horizon, the surface 

from within which even light cannot escape the gravity of the hole. Specifically, a hole 

with a horizon spanning A Planck areas has A⁄4 units of entropy. (The Planck area, 

approximately 10–66 square centimeter, is the fundamental quantum unit of area 

determined by the strength of gravity, the speed of light and the size of quanta.) 

Considered as information, it is as if the entropy were written on the event horizon,  

with each bit (each digital 1 or 0) corresponding to four Planck areas.

One Planck areaBlack hole 
event horizon

One unit of 
entropy

JACOB D. BEKENSTEIN has contributed to the foundation of black hole thermodynamics 
and to other aspects of the connections between information and gravitation. He  
is Polak Professor of Theoretical Physics at the Hebrew University of Jerusalem, a mem-
ber of the Israel Academy of Sciences and Humanities, and a recipient of the Rothschild 
and the Israel prizes. Bekenstein dedicates this article to John Archibald Wheeler (his 
Ph.D. supervisor 30 years ago). Wheeler belongs to the third generation of Ludwig Boltz-
mann’s students: Wheeler’s Ph.D. adviser, Karl Herzfeld, was a student of Boltzmann’s 
student Friedrich Hasenöhrl.
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Hawking theorem fails in the face of 
this phenomenon (the mass of the black 
hole, and therefore its horizon area, de-
creases), but the GSL copes with it: the 
entropy of the emergent radiation more 
than compensates for the decrement in 
black hole entropy, so the GSL is pre-
served. In 1986 Rafael D. Sorkin of 
Syracuse University exploited the hori-
zon’s role in barring information inside 
the black hole from influencing affairs 
outside to show that the GSL (or some-
thing very similar to it) must be valid for 
any conceivable process that black holes 
undergo. His deep argument makes it 
clear that the entropy entering the GSL 
is that calculated down to level X, what-
ever that level may be.

Hawking’s radiation process al-
lowed him to determine the proportion-
ality constant between black hole en-
tropy and horizon area: black hole en-
tropy is precisely one quarter of the 
event horizon’s area measured in Planck 
areas. (The Planck length, about 10–33 
centimeter, is the fundamental length 
scale related to gravity and quantum 
mechanics. The Planck area is its 
square.) Even in thermodynamic terms, 
this is a vast quantity of entropy. The 
entropy of a black hole one centimeter 
in diameter would be about 1066 bits, 
roughly equal to the thermodynamic 
entropy of a cube of water 10 billion 
kilometers on a side.

The World as a Hologram
t he gsl allows us  to set bounds 
on the information capacity of any iso-
lated physical system, limits that refer 
to the information at all levels of struc-
ture down to level X. In 1980 I began 
studying the first such bound, called the 
universal entropy bound, which limits 
how much entropy can be carried by a 
specified mass of a specified size [see 
box at left]. A related idea, the holo-
graphic bound, was foreshadowed in 
1993 by Nobel laureate Gerard ’t Hooft 
of the University of Utrecht in the Neth-
erlands and developed in 1995 by Leon-
ard Susskind of Stanford University. It 
limits how much entropy can be con-
tained in matter and energy occupying 
a specified volume of space.

Limits on Information Density

The thermodynamics of black holes allows one to deduce limits on the density of 
entropy or information in various circumstances.

The holographic bound defines how much information can be contained in a 
specified region of space. It can be derived by considering a roughly spherical 
distribution of matter that is contained within a surface of area A. The matter is 
induced to collapse to form a black hole (a). The black hole’s area must be smaller 
than A, so its entropy must be less than A⁄4 [see illustration on preceding page]. 
Because entropy cannot decrease, one infers that the original distribution of 
matter also must carry less than A⁄4 units of entropy or information. This result—

that the maximum information content of a region of space is fixed by its area—

defies the commonsense expectation that the capacity of a region should 
depend on its volume.

The universal entropy bound defines how much information can be carried by 
a mass m of diameter d. It is derived by imagining that a capsule of matter is 
engulfed by a black hole not much wider than it (b). The increase in the black 
hole’s size places a limit on how much entropy the capsule could have contained. 
This limit is tighter than the holographic bound, except when the capsule is 
almost as dense as a black hole (in which case the two bounds are equivalent).

The holographic and universal information bounds are far beyond the data 
storage capacities of any current technology, and they greatly exceed the density of 
information on chromosomes and the thermodynamic entropy of water (c). —J.D.B.
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In his work on the holographic 
bound, Susskind considered any ap-
proximately spherical isolated mass 
that is not itself a black hole and that fits 
inside a closed surface of area A. If the 
mass can collapse to a black hole, that 
hole will end up with a horizon area 
smaller than A. The black hole entropy 
is therefore smaller than A⁄4. According 
to the GSL, the entropy of the system 
cannot decrease, so the mass’s original 
entropy cannot have been bigger than 
A⁄4. It follows that the entropy of an iso-
lated physical system with boundary 
area A is necessarily less than A⁄4. What 
if the mass does not spontaneously col-
lapse? In 2000 I showed that a tiny 
black hole can be used to convert the 
system to a black hole not much differ-
ent from the one in Susskind’s argu-
ment. The bound is therefore indepen-
dent of the constitution of the system or 
of the nature of level X. It just depends 
on the GSL.

We can now answer some of those 
elusive questions about the ultimate 
limits of information storage. A device 
measuring a centimeter across could in 
principle hold up to 1066 bits—a mind-
boggling amount. The visible universe 
contains at least 10100 bits of entropy, 
which could in principle be packed in-
side a sphere a tenth of a light-year 
across. Estimating the entropy of the 
universe is a difficult problem, however, 
and much larger numbers, requiring a 

sphere almost as big as the universe it-
self, are entirely plausible.

But it is another aspect of the holo-
graphic bound that is truly astonishing. 
Namely, that the maximum possible en-
tropy depends on the boundary area 
instead of the volume. Imagine that we 
are piling up computer memory chips in 
a big heap. The number of transistors—

the total data storage capacity—increas-
es with the volume of the heap. So, too, 
does the total thermodynamic entropy 
of all the chips. Remarkably, though, 
the theoretical ultimate information ca-
pacity of the space occupied by the heap 
increases only with the surface area. Be-
cause volume increases more rapidly 
than surface area, at some point the en-
tropy of all the chips would exceed the 
holographic bound. It would seem that 
either the GSL or our commonsense 
ideas of entropy and information capac-
ity must fail. In fact, what fails is the 
pile itself: it would collapse under its 
own gravity and form a black hole be-
fore that impasse was reached. Thereaf-
ter each additional memory chip would 
increase the mass and surface area of 
the black hole in a way that would con-
tinue to preserve the GSL.

This surprising result—that infor-
mation capacity depends on surface 
area—has a natural explanation if the 
holographic principle (proposed by  
’t Hooft and elaborated by Susskind) is 
true. In the everyday world, a hologram 

is a special kind of photograph that 
generates a full three-dimensional im-
age when it is illuminated in the right 
manner. All the information describing 
the 3-D scene is encoded into the pat-
tern of light and dark areas on the two-
dimensional piece of film, ready to be 
regenerated. The holographic principle 
contends that an analogue of this vi-
sual magic applies to the full physical 
description of any system occupying a 
3-D region: it proposes that another 
physical theory defined only on the 2-D 
boundary of the region completely de-
scribes the 3-D physics. If a 3-D system 
can be fully described by a physical 
theory operating solely on its 2-D 
boundary, one would expect the infor-
mation content of the system not to ex-
ceed that of the description on the 
boundary.

A Universe Painted  
on Its Boundary
ca n w e apply  the holographic prin-
ciple to the universe at large? The real 
universe is a 4-D system: it has volume 
and extends in time. If the physics of 
our universe is holographic, there 
would be an alternative set of physical 
laws, operating on a 3-D boundary of 
spacetime somewhere, that would be 
equivalent to our known 4-D physics. 
We do not yet know of any such 3-D 
theory that works in that way. Indeed, 
what surface should we use as the 

INFORMATION CONTENT of a pile of computer chips 

increases in proportion with the number of chips or, 

equivalently, the volume they occupy. That simple rule must 

break down for a large enough pile of chips because 

eventually the information would exceed the holographic 

bound, which depends on the surface area, not the volume. 

The “breakdown” occurs when the immense pile of chips 

collapses to form a black hole.
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boundary of the universe? One step to-
ward realizing these ideas is to study 
models that are simpler than our real 
universe.

A class of concrete examples of the 
holographic principle at work involves 
so-called anti–de Sitter spacetimes. 
The original de Sitter spacetime is a 
model universe first obtained by Dutch 
astronomer Willem de Sitter in 1917 as 
a solution of Einstein’s equations, in-
cluding the repulsive force known as 
the cosmological constant. De Sitter 
spacetime is empty, expands at an ac-
celerating rate and is very highly sym-
metrical. In 1997 astronomers study-
ing distant supernova explosions con-
cluded that our universe now expands 
in an accelerated fashion and will prob-
ably become increasingly like a de Sitter 
spacetime in the future. Now, if the re-
pulsive cosmological constant is re-
placed by an attractive one, de Sitter’s 
solution turns into anti–de Sitter space-
time, which has equally as much sym-
metry. More important for the holo-
graphic concept, it possesses a bound-
ary, which is located “at infinity” and 
is a lot like our everyday spacetime.

