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MESSAGE FROM
THE BOARD CHAIR

Ideas are powerful things.

In just 10 years, Pl has gone from an idea to an international force in theoretical physics.

It has become a hub for many of the world's deepest and most creative thinkers, and a
phenomenal fraining ground for young researchers. At the same time, it has pioneered new
ways of reaching out to communicate the importance of fundamental research to people

of all ages.

“Today’s theoretical physics is tomorrow’s technology.”

| am sometimes asked, why theoretical physics2 The answer is simple: foday’s theoretical
physics is tomorrow’s technology. Time and again, its breakthroughs have deepened our
understanding of the universe, and ultimately led to technologies that have transformed the
way we communicate, the way we fravel, how we heat our homes, how we freat illness.
A hundred years ago, for example, Einstein picked up on a radical new idea that light
comes in packets, called quanta, and used it to understand a puzzling phenomenon
called the photoelectric effect. This new understanding became the foundation of quantum
mechanics, and led fo semiconductors, computers, lasers, digital cameras, the Infernet —
all of modern communications and computing.

There is nothing more practical or visionary that we can do for our society than invest in our
own capacity fo innovate, and Pl was designed as a crucible of new ideas. It challenges
some of the world’s best minds to ask, and try to answer, some of the deepest questions in
science: How do we reconcile the quantum behaviour of the universe on microscopic scales
with the classical picture of space and time on the largest scales? What is dark energy?
How do particles acquire mass? Are there new states of matter we don't know about?
Breakthroughs in our understanding of these phenomena will transform our future in ways
that we cannot imagine.
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Over the last decade, it has been incredibly grafifying to see how leaders at every level of
government, private sector partners, and the broader Canadian public have all recognized
PI's enormous long-term value to our society. Their steadfast support continues to be essential
fo Pl's success.

The last year, in particular, has been one of amazing progress on every front. Outstanding
scientists have joined the staff, the new Mastfers program graduated its first class, and Pl held
the largest and most fascinating science festival ever held in Canada. The campaign fo build
PI's endowment has gained stfeam, and the new Stephen Hawking Centre at Perimeter Institute
is rising steadily. To fop it all off, PI's first Distinguished Research Chair, Stephen Hawking
himself, came for a sixweek visit, during which he shared his belief that transformative
discoveries will be made here. | have every confidence that he is right.

As Chair, I would like to express my deep gratitude to departing Board members Ken Cork
and Douglas Wright, both of whom have served Pl with great energy and dedication since
its founding, and fo welcome two new Board members. Kevin lynch is a distinguished former
public servant who served most recently as the Clerk of the Privy Council, Secrefary to the
Cabinet and Head of the Public Service of Canada. Dr. Steven Maclean is the President of
the Canadian Space Agency, one of Canada’s first astronauts, and a physicist by training.
They are both exceptional additions to the Board.

Finally, I would like to pay fribute to Founding Board member Lynn Watt, who passed away
onJuly 7, 2010. lynn played a key role in PI's development from its founding. As a graduate
student at the University of Chicago, Lynn learned theoretical physics from Enrico Fermi.
Decades later, | was lucky enough to take his course on relativity and quantum mechanics

at the University of Waterloo. In addition to the lectures, he used to give optional evening
tutorials on the latest discoveries, which were always packed and invariably led to animated
discussions about those amazing new ideas. Those tutorials marked the beginning of my own
fascination with theoretical physics. VWhen Lynn met Stephen Hawking this summer, it was a
brilliant moment.

It's been a thrilling decade, and we're just getting started. Pl is opening new windows info
our future. | can't wait fo see what the next fen years will bring.

— Mike lazaridis



MESSAGE FROM
THE INSTITUTE DIRECTOR

Just two years ago | was drawn to Pl by what | saw as an unprecedented opportunity here
for the development of basic physics. The Insfitute seemed to me to combine the energy and
enferprise of a startup with the culture of excellence of the strongest scientific institutions.

lts ambitious scientific focus was matched by a strong commitment fo public outreach. The
challenge, as | saw it, was to take the Institute o the next level, realizing its potential to
become a worldleading centre capable of sparking major scientific breakthroughs.

