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Four decades ago, Stephen Hawking posed a paradox about black holes and quantum
theory that still challenges physicists’ imaginations today. One of the most promising

approaches to resolving it is string theory, a branch of modern physics.
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Building UniverseOS 1

Our basic drive is to find interesting systems, poke them, and see what happens.

For much of the 20th century, most physicists classified themselves as either
experimentalists or theorists. In the 21st century, physics is more like a
holy trinity of effort. Physicists

1 measure the physics in a laboratory (experiment);

2 model the physics with mathematics (theory);

3 simulate the physics on a computer (computation).

I am in the second category. My favourite force is gravity.

String theorists like me want to explain the structure and origin of particles, forces, and spacetime,
all the way from subatomic to cosmological scales. In other words, we dare to seek the operating
system of the entire universe at once – not just a killer app!

What dynamic range is involved? So big it pushes the limits of human imagination: about sixty
powers of ten (10−33cm to 10+28cm). In musical terms, this would correspond to ranging over
about 200 octaves. For comparison: the Guinness world record for vocal range is 10 octaves.
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Size does matter 2

Humans are optimized for mm to km distance scales. If we want to probe smaller or larger scales,
we need microscopes or telescopes, like the Large Hadron Collider near Geneva or the Hubble space
telescope in orbit.

Old joke about purity of sciences: sociology is just applied psychology, psychology is just applied
biology, biology is just applied chemistry, chemistry is just applied physics. Real moral of story:
different tools appropriate to different length scales, e.g. societies, mitochondria, or Higgs bosons.

Building a theory is a bit like wiring up a mixer. Dials and sliders on your dashboard indicate how
strongly the various components interact; physicists call them couplings.
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What lies beneath? 3
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Twin pillars of 20th C physics – and the clash between them 4

Quantum Mechanics, born in the 1920s, is an exquisitely well tested theoretical description of very
small things – like molecules, atoms, quarks, and Higgs bosons.
General Relativity, born in 1916, is an exquisitely well tested theoretical description of very heavy
things – like planets, stars, galaxies, and even the entire visible universe.
Both QM and GR have nearly a century’s worth of solid data backing them up.

Unfortunately, QM and GR are fundamentally incompatible. GR is all about the smooth fabric of
spacetime geometry, whereas QM has random jumpiness baked in. This is not just a minor niggle.
It is a deep theoretical emergency – like having roads governed by incompatible traffic rules.

Can’t we just sweep this under the rug? How about we let QM stick to governing small things, and
let GR stick to governing heavy things, and pretend those Venn diagrams never overlap?

Nope – there might be physical systems that are both heavy and small. There are two, in fact:
black holes and the big bang. To address these systems, we need a theory of Quantum Gravity.
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String theory 5

String theory heals the epic clash of QM and GR by making a bigger tent that incorporates both.
(Edward Witten likes to say string theory is a piece of 21st C physics that fell into the 20th C.)

When we learn about atoms and molecules in school, we are taught that the fundamental
constituents of everything are elementary particles. The key feature of a particle is that it is
pointlike. Structureless. Zero-dimensional.

But what experimental evidence do we have that electrons and quarks are actually pointlike?
Even the LHC, humanity’s most powerful machine yet, can only reach down to about 10−17cm.
(If you blew up that LHC scale to my size, I would be nearly as big as the Milky Way.)

String theory is the idea that the LEGOs of the universe are tiny
one-dimensional vibrating strands of energy known as fundamental strings.
This is the only generalization of elementary particles that works properly!

These strings are much smaller than the molecules in the macroscopic kind
of string that a kitten plays with.

Key feature of fundamental strings is versatility: they can vibrate in different ways, corresponding
to different subatomic particles. In this sense, string theory is a symphony of Nature. � �
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Force unification 6

How can a string possibly represent a particle? Easy peasy. Move far away from the string and
take your glasses off. At low resolution, a string looks just like a particle would.

String theory contains two types of strings: open strings with ends (kinda like a jump rope) and
closed strings without ends (kinda like a rubber band).

The lowest mode of vibration of an open string, called the groundstate, has zero mass and spin 1.
These are the vital statistics of

1 photons that transmit the electromagnetic force;
2 gluons that transmit the strong nuclear force binding quarks inside protons and neutrons;
3 W,Z bosons that transmit the weak nuclear force essential for powering nuclear fusion in stars.