Using anti–de Sitter spacetime, the-

orists have devised a concrete example 
of the holographic principle at work: a 
universe described by superstring theo-
ry functioning in an anti–de Sitter 
spacetime is completely equivalent to a 
quantum field theory operating on the 
boundary of that spacetime [see box 
below]. Thus, the full majesty of super-
string theory in an anti–de Sitter uni-
verse is painted on the boundary of the 
universe. Juan Maldacena, then at Har-
vard University, first conjectured such 
a relation in 1997 for the 5-D anti–de 
Sitter case, and it was later confirmed 
for many situations by Edward Witten 
of the Institute for Advanced Study in 
Princeton, N.J., and Steven S. Gubser, 
Igor R. Klebanov and Alexander M. 
Polyakov of Princeton University. Ex-
amples of this holographic correspon-
dence are now known for spacetimes 
with a variety of dimensions.

This result means that two ostensi-
bly very different theories—not even 
acting in spaces of the same dimen-
sion—are equivalent. Creatures living 
in one of these universes would be inca-
pable of determining if they inhabited 
a 5-D universe described by string the-
ory or a 4-D one described by a quan-

tum field theory of point particles. (Of 
course, the structures of their brains 
might give them an overwhelming 

“commonsense” prejudice in favor of 
one description or another, in just the 
way that our brains construct an innate 
perception that our universe has three 
spatial dimensions; see the illustration 
on the opposite page.)

The holographic equivalence can al-
low a difficult calculation in the 4-D 
boundary spacetime, such as the be-
havior of quarks and gluons, to be trad-
ed for another, easier calculation in the 
highly symmetric, 5-D anti–de Sitter 
spacetime. The correspondence works 
the other way, too. Witten has shown 
that a black hole in anti–de Sitter space-
time corresponds to hot radiation in 
the alternative physics operating on the 
bounding spacetime. The entropy of 
the hole—a deeply mysterious con-
cept—equals the radiation’s entropy, 
which is quite mundane.

The Expanding Universe
highly symmetric  and empty, the 
5-D anti–de Sitter universe is hardly like 
our universe existing in 4-D, filled with 
matter and radiation and riddled with 

A Holographic Spacetime

Two universes of different dimensions and 
obeying disparate physical laws are rendered 
completely equivalent by the holographic 
principle. Theorists have demonstrated this 
principle mathematically for a specific type of 
five-dimensional spacetime (“anti–de Sitter”) 
and its four-dimensional boundary. In effect, 
the 5-D universe is recorded like a hologram on 
the 4-D surface at its periphery. Superstring 
theory rules in the 5-D spacetime, but a so-
called conformal field theory of point particles 
operates on the 4-D hologram. A black hole in 
the 5-D spacetime is equivalent to hot radiation 
on the hologram—for example, the hole and 
the radiation have the same entropy even 
though the physical origin of the entropy is 
completely different for each case. Although 
these two descriptions of the universe seem 
utterly unalike, no experiment could distinguish 
between them, even in principle.  —J.D.B.

5-D anti–de  
Sitter spacetime

Superstrings

Conformal 
fields

Hot radiation

Black hole

4-D flat spacetime 
(hologram)
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violent events. Even if we approximate 
our real universe with one that has mat-
ter and radiation spread uniformly 
throughout, we get not an anti–de Sitter 
universe but rather a “Friedmann-Rob-
ertson-Walker” universe. Most cosmol-
ogists today concur that our universe 
resembles an FRW universe, one that is 
infinite, has no boundary and will go on 
expanding ad infinitum.

Does such a universe conform to 
the holographic principle or the holo-
graphic bound? Susskind’s argument 
based on collapse to a black hole is of 
no help here. Indeed, the holographic 
bound deduced from black holes must 
break down in a uniform expanding 
universe. The entropy of a region uni-
formly filled with matter and radiation 
is truly proportional to its volume. A 
sufficiently large region will therefore 
violate the holographic bound.

In 1999 Raphael Bousso, then at 
Stanford, proposed a modified holo-
graphic bound, which has since been 
found to work even in situations where 
the bounds we discussed earlier cannot 
be applied. Bousso’s formulation starts 
with any suitable 2-D surface; it may be 
closed like a sphere or open like a sheet 
of paper. One then imagines a brief 
burst of light issuing simultaneously 
and perpendicularly from all over one 
side of the surface. The only demand is 
that the imaginary light rays are con-
verging to start with. Light emitted 
from the inner surface of a spherical 
shell, for instance, satisfies that require-
ment. One then considers the entropy of 
the matter and radiation that these 
imaginary rays traverse, up to the points 
where they start crossing. Bousso con-
jectured that this entropy cannot ex-
ceed the entropy represented by the ini-
tial surface—one quarter of its area, 
measured in Planck areas. This is a dif-
ferent way of tallying up the entropy 
than that used in the original holo-
graphic bound. Bousso’s bound refers 
not to the entropy of a region at one 
time but rather to the sum of entropies 
of locales at a variety of times: those 
that are “illuminated” by the light burst 
from the surface.

Bousso’s bound subsumes other en-

tropy bounds while avoiding their limi-
tations. Both the universal entropy 
bound and the ’t Hooft-Susskind form 
of the holographic bound can be de-
duced from Bousso’s for any isolated 
system that is not evolving rapidly and 
whose gravitational field is not strong. 
When these conditions are overstepped—

as for a collapsing sphere of matter al-
ready inside a black hole—these bounds 
eventually fail, whereas Bousso’s bound 
continues to hold. Bousso has also 
shown that his strategy can be used to 
locate the 2-D surfaces on which holo-
grams of the world can be set up.

Augurs of a Revolution
researchers have proposed many 
other entropy bounds. The prolifera-
tion of variations on the holographic 
motif makes it clear that the subject has 
not yet reached the status of physical 
law. But although the holographic way 
of thinking is not yet fully understood, 
it seems to be here to stay. And with it 
comes a realization that the fundamen-
tal belief, prevalent for 50 years, that 
field theory is the ultimate language of 

physics must give way. Fields, such as 
the electromagnetic field, vary continu-
ously from point to point, and they 
thereby describe an infinity of degrees 
of freedom. Superstring theory also 
embraces an infinite number of degrees 
of freedom. Holography restricts the 
number of degrees of freedom that can 
be present inside a bounding surface to 
a finite number; field theory with its 
infinity cannot be the final story. Fur-
thermore, even if the infinity is tamed, 
the mysterious dependence of informa-
tion on surface area must be somehow  
accommodated.

Holography may be a guide to a bet-
ter theory. What is the fundamental 
theory like? The chain of reasoning in-
volving holography suggests to some, 
notably Lee Smolin of the Perimeter In-
stitute for Theoretical Physics in Water-
loo, Ontario, that such a final theory 
must be concerned not with fields, not 
even with spacetime, but rather with in-
formation exchange among physical 
processes. If so, the vision of informa-
tion as the stuff the world is made of will 
have found a worthy embodiment.  
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OUR INNATE PERCEPTION that the 

world is three-dimensional could 

be an extraordinary illusion.
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HOLOGRAPHIC THEORY relates one set of physical laws acting in a volume with 

a different set of physical laws acting on a boundary surface, as represented here by the 

juggler and her colorful two-dimensional image. The surface laws involve quantum 

particles that have “color” charges and interact very like the quarks and gluons of standard 

particle physics. The interior laws are a form of string theory and include the force of 

gravity (experienced by the juggler), which is hard to describe in terms of quantum 

mechanics. Nevertheless, the physics on the surface and in the interior are completely 

equivalent, despite their radically different descriptions.



 T
hree spatial dimensions are visible 
all around us—up/down, left/right, 
forward/backward. Add time to the 

mix, and the result is a four-dimensional 
blending of space and time known as space-
time. Thus, we live in a four-dimensional 
universe. Or do we?

Amazingly, some new theories of phys-
ics predict that one of the three dimensions 
of space could be a kind of an illusion—that 
in actuality all the particles and fi elds that 
make up reality are moving about in a two-
dimensional realm like the Flatland of Ed-
win A. Abbott. Gravity, too, would be part 
of the illusion: a force that is not present in 
the two-dimensional world but that mate-
rializes along with the emergence of the il-
lusory third dimension.

Or, more precisely, the theories predict 
that the number of dimensions in reality 
could be a matter of perspective: physicists 
could choose to describe reality as obeying 
one set of laws (including gravity) in three 
dimensions or, equivalently, as obeying a 
different set of laws that operates in two 
dimensions (in the absence of gravity). 
 Despite the radically different descriptions, 
both theories would describe everything 
that we see and all the data we could  gather 
about how the universe works. We would 
have no way to determine which theory 
was “really” true.

Such a scenario strains the  imagination. 

Yet an analogous phenomenon occurs in 
everyday life. A hologram is a two-dimen-
sional object, but when viewed under the 
correct lighting conditions it produces a 
fully three-dimensional image. All the in-
formation describing the three-dimension-
al image is in essence encoded in the two-
dimensional hologram. Similarly, accord-
ing to the new physics theories, the entire 
universe could be a kind of a hologram.