PI's achievements were already remarkable. To come from nowhere and achieve global
recognition within less than a decade, against competition from fraditional centres like
Cambridge, Harvard and Princefon, was very surprising. Pl had done this because its founders
saw clearly what others had missed: that theoretical physics is one of the most costeffective and
impactful fields in all of science, for the simple reason that for the purpose of unveiling the laws
governing the universe, the human mind is both the most powerful piece of apparatus we possess
and the cheapest to operate. The breakthroughs made by Newton, Maxwell and Einstein cost
almost nothing but seeded essentially every technology which underlies modern society.

PI's scientific focus on quantum physics and spacetime was visionary. The former led fo the
creation of our experimental partner centre, the Institute for Quantum Computing (IQC) af the
University of Waterloo. The latter affracted a unique combination of theorists pursuing competing
approaches to quantum gravity, the most challenging problem in basic physics. Ten years on,
Perimeter has become one of the most affractive desfinations for young researchers, receiving
over 600 applications for the 12-15 postdoctoral fellowships awarded here each year.

The progress of theoretical physics rests, more than anything, on enabling brilliant young
people to pursue their ideas. Soon after | arrived, we launched Perimeter Scholars Infernational
(PSI), an innovative Masters program designed to affract the brightest students from around

the world and bring them fo the cutting edge of research. The first class of 28 students from

16 countries recently graduated. They are a remarkable group, and we know they will go on
fo great things. In the future, we hope PSI will be seen as a valuable new model for scientific
fraining at the highest level, as well as a global stimulus for theorefical physics.
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At the other end of the spectrum, the wisdom and experience of senior theorists is invaluable
in guiding and inspiring excellent research. So we created Perimeter’s Distinguished Research
Chairs (DRC:s), visiting positions for the world’s most distinguished theorists. We were
delighted with the acceptance rate, and with how often our DRCs visit: Pl has gained a
wonderful reputation as a place fo visit and do research. This summer, we were especially
happy fo host Perimeter’s first DRC, Stephen Hawking. Twenty DRCs have so far been
appointed: ten more will be added next year.

Building our resident faculty is also a central goal. Over the past year we have been joined
by five outstanding scientists: Niayesh Afshordi, Latham Boyle, David Cory, Luis Lehner, and
Pedro Vieira. They are adding to our strength in cosmology, quantum information, quantum
field theory, and the study of black holes and gravitational waves — the next great frontier in
astronomy and cosmology. We are planning fo grow in condensed matter, especially in the
realm of strongly quantum-correlated systems, an area which connects well to our exisfing
strengths as well as to emerging technological frontiers.

We have strategically broadened the scope of PI's research to eight fields, each offering
complementary insights info quantum theory and spacetime. The combination is unique
worldwide. We actively encourage inferaction and even collisions between disciplines,
since these are frequently the key to new discoveries. And we resist the fragmentation of
our research community into narrowly specialized groups, a phenomenon which is all
foo common in academia. likewise, since a contfinuous interaction between theory and
experiment is an essential part of good science, we are building connectfions with major
experimental and observational centres in Canada and beyond.

We are also adding to our Outreach program by supporting the emergence of scientific
centres of excellence in the developing world, where great pools of talent lie waiting o

be tapped. Our first efforts have focused on the African Institute for Mathematical Sciences
(AIMS], in Cape Town, South Africa. Last July, we were delighted to host Prime Minister
Stephen Harper at Pl as he announced CDN $20 million in funding from the government
of Canada to support the creation of a network of five AIMS centres, with partnership from
Pl and from the International Centre for Theoretical Physics (ICTP) in ltaly. This is a visionary
investment that will bring Africa a giant step closer to realizing her potential for science and
for home-grown innovation, which will | believe be the key to her development.

If I had to point fo one thing which already sets Pl apart from any major scientific insfitution
worldwide, it would be our public outreach program, motivated by our commitment to and
passion for sharing scientific ideas. last fall's Quantum fo Cosmos: Ideas for the Future festival
was a huge, audacious undertaking: dozens of talks broadcast over the Internet, a giant tent
filling Waterloo’s town square with hands-on exhibits and a 3-D film narrated by Stephen
Howking, the world premiére of the Pl-produced documentary The Quantum Tamers, concers,
a film festival, and live TV broadcasts from Pl's atrium. lts success exceeded our wildest hopes,
with 40,000 on-site visitors, and over a million TV and online viewers.

| see Quanium to Cosmos as emblematic of what Perimeter is frying to do. History encourages
us to think boldly, plan carefully, and shoot for the stars. Sometimes, magic can happen.