The groundstate of a closed string has zero mass and spin 2. These are the vital statistics of
4 gravitons that transmit the gravity force.

Unification of gravity with the other three forces was something Albert Einstein dreamed of
achieving. Unfortunately he did not live long enough to see it.

+
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Prediction of gravity and extra dimensions 7

The groundstate of a string corresponds to the lowest possible frequency produced by vibration in
an organ pipe or a cello string. Excited states correspond to higher harmonics of the musical
instrument, and they represent interacting particles with higher mass and spin.

Amazing feature: when you work out the quantum theory of strings, you get gravity for free!
This does not impress most modern humans, because gravity was discovered centuries before string
theory was. Had string theory been discovered first, it would be famous for having correctly
predicted the existence of gravity and its inventors would probably have Nobel Prizes.

String theory also predicts extra dimensions of space, tightly curled up and hidden from view.
Strings, unlike particles, can wrap around them. String theory also has extended [mem]branes in its
spectrum, which can also wrap. This has profound consequences for spacetime.

Superstring theory, with all its complicated moving parts, is capable of describing all the discovered
subatomic particles in the Standard Model of particle physics – plus possible zoos of undiscovered
ones as well. It unifies forces and matter. It even describes the emergence of spacetime itself.
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Onion layers 8
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Anatomy of a black hole 9

Launch a satellite just right, and Earth’s gravity will balance perfectly against speed and inertia.
If launched too slow it would fall back to Earth; if launched too fast it would escape.

Black holes have such strong gravity that, inside a certain
radius from their centre, nothing can escape – not even light.
Hence the name “black” hole. This surface of doom is known
as the event horizon.

An object is called a black hole if it is dense enough to be
contained within its own event horizon. Earth fails to qualify:
it would have to fit inside a ping-pong ball to be a BH.

At the heart of a BH is the singularity, where the curvature of spacetime becomes infinite. Even
nuclear forces are not strong enough to resist matter being shredded into fundamental constituents.
(For small enough BH, astronauts get shredded even before they cross the horizon.)

Einstein’s equations of GR fall flat on their face at the singularity, and can no longer predict any
physics there. Instead they answer every physics question with “infinity”. This is why we need a
Quantum Gravity theory. (Note: the BH singularity might not even be 4D, like in Interstellar!)
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Hawking’s information loss paradox 10

In the four dimensions of spacetime that we can perceive, black holes cannot have bling. From
outside the event horizon of a BH, you can only know its mass M and spin J, and force charges Q if
it can have any. You remain ignorant of everything behind the horizon.

In 1974-75, S. Hawking proved something very surprising using the best theoretical tools available
back then: black holes emit radiation! The Hawking temperature only knows about M, J, and Q.
For real-world astrophysical BHs it is colder than the CMBR, but it still matters in principle.

If you throw a 1kg book into a BH, weak Hawking radiation comes out. If you throw in a 1kg fish
instead, the radiation will be identical. It knows nothing about differences between books and fishes.

Hawking realized this had profound implications: black holes in GR lose information. Yikes!
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Temperature and entropy 11

Idea: since a BH has a temperature, it can be studied as a thermal system.
In the 19th C, physicists invented thermodynamics to help figure out how to build more efficient
engines. This toolset lets you efficiently describe a very large number of molecules in a gas in terms
of just a few gross properties, like temperature, pressure, and energy density.
Entropy S encodes the amount of energy that is wasted as heat in a thermodynamic process.
Alternatively, it encodes the degree of disorder of a physical system. e.g.: a tidy bedroom has low
entropy while a messy bedroom has high entropy. Or, in terms of H2O molecules,
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Counting BH entropy with string theory 12

For gases, if you know the quantum physics of one molecule,
you can derive all the thermodynamic properties.

L.Boltzmann discovered a formula for the entropy S in terms of
the number of ways W a quantum system could be configured,

S = kB log(W ) .

He was so in love with it he had it engraved on his tombstone!

A century later, J.Bekenstein and S.Hawking found the thermodynamic entropy of a black hole

SBH =
kBc

3

4GN~
× horizon area .

The BH entropy quantifies our ignorance about what lies behind the horizon.

Researchers like me want to explain this entropy of BHs starting from first principles. A.Strominger
and C.Vafa did the first calculation achieving this in 1996. But with rather unrealistic BH, so far.

Getting the entropy right is great, but it is not sufficient. We also need to get the quantum states
right to solve Hawking’s paradox. This is a very active area of current research in progress.
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