The holographic description is more 
than just an intellectual or philosophical 
curiosity. A computation that might be 
very diffi cult in one realm can turn out to 
be relatively straightforward in the other, 
thereby turning some intractable problems 
of physics into ones that are easily solved. 
For example, the theory seems useful in 
analyzing a recent experimental high-en-
ergy physics result. Moreover, the holo-
graphic theories offer a fresh way to begin 
constructing a quantum theory of gravity—

a theory of gravity that respects the prin-
ciples of quantum mechanics. A quantum 
theory of gravity is a key ingredient in any 
effort to unify all the forces of nature, and 
it is needed to explain both what goes on 
in black holes and what happened in the 
nanoseconds after the big bang. The holo-
graphic theories provide potential resolu-
tions of profound mysteries that have 
dogged attempts to understand how a the-
ory of quantum gravity could work.P
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the illusion of 
GRAVITY
The force of gravity and one of the dimensions of 
space might be generated out of the peculiar 
interactions of particles and fi elds existing in 
a lower-dimensional realm

By Juan Maldacena
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A Difficult Marriage
a qua n t um t heory of gravity is 
a holy grail for a certain breed of phys-
icist because all physics except for 
 gravity is well described by quantum 
laws. The quantum description of 
physics represents an entire paradigm 
for physical theories, and it makes no 
sense for one theory, gravity, to fail to 
conform to it. Now about 80 years old, 
quantum mechanics was first devel-
oped to describe the behavior of par-
ticles and forces in the atomic and sub-

atomic realms. It is at those size scales 
that quantum effects become signifi -
cant. In quantum theories, objects do 
not have defi nite positions and veloci-
ties but instead are described by prob-
abilities and waves that occupy regions 
of space. In a quantum world, at the 
most fundamental level everything is in 
a state of constant fl ux, even “empty” 
space, which is in fact fi lled with vir-
tual particles that perpetually pop in 
and out of existence.

In contrast, physicists’ best theory of 
gravity, general relativity, is an inher-

ently classical (that is, nonquantum) 
theory. Albert Einstein’s magnum opus, 
 general relativity explains that con cen-
trations of matter or energy cause space-
time to curve and that this curvature de-
fl ects the trajectories of particles, just as 
should happen for particles in a gravita-
tional fi eld. General relativity is a beau-
tiful theory, and many of its predic tions 
have been tested to great accuracy.

In a classical theory such as general 
relativity, objects have defi nite locations 
and velocities, like the planets orbiting 

the sun. One can plug those locations 
and velocities (and the masses of the ob-
jects) into the equations of general rela-
tivity and deduce the curvature of space-
time and from that deduce the effects of 
gravity on the objects’ trajectories. Fur-
thermore, empty spacetime is perfectly 
smooth no matter how closely one ex-
amines it—it is a seamless arena in 
which matter and energy can play out 
their lives.

The problem in devising a quantum 
version of general relativity is not just 
that on the scale of atoms and electrons, 

particles do not have defi nite locations 
and velocities. To make matters worse, 
at the even tinier scale delineated by 
the Planck length (10–33 centimeter), 
quantum principles imply that space-
time itself should be a seething foam, 
similar to the sea of virtual particles 
that fi lls empty space. When matter 
and space time are so protean, what do 
the equations of general relativity pre-
dict? The answer is that the equations 
are no longer adequate. If we assume 
that matter obeys the laws of quantum 

mechanics and gravity obeys the laws 
of general relativity, we end up with 
mathematical contradictions. A quan-
tum theory of gravity (one that fits 
within the paradigm of quantum theo-
ries) is needed.

In most situations, the contradic-
tory requirements of quantum me-
chanics and general relativity do not 
cause a problem, because either the 
quantum effects or the gravitational 
effects are so small that they can be 
neglected or dealt with by approxima-
tions. When the curvature of space-
time is very large, however, the quan-
tum aspects of gravity become signifi -
cant. It takes a very large mass or a 
great concentration of mass to produce 
much spacetime curvature. Even the 
curvature produced near the sun is ex-
ceedingly small compared with the 
amount needed for quantum gravity 
effects to become apparent.

Although these effects are com-
pletely negligible now, they were very 
important in the beginning of the big 
bang, which is why a quantum theory 
of gravity is needed to describe how the 
big bang started. Such a theory is also 
important for understanding what 
happens at the center of black holes, 
because matter there is crushed into a 
 region of extremely high curvature. Be-
cause gravity involves spacetime curva-

A quantum theory of gravity will probably 
provide us with an entirely new perspective 
on what spacetime is.
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Overview
Equivalent Worlds 

■    According to a remarkable theory, a universe that exists in two dimensions and is 
without gravity may be completely equivalent to a three-dimensional universe with 
gravity. The three-dimensional universe would emerge from the physics of the two-
dimensional universe somewhat like  a holographic image arising from a hologram.

■   The two-dimensional universe exists on the boundary of the three-dimensional 
universe. The physics on the boundary looks like strongly interacting quarks and 
gluons. The physics on the interior includes a quantum theory of gravity—something 
that string theorists have been developing for decades.

■   The equivalence provides a new way to understand properties of black holes, which 
require a suitable melding of quantum mechanics and gravity.  The mathematics of 
the theory has not yet been rigorously proved, but it seems useful in analyzing a 
recent experimental high-energy physics result.
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ture, a quantum gravity theory will 
also be a theory of quantum spacetime; 
it should clarify what constitutes the 

“spacetime foam” mentioned earlier, 
and it will probably provide us with an 
entirely new perspective on what space-
time is at the deepest level of reality.

A very promising approach to a 
quantum theory of gravity is string the-
ory, which some theoretical physicists 
have been exploring since the 1970s. 
String theory overcomes some of the 
obstacles to building a logically consis-
tent quantum theory of gravity. String 
theory, however, is still under construc-
tion and is not yet fully understood. 
That is, we string theorists have some 
approximate equations for strings, but 
we do not know the exact equations. 
We also do not know the guiding un-
derlying principle that explains the 
form of the equations, and there are in-
numerable physical quantities that we 
do not know how to compute from the 
equations.

In recent years string theorists have 
obtained many interesting and surpris-
ing results, giving novel ways of under-
standing what a quantum spacetime is 
like. I will not describe string theory in 
much detail here but instead will focus 
on one of the most exciting develop-
ments emerging from string theory re-
search, which has led to a complete, 
logically consistent, quantum descrip-
tion of gravity in what are called nega-
tively curved space times. For these 
space times, holographic theories ap-
pear to be true.

Negatively Curved 
Spacetimes
all of us are familiar with Euclide-
an geometry, where space is fl at (that is, 
not curved). It is the geometry of fi g-
ures drawn on fl at sheets of paper. To a 
very good approximation, it is also the 
geometry of the world around us: par-
allel lines never meet, and all the rest of 
Euclid’s axioms hold.

We are also familiar with some 
curved spaces. Curvature comes in two 
forms, positive and negative. The sim-
plest space with positive curvature is 
the surface of a sphere. A sphere has C
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HYPERBOLIC SPACE is depicted in this M. C. Escher drawing (above). Each fi sh is actually the 

same size, and the circular boundary is infi nitely far from the center of the disk. The projection 

from true hyperbolic space to this representation of it squashes the distant fi sh to fi t the 

infi nite space inside the fi nite circle. Drawn without that squashing effect, the space is wildly 

curved, with each small section (below) being somewhat like a saddle shape with extra folds. 
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constant positive curvature. That is, it 
has the same degree of curvature at ev-
ery location (unlike an egg, say, which 
has more curvature at the pointy end). 

The simplest space with negative 
curvature is called hyperbolic space, 
which is defi ned as space with constant 
negative curvature. This kind of space 
has long fascinated scientists and artists 
alike. Indeed, M. C. Escher produced 
several beautiful pictures of hyperbolic 
space, one of which is shown on the pre-
ceding page. His picture is like a fl at 
map of the space. The way that the fi sh 
become smaller and smaller is just an 
artifact of how the curved space is 
squashed to fi t on a fl at sheet of paper, 
similar to the way that countries near 
the poles get stretched on a map of the 
globe (a sphere).

By including time in the game, phys-
icists can similarly consider spacetimes 
with positive or negative curvature. The 
simplest spacetime with positive curva-
ture is called de Sitter space, after Wil-
lem de Sitter, the Dutch physicist who 
introduced it. Many cosmologists be-

lieve that the very early universe was 
close to being a de Sitter space. The far 
future may also be de Sitter–like be-
cause of cosmic acceleration. Converse-
ly, the simplest negatively curved space-
time is called anti–de Sitter space. It is 
similar to hyperbolic space except that 
it also contains a time direction. Unlike 
our universe, which is expanding, anti–
de Sitter space is neither expanding nor 
contracting. It looks the same at all 
times. Despite that difference, anti–de 
Sitter space turns out to be quite useful 
in the quest to form quantum theories 
of spacetime and gravity.