— Neil Turok
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Theoretical physics is one of the highest impact, yet lowest cost areas of basic research.
lts powerful ideas have seeded innovations across all of science and technology, from
mechanical engineering fo wireless communication, from electronics to power generation.
Quantum mechanics, for example, was invented to explain the nature of radiation and the
structure of the atom. Yet, over the course of the 20th century, it led to the development

of lasers, CDs, DVDs, semiconductors, LEDs and more. And, in the 2 1st century, it offers
the prospect of a revolution in information technology, driven by quantum computers and
quantum encryption for secure communication.

“The importance of special places and special times, where magical progress
can happen, cannot be overstated. ... It seems to me, the same ingredients are
being assembled here, at Perimeter Institute. Perimeter’s chosen scientific focus,
connecting quantum theory and spacetime, is central to new insights, which are
emerging, concerning not only black holes and the beginning of the universe, but
also nuclear and particle physics, quantum computers, and the science of new
materials. Perimeter is a grand experiment in theoretical physics. | am hoping,
and expecting, great things will happen here.”

— Stephen Hawking, Pl Distinguished Research Chair and Emeritus Lucasian Professor, University of Cambridge

Recognizing theoretical physics’ fundamental role in science and innovation, Perimeter
Institute was founded in 1999 as a sfrategic investment to speed the rate of discovery

and open new avenues. Iis scientific focus was farsighted, namely the development and
reconciliation of quantum theory, which describes the behaviour of nuclei, atoms and matter,
with general relativity, which describes the space, time and gravity governing the behaviour
of stars, galaxies and the universe. Obtaining a deeper understanding of both the laws

and the arena for physics will drive the big science experiments and the fechnologies of
tomorrow, and it will help to us to resolve fundamental questions about the cosmos, such as
where it came from and where it is going.

6 RESEARCH



Expanding the Most Promising Interfaces

Foundational physics is advancing rapidly. Over the past
decade, powerful asfronomical observations have fransformed
our understanding of the universe, for example by revealing the
presence of dark energy which is now driving cosmic expansion.

Simultaneously, with the Large Hadron Collider (LHC], we are probing

the structure of matter on the finiest accessible scales. With the LHC
operating at unprecedented energies, we stand on the threshold

of discovering whether the standard model of particle physics,
arguably the most successful theoretical model in all of science, is
actually correct or must be replaced. Similarly, quantum information

is rapidly emerging as a new science with a siream of ideas for how
fo implement quantum computers and absolutely secure transmission
of information. And powerful new concepts like holography, linking
quantum theory to general relafivity in unexpected ways, are bringing
dramatic new insights info diverse areas of physics.

‘| take great interest in the work done
by your Institute, and | know that

your growing research, fraining and
outreach activities will culminate in the
breakthroughs of tomorrow.”

— Prime Minister Stephen Harper

As a research institute, Pl is unusual in actively promoting interactions
and new connections between different disciplines. Discoveries often
result from collisions between different approaches, when ideas
combine to yield entirely new insights. The Institute has strategically
expanded its research fo encompass eight fields, each offering
complementary views of the basic laws governing the universe. The
chosen set of research areas is unique worldwide, forming a whole far
greater than the sum of its parts and enabling advances in one area

fo promote progress in others. Pl already hosts the largest group of
independent postdoctoral researchers in theoretical physics worldwide,
as well as over a thousand visiting researchers from around the world
each year, adding fo the vibrant inferchange of ideas.

Basic research is by its very nature unpredictable: we cannot know

in advance which avenues will be fruitful and which will ulimately
furn ouf to be dead ends. Nor can we fell in advance how long
breakthroughs will take. But we do know the lesson of history: that the
pursuit of ambitious and unconstrained research within an excellent
environment has paid off, time and again. By offering researchers the
support and opportunity for inferaction they need to pursue their work,
PI's overriding goal is to enable major scientific breakthroughs.

The following is a snapshot of some exciting new directions
emerging from Pl research over the past year.

t‘ ]
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g Clerk Maxwell Heinrich Hertz

Theoretical Physics:
Magic That Works

Motivated by Maxwell’s equations
describing electromagnetic radiation,

in 1887 Heinrich Hertz constructed a
machine that could make a spark jump
between two metal prongs separated

by a finger’s width. On the far side of a
room he suspended a single loop of wire
and snipped it, creating a narrow gap.

He then energized his spark generator,
which rhythmically zapped out a series of
tiny sparks between the two metal prongs.
Returning to the wire loop across the room,
he bent down and inspected the little gap
in the wire. There it was, a tiny spark
jumping from one edge fo the other. Energy
was traveling through the air, across the
room, from his machine fo the receiving
wire loop, just as Maxwell’s equations

had predicted.

The wireless revolution, which would soon
change the world, had begun.




Seeking New Answers To Big Questions

Complex systems includes the description of complex phenomena, from statistical

physics fo nonlinear dynamics, to novel mathematical tools for describing phenomena
on all length scales.
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L Quantum foundations and quantum information aim to develop our understanding of
quantum reality. Quantum theory is the most precisely tested theory we possess, but its
meaning remains mysterious. Can we understand it more deeply? Can we harness its
power fo build quantum computers?
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Cosmology and gravitation looks at the really big picture: how
did the universe form, and how were the stars, galaxies, and
black holes we now observe created? What are dark matter and
dark energy? What really occurred at the big bang singularity?

Condensed matter sfudies physics on intermediate scales, where
afoms combine into solids and liquids. Why do materials exhibit
exofic properties like magnetism or superconductivity? Are there
new sfafes of matter we have not yet observed?

Particle physics aims to discover the laws governing matter and
forces on the tiniest subatomic scales. What are the basic building
blocks of nature, and what holds them togethere

String theory and quantum gravity both seek to unify quantum
theory and the laws of particle physics with general relativity,
Einstein’s theory of gravity which describes space and time. This
unification is central to resolving fundamental questions such as
what fixed the pattern of particles and forces, how the universe
evolved in its earliest moments and what is the nature of the dark
energy now shaping its evolufion.

PI By The Numbers

In 2009-10, Pl had 12 Faculty,
12 Associate Faculty, 47 postdoctoral
fellows, and 25 PhD students.

Faculty

Latham Boyle
Freddy Cachazo
Laurent Freidel
Jaume Gomis
Daniel Gottesman
Lucien Hardy
Fotini Markopoulou
Robert Myers

Lee Smolin
Robert Spekkens
Neil Turok

Pedro Vieira

Associate Faculty

(cross-appointed with other institutions)

Niayesh Afshordi
(University of Waterloo)

Alex Buchel
(University of Western Ontario)

Cliff Burgess
(McMaster University)

Richard Cleve
(University of Waterloo)

David Cory
(University of Waterloo)

Adrian Kent
(University of Cambridge)

Raymond Laflamme
(University of Waterloo)

Luis Lehner
(University of Guelph)

Michele Mosca
(University of Waterloo)

Ashwin Nayak
(University of Waterloo)

Maxim Pospelov
(University of Victoria)

Thomas Thiemann

(Max Planck Institute for Gravitational Physics)
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Four hundred years ago, the classical view of an earth-centred cosmos was upended by a
combination of precision measurements and mathematical theory, culminating in Newton's

laws of gravity and motion. In the 20th century, even more powerful observations and basic
theory again drove a flood of discoveries, including the expansion of the cosmos, pulsars and
supermassive black holes, and, most dramatically, the cosmic microwave background, providing
a direct picture of our universe in its infancy.

Within the coming decade, gravitational wave defectors such as the Laser Interferometer
Gravitational Wave Observatory (IGO) are expected to open an entirely new window on the
universe, revealing the sfructure of the most violent gravitational events including black holes in
collision and, in time, the big bang singularity itself.