If we picture hyperbolic space as be-
ing a disk like Escher’s drawing, then 
anti–de Sitter space is like a stack of 
those disks, forming a solid cylinder [see 
box above]. Time runs along the cylin-

der. Hyperbolic space can have more 
than two spatial dimensions. The anti–
de Sitter space most like our space time 
(with three spatial dimensions) would 
have a three-dimensional “Escher print” 
as the cross section of its “cylinder.”

Physics in anti–de Sitter space has 
some strange properties. If you were 
freely fl oating anywhere in anti–de Sit-
ter space, you would feel as though you 
were at the bottom of a gravitational 
well. Any object that you threw out 
would come back like a boomerang. 
Surprisingly, the time required for an 
object to come back would be indepen-
dent of how hard you threw it. The dif-
ference would just be that the harder 
you threw it, the farther away it would 
get on its round-trip back to you. If you 
sent a fl ash of light, which consists of 

JUAN MALDACENA is a professor in the School of Natural Sciences at the Institute for 
Advanced Study in Princeton, N.J. From 1997 to 2001 he was in the physics department 
at Harvard University. He is currently studying various aspects of the duality conjecture 
described in this article. String theorists were so impressed with the conjecture that at 
the Strings ’98 conference they feted him with a song, The Maldacena, sung and danced 
to the tune of The Macarena.TH
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Imagine disks of hyperbolic space stacked atop one another, each representing the state 
of the universe at one instant. The resulting cylinder is three-dimensional anti–de Sitter 
space in which the height dimension represents time. Physics operates strangely in such a 
spacetime: a particle (such as a tennis ball, green line) thrown away from the center always 
falls back in a fi xed period, and a laser beam (red line) can travel to the boundary of the 
universe and back in that same interval.  In the four-dimensional version, which would be 
more like our universe, the boundary for each instant would be a sphere instead of a circle.

Ball trajectoryLaser

Negatively Curved Spacetime
The holographic theory involves a negatively curved spacetime known as anti–de Sitter space.
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photons moving at the maximum pos-
sible speed (the speed of light), it would 
actually reach infi nity and come back to 
you, all in a fi nite amount of time. This 
can happen because an object experi-
ences a kind of time contraction of ever 
greater magnitude as it gets farther 
away from you.

The Hologram
a nt i–de sit ter space , although 
it is infi nite, has a “boundary,” located 
out at infi nity. To draw this boundary, 
physicists and mathematicians use a 
distorted length scale similar to Escher’s, 
squeezing an infi nite distance into a fi -
nite one. This boundary is like the out-
er circumference of the Escher print or 
the surface of the solid cylinder I con-
sidered earlier. In the cylinder example, 
the boundary has two dimensions—

one is space (looping around the cylin-
der), and one is time (running along its 
length). For four-dimensional anti–de 
Sitter space, the boundary has two 
space dimensions and one time dimen-
sion. Just as the boundary of the Escher 
print is a circle, the boundary of four-
dimensional anti–de Sitter space at any 
moment in time is a sphere. This bound-
ary is where the hologram of the holo-
graphic theory lies.

Stated simply, the idea is as follows: 
a quantum gravity theory in the interior 
of an anti–de Sitter spacetime is com-
pletely equivalent to an ordinary quan-
tum particle theory living on the bound-
ary. If true, this equivalence means that 
we can use a quantum particle theory 
(which is relatively well understood) to 
defi ne a quantum gravity theory (which 
is not).

To make an analogy, imagine you 
have two copies of a movie, one on reels 
of 70-millimeter fi lm and one on a DVD. 
The two formats are utterly different, the 
fi rst a linear ribbon of celluloid with each 
frame recognizably related to scenes of 
the movie as we know it, the second a 
two-dimensional platter with rings of 
dots that would form a sequence of 0s 
and 1s if we could perceive them at all. 
Yet both “describe” the same movie. 

Similarly, the two theories, superfi -
cially utterly different in content, de-

scribe the same universe. The DVD 
looks like a metal disk with some glints 
of rainbowlike patterns. The boundary 
particle theory “looks like” a theory of 
particles in the absence of gravity. From 
the DVD, detailed pictures emerge only 
when the bits are processed the right 
way. From the boundary particle theory, 
quantum gravity and an extra dimen-
sion emerge when the equations are 
analyzed the right way.

What does it really mean for the two 

theories to be equivalent? First, for ev-
ery entity in one theory, the other theo-
ry has a counterpart. The entities may 
be very different in how they are de-
scribed by the theories: one entity in the 
interior might be a single particle of 
some type, corresponding on the bound-
ary to a whole collection of particles of 
another type, considered as one entity. 
Second, the predictions for correspond-
ing entities must be identical. Thus, if 
two particles have a 40 percent chance 

Equivalent particles  
on boundary surface

Object in 
interior space

Clouds of quarks and gluons on 
the boundary surface can thus 
describe equivalent complex 
objects (such as this apple) in 
the interior. The advantage of 
this holographic theory is that 
the interior objects experience 
gravity even though a distinct 
gravitational interaction does 
not exist on the surface.

String state 
on boundary

Distance into interior 
is proportional to a 
boundary string’s 
thickness

Equivalent state 
in interior

Quarks and gluons on the 
spherical surface of the anti–
de Sitter space interact 
to form strings of various 
thicknesses. A holographic 
interpretation of those 
strings is that in the interior 
space they represent 
elementary particles (which 
are also strings) whose 
distance from the boundary 
corresponds to the 
thicknesses of the strings. 

Conjuring a Dimension

Holographic theory describes how quarks and gluons interacting on the 
boundary of an anti–de Sitter space could be equivalent to particles in the 
higher-dimensional interior of the space.
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of colliding in the interior, the two cor-
responding collections of particles on 
the boundary should also have a 40 per-
cent chance of colliding.

Here is the equivalence in more de-
tail. The particles that live on the 
boundary interact in a way that is very 
similar to how quarks and gluons inter-
act in reality (quarks are the constitu-
ents of protons and neutrons; gluons 
generate the strong nuclear force that 
binds the quarks together). Quarks have 
a kind of charge that comes in three va-
rieties, called colors, and the interaction 
is called chromodynamics. The differ-
ence between the boundary particles 
and ordinary quarks and gluons is that 
the particles have a large number of col-
ors, not just three.

Gerard ’t Hooft of Utrecht Univer-
sity in the Netherlands studied such 
theories as long ago as 1974 and pre-
dicted that the gluons would form 
chains that behave much like the strings 
of string theory. The precise nature of 
these strings remained elusive, but in 
1981 Alexander M. Polyakov, now at 
Princeton University, noticed that the 
strings effectively live in a higher-di-
mensional space than the gluons do. As 
we shall see shortly, in our holographic 
theories that higher-dimensional space 
is the interior of anti–de Sitter space.

To understand where the extra di-
mension comes from, start by consider-

ing one of the gluon strings on the 
boundary. This string has a thickness, 
related to how much its gluons are 
smeared out in space. When physicists 
calculate how these strings on the boun-
dary of anti–de Sitter space interact 
with one another, they get a very odd 
result: two strings with different thick-
nesses do not interact very much with 
each other. It is as though the strings 
were separated spatially. One can rein-
terpret the thickness of the string to be 
a new spatial coordinate that goes away 
from the boundary.

Thus, a thin boundary string is like 
a string close to the boundary, whereas 
a thick boundary string is like one far 
away from the boundary [see box on 
preceding page]. The extra coordinate 
is precisely the coordinate needed to de-
scribe motion within the four-dimen-
sional anti–de Sitter spacetime! From 
the perspective of an observer in the 
spacetime, boundary strings of differ-
ent thicknesses appear to be strings (all 
of them thin) at different radial loca-
tions. The number of colors on the 
boundary determines the size of the in-
terior (the radius of the Escher-like 
sphere). To have a spacetime as large as 
the visible universe, the theory must 
have about 1060 colors.

It turns out that one type of gluon 
chain behaves in the four-dimensional 
spacetime as the graviton, the funda-

mental quantum particle of gravity. In 
this description, gravity in four dimen-
sions is an emergent phenomenon aris-
ing from particle interactions in a grav-
ityless, three-dimensional world. The 
presence of gravitons in the theory 
should come as no surprise. Thanks to 
work by John H. Schwarz of the Cali-
fornia Institute of Technology and Jöel 
Scherk of the École Normale Supérieure 
and, independently, Tamiaki Yoneya of 
Hokkaido University in Japan, physi-
cists have known since 1974 that string 
theories always give rise to quantum 
gravity. The strings formed by  gluons 
are no exception, but the gravity oper-
ates in the higher-dimensional space.

Thus, the holographic correspon-
dence is not just a wild new possibility 
for a quantum theory of gravity. Rather, 
in a fundamental way, it connects string 
theory, the most studied approach to 
quantum gravity, with theories of 
quarks and gluons, which are the cor-
nerstone of particle physics. What is 
more, the holographic theory seems to 
provide some insight into the elusive ex-
act equations of string theory. String 
theory was actually invented in the late 
1960s for the purpose of describing 
strong interactions, but it was later 
abandoned (for that purpose) when the 
theory of chromodynamics entered the 
scene. The correspondence between 
string theory and chromodynamics im-
plies that these early efforts were not 
misguided; the two descriptions are dif-
ferent faces of the same coin.

Varying the boundary chromody-
namics theory by changing the details 
of how the boundary particles interact 
gives rise to an assortment of interior 
theories. The resulting interior theory 
can have only gravitational forces, or 
gravity plus some extra force such as 
the electromagnetic force, and so on. 
Unfortunately, we do not yet know of a 
boundary theory that gives rise to an 
interior theory that includes exactly the 
four forces we have in our universe.

I first conjectured that this holo-
graphic correspondence might hold 
for a specifi c theory (a simplifi ed chro-
modynamics in a four-dimensional 
boundary spacetime) in 1997. This 

Black hole

Surface of 
spacetime

Interacting
particles

Physicist Stephen Hawking 
showed in the 1970s that 
black holes have a 
temperature and give off 
radiation, but physicists since 
then have been deeply 
puzzled. Temperature is a 
property of a collection of 
particles, but what is the 
collection that defi nes a black 
hole? The holographic theory 
solves this puzzle by showing 
that a black hole is equivalent 
to a swarm of interacting 
particles on the boundary 
surface of spacetime.

Understanding Black Holes

A
L

F
R

E
D

 T
. 

K
A

M
A

JI
A

N

COPYRIGHT 2007 SCIENTIFIC AMERICAN, INC.



w w w. s c i a m . c o m   S C I E N T I F I C  A M E R I C A N  R E P O R T S 81

imme diately excited great interest from 
the string theory community. The con-
jecture was made more precise by Po-
lyakov, Stephen S. Gubser and Igor R. 
Klebanov of Princeton, and Edward 
Witten of the Institute for Advanced 
Study in Princeton, N.J. Since then, 
many researchers have contributed to 
exploring the conjecture and general-

izing it to other dimensions and other 
chromodynamics theories, providing 
mounting evidence that it is correct. So 
far, however, no example has been rig-
orously proved—the mathematics is 
too diffi cult.

Mysteries of Black Holes
how does the holographic descrip-
tion of gravity help to explain aspects of 
black holes? Black holes are predicted 
to emit Hawking radiation, named after 
Stephen Hawking of the University of 
Cambridge, who discovered this result. 
This radiation comes out of the black 
hole at a specifi c temperature. For all 
ordinary physical systems, a theory 
called statistical mechanics explains 
temperature in terms of the motion of 
the microscopic constituents. This the-
ory explains the temperature of a glass 
of water or the temperature of the sun. 
What about the temperature of a black 
hole? To understand it, we would need 
to know what the microscopic constitu-
ents of the black hole are and how they 
behave. Only a theory of quantum grav-
ity can tell us that.

Some aspects of the thermodynam-
ics of black holes have raised doubts as 
to whether a quantum-mechanical the-
ory of gravity could be developed at all. 
It seemed as if quantum mechanics itself 
might break down in the face of effects 
taking place in black holes. For a black 
hole in an anti–de Sitter space time, we 
now know that quantum mechanics re-
mains intact, thanks to the boundary 

theory. Such a black hole corresponds 
to a confi guration of particles on the 
boundary. The number of particles is 
very large, and they are all zipping 
around, so that theorists can apply the 
usual rules of statistical mechanics to 
compute the temperature. The result is 
the same as the temperature that Hawk-
ing computed by very different means, 

indicating that the results can be trust-
ed. Most important, the boundary the-
ory obeys the ordinary rules of quantum 
mechanics; no inconsistency arises.

Physicists have also used the holo-
graphic correspondence in the opposite 
direction—employing known proper-
ties of black holes in the interior space-
time to deduce the behavior of quarks 
and gluons at very high temperatures on 
the boundary. Dam Son of the Univer-
sity of Washington and his collabora-
tors studied a quantity called the shear 
viscosity, which is small for a fl uid that 
fl ows very easily and large for a sub-
stance more like molasses. They found 
that black holes have an extremely low 
shear viscosity—smaller than any known 
fl uid. Because of the holographic equiv-
alence, strongly interacting quarks and 
gluons at high temperatures should also 
have very low viscosity.

A test of this prediction comes from 
the Relativistic Heavy Ion Collider 
(RHIC) at Brookhaven National Labo-
ratory in Upton, N.Y., which has been 
colliding gold nuclei at very high ener-
gies. A preliminary analysis of these ex-

periments indicates the collisions are 
creating a fl uid with very low viscosity. 
Even though Son and his co-workers 
studied a simplifi ed version of chromo-
dynamics, they seem to have come up 
with a property that is shared by the 
real world. Does this mean that RHIC 
is creating small fi ve-dimensional black 
holes? It is really too early to tell. (Even 

if so, there is nothing to fear from these 
tiny black holes—they evapo rate al-
most as fast as they are formed, and 
they “live” in fi ve dimensions, not in 
our own four-dimensional world.)

Many questions about the holograph-
ic theories remain to be answered. In 
particular, does anything similar hold 
for a universe like ours in place of the 
anti–de Sitter space? A crucial aspect 
of anti–de Sitter space is that it has a 
boundary where time is well defi ned. 
The boundary has existed and will exist 
forever. An expanding universe, like 
ours, that comes from a big bang does 
not have such a well-behaved boundary. 
Con sequently, it is not clear how to de-
fi ne a holographic theory for our uni-
verse; there is no convenient place to 
put the hologram.

An important lesson that one can 
draw from the holographic conjecture, 
however, is that quantum gravity, which 
has perplexed some of the best minds 
on the planet for decades, can be very 
simple when viewed in terms of the right 
variables. Let’s hope we will soon fi nd a 
simple description for the big bang!  
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So far no example of the holographic 
correspondence has been rigorously proved—

the mathematics is too diffi cult.
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 W hat is the difference between a computer and a 
black hole? This question sounds like the start of 
a Microsoft joke, but it is one of the most profound 

problems in physics today. Most people think of computers 
as specialized gizmos: streamlined boxes sitting on a desk or 
fi ngernail-size chips embedded in high-tech coffeepots. But 
to a physicist, all physical systems are computers. Rocks, 
atom bombs and galaxies may not run Linux, but they, 
too, register and process information. Every electron, pho-
ton and other elementary particle stores bits of data, and 
every time two such particles interact, those bits are trans-
formed. Physical existence and information content are in-
extricably linked. As physicist John A. Wheeler of Princeton 
University says, “It from bit.”

BLACK HOLE COMPUTER may 

sound absurd but is proving to be 

a useful conceptual tool for 

researchers studying cosmology 

and fundamental physics. And if 

physicists are able to create black 

holes in particle accelerators—as 

some predict will be possible 

within a decade—they may 

actually observe them 

perform computation.
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black hole
COMPUTERS
In keeping with the spirit of the age, 
researchers can think of the laws 
of physics as computer programs 
and the universe as a computer

By Seth Lloyd and Y. Jack Ng
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Black holes might seem like the ex-
ception to the rule that everything com-
putes. Inputting information into them 
pre sents no diffi culty, but according to 
Einstein’s general theory of relativity, 
getting information out is impossible. 
Matter that enters a hole is assimilated, 
the details of its composition lost irre-
trievably. In the 1970s Stephen Hawking 
of the University of Cambridge showed 
that when quantum mechanics is taken 
into account, black holes do have an out-

put: they glow like a hot coal. In Hawk-
ing’s analysis, this radiation is random, 
however. It carries no information about 
what went in. If an elephant fell in, an 
elephant’s worth of energy would come 
out—but the energy would be a hodge-
podge that could not be used, even in 
principle, to re- create the animal. 

That apparent loss of information 
poses a serious conundrum, because the 
laws of quantum mechanics preserve 
information. So other scientists, in-
cluding Leonard Susskind of Stanford 
University, John Preskill of the Califor-
nia Institute of Technology and Gerard 
’t Hooft of the University of Utrecht in 
the Netherlands, have argued that the 

outgoing radiation is not, in fact, ran-
dom—that it is a processed form of the 
matter that falls in. In 2004 Hawking 
came around to their point of view. 
Black holes, too, compute.

Black holes are merely the most ex-
otic example of the general principle 
that the universe registers and process-
es information. The principle itself is 
not new. In the 19th century the found-
ers of statistical mechanics developed 
what would later be called information 

theory to explain the laws of thermody-
namics. At fi rst glance, thermodynam-
ics and information theory are worlds 
apart: one was developed to describe 
steam engines, the other to optimize 
communications. Yet the thermody-
namic quantity called entropy, which 
limits the ability of an engine to do use-
ful work, turns out to be proportional 
to the number of bits registered by the 
positions and velocities of the mole-
cules in a substance. The invention of 
quantum mechanics in the 20th cen-
tury put this discovery on a fi rm quan-
titative foundation and introduced sci-
entists to the remarkable concept of 
quantum information. The bits that 

make up the universe are quantum bits, 
or “qubits,” with far richer properties 
than ordinary bits.

Analyzing the universe in terms of 
bits and bytes does not replace analyz-
ing it in conventional terms such as 
force and energy, but it does uncover 
new and surprising facts. In the fi eld of 
statistical mechanics, for example, it 
unknotted the paradox of Maxwell’s 
demon, a contraption that seemed to 
allow for perpetual motion. In recent 

years, we and other physicists have 
been applying the same insights to cos-
mology and fundamental physics: the 
nature of black holes, the fi ne-scale 
structure of spacetime, the behavior of 
cosmic dark energy, the ultimate laws 
of nature. The universe is not just a gi-
ant computer; it is a giant quantum 
computer. As physicist Paola Zizzi of 
the University of Padua in Italy says, 

“It from qubit.”

When Gigahertz Is Too Slow
the confluence of physics and in-
formation theory fl ows from the cen-
tral maxim of quantum mechanics: at 
bottom, nature is discrete. A physical 
system can be described using a fi nite 
number of bits. Each particle in the sys-
tem acts like the logic gate of a com-
puter. Its spin “axis” can point in one 
of two directions, thereby encoding a 
bit, and can fl ip over, thereby perform-
ing a simple computational operation.

The system is also discrete in time. 
It takes a minimum amount of time to 
fl ip a bit. The exact amount is given by 
a theorem named after two pioneers of 
the physics of information processing, 
Norman Margolus of the Massachu-
setts Institute of Technology and Lev 
Levitin of Boston University. This the-
orem is related to the Heisenberg un-
certainty principle, which describes 
the inherent trade-offs in measuring 

Overview
Cosmic Computers 

■   Merely by existing, all physical systems store information. By evolving dynamically in 
time, they process that information. The universe computes.

■   If information can escape from black holes, as most physicists now suspect, a black 
hole, too, computes. The size of its memory space is proportional to the square of its 
computation rate. The quantum-mechanical nature of information is responsible for 
this computational ability; without quantum effects, a black hole would destroy, 
rather than process, information.

■    The laws of physics that limit the power of computers also determine the precision 
with which the geometry of spacetime can be measured. The precision is lower than 
physicists once thought, indicating that discrete “atoms” of space and time may be 
larger than expected. 

By preparing the material that falls into 
a black hole, a hacker could program it 
to perform any desired computation.
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        Input     Computation Output

A keyboard and associated circuitry 
encode information as voltage 
pulses in a wire.

The pulses interact, guided by 
devices such as transistors, which 
perform logical operations such 
as NOT.

The pulses, having been processed, 
are translated into meaningful 
patterns of light.

The particles interact. Collisions can 
be arranged to perform operations 
such as NOT: a collision can cause 
particles to fl ip.

As particles leave the volume, their 
properties can be measured and 
translated. The system slowly winds 
down as its energy degrades.

Consisting of one kilogram of 
hot plasma in a one-liter box, 
this device accepts data encoded 
as particle positions, velocities 
and spins.

The hole emits radiation, named 
after physicist Stephen Hawking. 
New theories suggest that 
the radiation carries the 
computational output.

On their descent, particles interact 
much as in the ultimate laptop, 
except that gravity also plays a role. 
The governing laws are not 
yet  understood. 

This black hole consists of one 
kilogram in a volume 10–27 meter 
in radius. Data and instructions are 
encoded in matter and dropped in. 
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Extreme Computing

What is a computer? That is a surprisingly complex question, 
but whatever precise defi nition one adopts, it is satisfi ed not 
just by the objects people commonly call “computers” but also 
by everything else in the world. Physical objects can solve a 
broad class of logic and mathematics problems, although they 

may not accept input or give output in a form that is 
meaningful to humans. Natural computers are inherently 
digital: they store data in discrete quantum states, such 
as the spin of elementary particles. Their instruction set is 
quantum physics.
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physical quantities, such as position 
and momentum or time and energy. 
The theorem says that the time it takes 
to fl ip a bit, t, depends on the amount 
of energy you apply, E. The more en-
ergy you apply, the shorter the time can 
be. Mathematically, the rule is t ≥ h/4E, 
where h is Planck’s constant, the main 
parameter of quantum theory. For ex-
ample, one type of experimental quan-

tum computer stores bits on protons 
and uses magnetic fi elds to fl ip them. 
The operations take place in the mini-
mum time allowed by the Margolus-
Levitin theorem.

From this theorem, a huge variety of 
conclusions can be drawn, from limits 
on the geometry of spacetime to the 
computational capacity of the universe 
as a whole. As a warm-up, consider the 

limits to the computational power of or-
dinary matter—in this case, one kilo-
gram occupying the volume of one liter. 
We call this device the ultimate laptop.

Its battery is simply the matter itself, 
converted directly to energy per Ein-
stein’s famous formula E = mc2. Put-
ting all this energy into fl ipping bits, 
the computer can do 1051 operations 
per second, slowing down gradually 

as the energy degrades. The memory 
capacity of the machine can be calcu-
lated using thermodynamics. When 
one kilogram of matter is converted 
to energy in a liter volume, its tempera-
ture is one billion kelvins. Its entropy, 
which is proportional to the energy 
 divided by the temperature, corre-
sponds to 1031 bits of information. The 
ultimate laptop stores information in 
the microscopic motions and positions 
of the  elementary particles zipping 
around  inside it. Every single bit al-
lowed by the laws of thermodynamics 
is put to use.

Whenever particles interact, they 
can cause one another to fl ip. This pro-
cess can be thought of in terms of a pro-
gramming language such as C or Java: 
the particles are the variables, and their 
interactions are operations such as ad-
dition. Each bit can fl ip 1020 times per 
second, equivalent to a clock speed of 
100 giga-gigahertz. In fact, the system 
is too fast to be controlled by a central 
clock. The time it takes a bit to fl ip is 
approximately equal to the time it takes 
a signal to travel from one bit to its 
neighbor. Thus, the ultimate laptop is 
highly parallel: it acts not as a single 
processor but as a vast array of proces-
sors, each working almost indepen-
dently and communicating its results to 
the others comparatively slowly.

In comparison, a conventional com-
puter fl ips bits at about 109 times per 
second, stores about 1012 bits and con-

tains a single processor. If Moore’s law 
could be sustained, your descendants 
would be able to buy an ultimate laptop 
midway through the 23rd century. En-
gineers would have to fi nd a way to 
 exert precise control on the interactions 
of particles in a plasma hotter than 
the sun’s core, and much of the com-
munications bandwidth would be tak-
en up in controlling the computer and 

dealing with errors. Engineers would 
also have to solve some knotty packag-
ing problems.

In a sense, however, you can already 
purchase such a device, if you know the 
right people. A one-kilogram chunk of 
matter converted completely to energy—

this is a working definition of a 20-
megaton hydrogen bomb. An exploding 
nuclear weapon is processing a huge 
amount of information, its input given 
by its initial confi guration and its out-
put given by the radiation it emits.

From Nanotech to Xennotech
i f  a n y ch u n k of matter is a com-
puter, a black hole is nothing more or 
less than a computer compressed to its 
smallest possible size. As a computer 
shrinks, the gravitational force that its 
components exert on one another be-
comes stronger and eventually grows so 
intense that no material object can es-
cape. The size of a black hole, called the 
Schwarzschild radius, is directly pro-
portional to its mass.

A one-kilogram hole has a radius of 
about 10–27 meter, or one xennometer. 
(For comparison, a proton has a radius 
of 10–15 meter.) Shrinking the computer 
does not change its energy content, so it 
can perform 1051 operations per second, 
just as before. What does change is the 
memory capacity. When gravity is in-
signifi cant, the total storage capacity is 
proportional to the number of particles 
and thus to the volume. But when grav- A
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Understanding how information could 
leave a black hole is one of the liveliest 
questions in physics right now.
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FIRST LAW of quantum computation is that 

computation takes energy. The spin of a 

proton encodes a single bit, which can be 

inverted by applying a magnetic fi eld. The 

stronger the fi eld is—the more energy it 

applies—the faster the proton will fl ip.

Weak magnetic fi eld
(low energy) 

Time

Time

Strong magnetic fi eld
(high energy) 
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ity  dominates, it interconnects the par-
ticles, so collectively they are capable of 
storing less information. The total stor-
age capacity of a black hole is propor-
tional to its surface area. In the 1970s 
Hawking and Jacob D. Bekenstein of 
the Hebrew University of Jerusalem cal-
culated that a one-kilogram black hole 
can register about 1016 bits—much less 
than the same computer before it was 
compressed.

In compensation, the black hole is a 
much faster processor. In fact, the 
amount of time it takes to fl ip a bit, 10–35 
second, is equal to the amount of time 
it takes light to move from one side of 
the computer to the other. Thus, in con-
trast to the ultimate laptop, which is 
highly parallel, the black hole is a serial 
computer. It acts as a single unit.

How would a black hole computer 
work in practice? Input is not problem-
atic: just encode the data in the form of 
matter or energy and throw them down 
the hole. By properly preparing the ma-
terial that falls in, a hacker should be 
able to program the hole to perform any 
desired computation. Once the material 
enters a hole, it is gone for good; the so-
called event horizon demarcates the 
point of no return. The plummeting 
particles interact with one another, per-
forming computation for a fi nite time 
before reaching the center of the hole—

the singularity—and ceasing to exist. 
What happens to matter as it gets 
squished together at the singularity de-
pends on the details of quantum gravity, 
which are as yet unknown.

The output takes the form of Hawk-
ing radiation. A one-kilogram hole 
gives off Hawking radiation and, to 
conserve energy, decreases in mass, dis-
appearing altogether in a mere 10–21 
second. The peak wavelength of the ra-
diation equals the radius of the hole; for 
a one-kilogram hole, it corresponds to 
extremely intense gamma rays. A par-
ticle detector can capture this radiation 
and decode it for human consumption.

Hawking’s study of the radiation 
that bears his name is what overturned 
the conventional wisdom that black 
holes are objects from which nothing 
whatsoever can escape. The rate at 

which black holes radiate is inversely 
related to their size, so big black holes, 
such as those at the center of galaxies, 
lose energy much more slowly than they 
gobble up matter. In the future, how-
ever, experimenters may be able to cre-
ate tiny holes in particle accelerators, 
and these holes should explode almost 
immediately in a burst of radiation. A 
black hole can be thought of not as a 
fi xed object but as a transient congrega-
tion of matter that performs computa-
tion at the maximum rate possible.

Escape Plan
t h e r e a l  qu e s t ion is whether 
Hawking radiation returns the answer 

of the computation or merely gibberish. 
The issue remains contentious, but most 
physicists, including Hawking, now 
think that the radiation is a highly pro-
cessed version of the information that 
went into the hole during its formation. 
Although matter cannot leave the hole, 
its information content can. Under-
standing precisely how is one of the live-
liest questions in physics right now.

In 2003 Gary Horowitz of the Uni-
versity of California, Santa Barbara, 
and Juan Maldacena of the Institute for 
Advanced Study in Princeton, N.J., out-
lined one possible mechanism. The es-
cape hatch is entanglement, a quantum 
phenomenon in which the properties of A
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Ultimate laptop consists of 
a collection of particles that 
encode and process bits. Each 
can execute an instruction in 
10–20 second. In that time, 
signals can move a distance of 
only 3 × 10–12 meter, which is 
roughly the spacing between 
particles. Therefore, 
communication is much 
slower than computation. 
Subregions of the computer 
work almost independently.

The ultimate laptop and black hole computer embody two different approaches 
to increasing computing power. The ultimate laptop is the supreme parallel 
computer: an array of processors working simultaneously. The black hole is the 
supreme serial computer: a single processor executing instructions one at a time.

Black hole computer also 
consists of a collection of 
particles. Because of 
gravity, they encode fewer 
bits, giving more energy 
per bit. Each can execute 
an instruction in 10–35 
second, which is the time it 
takes for a signal to cross 
the hole. Therefore, 
communication is as fast 
as computation. The 
computer operates 
as a single unit.

Classifying Computers

0.1 m

3 × 10–12 m

Signal

Black hole

1.5 × 10–27 m

http://www.sciam.com/index.cfm?ref=digitalpdf
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two or more systems remain correlated 
across the reaches of space and time. 
Entanglement enables teleportation, in 
which information is transferred from 
one particle to another with such fi del-
ity that the particle has effectively been 
beamed from one location to another at 
up to the speed of light.

The teleportation procedure, which 
has been demonstrated in the labora-
tory, fi rst requires that two particles be 
entangled. Then a measurement is per-
formed on one of the particles jointly 
with some matter that contains infor-
mation to be teleported. The measure-
ment erases the information from its 
original location, but because of entan-
glement, that information resides in an 

encoded form on the second particle, 
no matter how distant it may be. The 
information can be decoded using the 
results of the measurement as the key.

A similar procedure might work for 
black holes. Pairs of entangled photons 
materialize at the event horizon. One of 
the photons fl ies outward to become 
the Hawking radiation that an observer 
sees. The other falls in and hits the sin-
gularity together with the matter that 
formed the hole in the fi rst place. The 
annihilation of the infalling photon 
acts as a measurement, transferring the 
information contained in the matter to 
the outgoing Hawking radiation.

The difference from laboratory tele-
portation is that the results of this 

“measurement” are not needed to de-
code the information that was teleport-
ed. Horowitz and Maldacena argued 
that the annihilation does not have a 
variety of possible outcomes—only one. 
An observer on the outside can calcu-
late this unique outcome using basic 
physics and thereby unlock the infor-
mation. It is this conjecture that falls 
outside the usual formulation of quan-
tum mechanics. Though controversial, 
it is plausible. Just as the initial singu-
larity at the start of the universe may 
have had only one possible state, so it is 
possible that the fi nal singularities in-
side black holes have a unique state. In 
June 2004 one of us (Lloyd) showed 
that the Horowitz-Maldacena mecha-

Virtual-particle pair

Event horizon

Matter

Singularity

CLASSICAL VIEW, based on 
prequantum physics, holds that a 
blob of matter falling through the 
hole’s outer rim—the event horizon—

can neither escape nor send out its 
information. It hits the center of the 
hole—the singularity—where its 
mass is assimilated and its 
information lost.

HAWKING MODEL is a fi rst stab 
at considering quantum effects. 
Pairs of virtual particles materialize 
at the event horizon (red and blue 
balls). One member of each pair, 
like other matter, falls to the 
singularity. Its partner fl ies outward. 
The particle spins are random and 
do not carry any information about 
the infalling blob.

HOROWITZ-MALDACENA MODEL 

suggests that the outgoing particle 
carries away not just raw mass but 
also information. The particle is 
quantum-mechanically entangled 
with its infalling partner, which in 
turn gets entangled with the blob. 
The entanglement beams the blob’s 
information out.

Quantum
teleportation
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“Objects so dense that nothing, not even light, can escape”—

this defi nition of black holes has become a cliché of newspaper 
articles and freshman astronomy lectures. But it is probably 
wrong. Physicists have argued since the mid-1970s that energy 

can leak out of a black hole, and most now think that 
information (which describes the form that the energy 
takes) can, too. These diagrams show a black hole from 
a hypothetical viewpoint outside spacetime.

Evolution of Black Hole Theory
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nism is robust; it does not depend on 
what exactly the fi nal state is, as long as 
there is one. It still seems to lead to a 
small loss of information, however.

Other researchers have proposed es-
cape mechanisms that also rely on weird 
quantum phenomena. In 1996 Andrew 
Strominger and Cumrun Vafa of Har-
vard University suggested that black 
holes are composite bodies made up of 
multidimensional structures called 
branes, which arise in string theory. In-
formation falling into the black hole is 
stored in waves in the branes and can 
eventually leak out. In 2004 Samir 
Mathur of Ohio State University and 
his collaborators modeled a black hole 
as a giant tangle of strings. This “fuzzy-

ball” acts as a repository of the infor-
mation carried by things that fall into 
the black hole. It emits radiation that 
refl ects this information. Hawking has 
argued that quantum fl uctuations pre-
vent a well-defi ned event horizon from 
ever forming. The jury is still out on all 
these ideas.

Cyberspacetime
t he propert ies of black holes are 
inextricably intertwined with those of 
spacetime. Thus, if holes can be thought 
of as computers, so can spacetime itself. 
Quantum mechanics predicts that space-
time, like other physical systems, is dis-
crete. Distances and time intervals can-

not be measured to infi nite precision; 
on small scales, spacetime is bubbly and 
foamy. The maximum amount of infor-
mation that can be put into a region of 
space depends on how small the bits are, 
and they cannot be smaller than the 
foamy cells.

Physicists have long assumed that 
the size of these cells is the Planck 
length (lP) of 10–35 meter, which is the 
distance at which both quantum fl uc-
tuations and gravitational effects are 
important. If so, the foamy nature of 
spacetime will always be too minus-
cule to observe. But as one of us (Ng) 
and Hendrik van Dam of the University 
of North Carolina at Chapel Hill and 
Frigyes Károlyházy of Eötvös Loránd 

University in Hungary have shown, the 
cells are actually much larger and, in-
deed, have no fi xed size: the larger a 
region of spacetime, the larger its con-
stituent cells. At fi rst, this assertion 
may seem paradoxical—as though the 
atoms in an elephant were bigger than 
those in a mouse. In fact, Lloyd has de-
rived it from the same laws that limit 
the power of computers.

The process of mapping the geom-
etry of spacetime is a kind of compu-
tation, in which distances are gauged 
by transmitting and processing infor-
mation. One way to do this is to fi ll a 
region of space with a swarm of Global 
Positioning System satellites, each con-

taining a clock and a radio transmitter 
[see box on next page]. To measure a 
distance, a satellite sends a signal and 
times how long it takes to arrive. The 
precision of the measurement depends 
on how fast the clocks tick. Ticking is a 
computational operation, so its maxi-
mum rate is given by the Margolus-
Levitin theorem: the time between ticks 
is inversely proportional to the energy.

The energy, in turn, is also limited. 
If you give the satellites too much en-
ergy or pack them too closely together, 
they will form a black hole and will no 
longer be able to participate in mapping. 
(The hole will still emit  Hawking ra-
diation, but that radiation has a wave-
length the size of the hole itself and so 

is not useful for mapping features on 
a fi ner scale.) The maximum total en-
ergy of the constellation of satellites is 
proportional to the radius of the region 
being mapped.

Thus, the energy increases more 
slowly than the volume of the region 
does. As the region gets bigger, the car-
tographer faces an unavoidable trade-
off: reduce the density of satellites (so 
they are spaced farther apart) or reduce 
the energy available to each satellite 
(so that their clocks tick more slowly). 
Either way, the measurement becomes 
less precise. Mathematically, in the time 
it takes to map a region of radius R, the 
total number of ticks by all the satellites 
is R2/lP2. If each satellite ticks precisely 
once during the mapping process, the 
satellites are spaced out by an average 
distance of R1/3lP2/3. Shorter distances 
can be measured in one subregion but 
only at the expense of reduced precision 
in some other subregion. The argument 
applies even if space is expanding.

This formula gives the precision to 
which distances can be determined; it is 
applicable when the measurement ap-
paratus is just on the verge of becom-

SETH LLOYD and Y. JACK NG bridge the two most exciting fi elds of theoretical physics: 
quantum information theory and the quantum theory of gravity. Lloyd, professor of quan-
tum-mechanical engineering at the Massachusetts Institute of Technology, designed the 
fi rst feasible quantum computer. He works with various teams to construct and operate 
quantum computers and communications systems. Ng, professor of physics at the Uni-
versity of North Carolina at Chapel Hill, studies the fundamental nature of spacetime. He 
has proposed various ways to look for the quantum structure of spacetime experimen-
tally. Both researchers say their most skeptical audience is their family. When Lloyd 
told his daughters that everything is made of bits, one responded bluntly: “You’re wrong, 
Daddy. Everything is made of atoms, except light.” Ng has lost credibility on the subject 
because he is always having to turn to his sons for help with his computer. 
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The universe has performed the 
maximum possible number of operations 
allowed by the laws of physics.
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ing a black hole. Below the minimum 
scale, spacetime geometry ceases to 
exist. That level of precision is much, 
much bigger than the Planck length. To 
be sure, it is still very small. The average 
imprecision in measuring the size of the 
observable universe is about 10–15 me-
ter. Nevertheless, such an imprecision 
might be detectable by precise distance-
measuring equipment, such as future 
gravitational-wave observatories.

From a theorist’s point of view, the 
broader significance of this result is 
that it provides a new way to look at 

black holes. Ng has 
shown that the strange 

scaling of spacetime fl uc-
tuations with the cube 

root of distances provides 
a back-door way to derive the 

Bekenstein-Hawking formula for 
black hole memory. It also implies 

a universal bound for all black hole 
computers: the number of bits in the 
memory is proportional to the square 
of the computation rate. The propor-
tionality constant is Gh/c5—math-
ematically demonstrating the linkage 
between information and the theories 
of special relativity (whose  defi ning pa-
rameter is the speed of light, c), gen-
eral relativity (the gravitational con-
stant, G) and quantum mechanics (h).

Perhaps most signifi cantly, the result 
leads directly to the holographic prin-
ciple, which suggests that our three-di-
mensional universe is, in some deep but 

unfathomable way, two-dimensional. 
The maximum amount of information 
that any region of space can store seems 
to be proportional not to its volume but 
to its surface area. The holographic 
principle is normally thought to arise 
from the unknown details of quantum 
gravity, yet it also follows directly from 
the fundamental quantum limits to the 
precision of measurement.

The Answer Is . . .  42
the pr inciples of computation can 
be applied not just to the most compact 
computers (black holes) and the tiniest 
possible computers (space time foam) 
but also to the largest: the  universe. 
The universe may well be infi nite in ex-
tent, but it has existed a fi nite length of 
time, at least in its present form. The 
observable part is currently some tens 
of billions of light-years across. For us 
to know the results of a computation, 

To map a volume of space, you might use 
a constellation of Global Positioning System 
satellites. They make measurements by 
sending signals and timing their arrival. For 
maximum precision, you need lots of 
satellites. But the number of satellites is 
limited: too many, and the entire system will 
collapse to a black hole. 

To measure a region twice the size, you can 
use twice as many satellites. Because the 
volume is eight times as great, the satellites 
must be spaced farther apart. Each covers 
a larger subregion and can devote less 
attention to individual measurements, 
reducing their precision.

▲ RADIUS: 100 km
 SATELLITES: 4
 SPACING: 90 km

▼ RADIUS: 200 km
 SATELLITES: 8
 SPACING: 150 km
 INCREASE IN ERROR: 26% 

+– 1 x 10–22 cm

+– 2 x 10–22 cm

+– 3 x 10–22 cm

Measurement uncertainty is thus not fi xed 
but can vary with the size of the object being 
measured. The larger the object is, the fuzzier 
its detailed structure. That differs from 
everyday life, in which the measurement 
imprecision is independent of the object and 
depends only on how fi nely subdivided your 
ruler is. It is as though your choice of what 
to measure affects the fi ne-scale structure 
of spacetime.
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Computing Spacetime

Measuring distances and time intervals is a type of computation 
and falls under the same constraints that computers do. 

It turns out that measurement is a much more slippery process 
than physicists had thought.
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it must have taken place within 
this expanse.

The above analysis of clock 
ticks also gives the number of 
operations that can have oc-
curred in the universe since 
it began: 10123. Compare this 
limit with the behavior of the 
matter around us—the visible 
matter, the dark matter and the 
so-called dark energy that is caus-
ing the universe to expand at an ac-
celerated rate. The observed cosmic 
energy density is about 10–9 joule per 
cubic meter, so the universe contains 
1072 joules of energy. According to the 
Margolus-Levitin theorem, it can per-
form up to 10106 operations per second, 
for a total of 10123 operations during 
its lifetime so far. In other words, the 
universe has performed the maximum 
possible number of operations allowed 
by the laws of physics.

To calculate the total memory ca-
pacity of conventional matter, such 
as atoms, one can apply the standard 
methods of statistical mechanics and 
cosmology. Matter can embody the 
most information when it is converted 
to energetic, massless particles, such as 
neutrinos or photons, whose entropy 
density is proportional to the cube of 
their temperature. The energy density 
of the particles (which determines the 
number of operations they can per-
form) goes as the fourth power of their 
temperature. Therefore, the total num-
ber of bits is just the number of opera-
tions raised to the three-fourths power. 
For the whole universe, that amounts to 
1092 bits. If the particles contain some 
internal structure, the number of bits 
might be somewhat higher. These bits 
fl ip faster than they intercommunicate, 
so the conventional matter is a highly 
parallel computer, like the ultimate lap-
top and unlike the black hole.

As for dark energy, physicists do not 
know what it is, let alone how to calcu-
late how much information it can store. 
But the holographic principle implies 
that the universe can store a maximum 
of 10123 bits—nearly the same as the to-
tal number of operations. This approx-
imate equality is not a coincidence. Our 

universe is close to its critical density. If 
it had been slightly more dense, it might 
have undergone gravitational collapse, 
just like the matter falling into a black 
hole. So it meets (or nearly meets) the 
conditions for maxing out the number of 
computations. That maximum number 
is R2/lP2, which is the same as the num-
ber of bits given by the holographic prin-
ciple. At each epoch in its history, the 
maximum number of bits that the uni-
verse can contain is approximately equal 
to the number of operations it could 
have performed up to that moment.

Whereas ordinary matter under-
goes a huge number of operations, dark 
energy behaves quite differently. If it 
encodes the maximum number of bits 
allowed by the holographic principle, 
then the overwhelming majority of 
those bits have had time to fl ip no more 
than once over the course of cosmic his-
tory. So these unconventional bits are 
mere spectators to the computations 
performed at much higher speeds by 
the smaller number of conventional 
bits. Whatever the dark energy is, it is 
not doing very much computation. It 

does not have to. Supplying the missing 
mass of the universe and accelerating 
its expansion are simple tasks, compu-
tationally speaking.

What is the universe computing? 
As far as we can tell, it is not producing 
a single answer to a single question, like 
the giant Deep Thought computer in 
the science-fi ction classic The Hitchhik-
er’s Guide to the Galaxy. Instead the 
universe is computing itself. Powered by 
Standard Model software, the universe 
computes quantum fi elds, chemicals, 
bacteria, human beings, stars and gal-
axies. As it computes, it maps out its 
own spacetime geometry to the ulti-
mate precision allowed by the laws of 
physics. Computation is existence.

These results spanning ordinary com-
puters, black holes, spacetime foam and 
cosmology are testimony to the unity of 
nature. They demonstrate the concep-
tual interconnections of fundamental 
physics. Although physicists do not yet 
possess a full theory of quantum grav-
ity, whatever that theory is, they know 
it is intimately connected with quantum 
information. It from qubit. 

UNIVERSE IS A COMPUTER 

consisting of two types of 

components. Matter (red) 

is highly dynamic; it acts 

as a high-speed parallel 

computer. Dark energy 

(gray) appears to be nearly 

static; it acts as a lower-

speed serial computer. 

Together the components 

have performed as many 

operations as the laws of physics 

allow. Computo, ergo sum.

DARK ENERGY
SPEED: >10–18 hertz
MEMORY: <10123 bits

MATTER
SPEED: 1014 hertz
MEMORY: 1092 bits

Universe

Dark energy
Speed: >10–18 hertz
Memory: <10123 bits

Matter
Speed: 1014 hertz
Memory: 1092 bits

Universe
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