Predicted by Einstein’s theory of general relativity, gravitational waves are faint ripples in the
fabric of space and time that are produced by the interaction of huge masses, such as when two
black holes orbit around each other and merge.

Unlike electromagnetic radiation [such as visible light or radio waves), gravitational waves are
hardly affected by intervening gas and matter as they travel through space, so they carry ‘pristine’
information to us about the physical systems that created them. Detecting gravitational waves will
allow us fo test the strange and beautiful predictions of Einstein’s theory of general relativity for
exotic objects like supermassive black holes, as well as providing valuable clues to the behaviour
of the universe in its first instants, where Einstein's theory is known o fail.

What Do Gravitational Wave Telescopes and Porcupines Have
in Common?

Although an individual gravitational wave antenna, by itself, is a poor astronomical
instrument, it is possible fo design nefworks of antennas that function collectively as effective
gravitational wave felescopes, capable of defermining the direction and polarization of any
gravitational wave signal that they detect. In thinking about such networks, it is important to
realize that the gravitational waves they observe have very long wavelengths — much longer
than distances between the antennas — we will likely distribute antennas around the Earth to
detect gravitational wavelengths far longer than the Earth's diameter.

‘Black holes are the most extreme cases of gravity, signaling a region inside of
which everything breaks apart. | want to understand what happens there.”

— Associate Faculty member Luis Lehner

10

Faculty member Latham Boyle has recently worked out the theory of such networks, which he
calls ‘porcupines’ because the arms of the antennas may be thought of as emanating outward
from a cenfral point like the quills of a frightened porcupine. He has presented the basic
design principles and has derived the optimal way to use the network’s ‘output’ to reconstruct
the ‘input’ (namely, the gravitational wave signal being measured).

Boyle has also found a number of special network configurations ('perfect porcupines’) whose
sensifivity fo a gravitational wave signal is optimal, in particular being independent of the
direction or polarization of the signal.

Perhaps in the future, we will see the universe anew through the eyes of a porcupine.

References: Latham Boyle, “Perfect porcupines: ideal networks for low frequency gravitational wave astronomy,” arXiv: 1003.4946.

Latham Boyle, “The general theory of porcupines, perfect and imperfect,” arXiv: 1008.4997.
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Can We Develop an Early Warning System
for Black Hole Mergers?2

Black holes are the most extreme phenomena in the universe,

yet observations indicate they are surprisingly common — there's
even one sifting in the centre of our own galaxy, the Milky Way.
Their gravity is so sfrong that no light can escape, making them
hard to see directly. But this same feature — an enormously strong
gravifational pull = causes them fo drive the most violent, energetic,
and easily observed phenomena in astronomy, including quasars,
gamma ray bursts, and radio jefs, and to play a central role in
regulating the formation of galaxies.

Most galaxies are believed fo contain ‘supermassive’ black holes
at their centres, which aftain their size through mergers with other
black holes. Astronomers hope fo observe direct evidence of these
mergers by defecting the gravitational waves they emit but, in the
immensity of the universe, how will they know exactly which merger
is producing the signal? Unfortunately, gravitational wave detectors
will have relatively poor directional resolution, so it will be hard o
tell precisely which direction the waves emanate from.

Visualization showing electromagnetic jets emitted prior to black hole merger (image credit
L. lehner, C. Palenzuela, S. liebling).

Research recently published in Science by PI Associate Faculty
member Luis Lehner and collaborators may provide a vital clue. They
produced the first computer simulation incorporating the effects of
the extreme dynamics of the merging black holes on the charged
plasma that surrounds them. The orbital motion of the merging black
holes stirs the plasma, causing powerful jefs of radiation to be emitted.

These jefs amount fo warning beacons, since they would be emitted
days or weeks ahead of the merger itself, and they are theoretically
detectable from two fo six billion light years away. Even better, since
the emitted waves are electromagnetic, their source can be precisely
localized. By combining the electromagnetic signals from powerful
radio telescopes and the gravitational wave signals from future
gravitational wave telescopes, scientists should one day be able

fo peek deep info black hole systems. What they learn is likely to
profoundly affect our understanding of gravity, space and fime.

Reference: C. Palenzuela, L. lehner, S. leibling, “Dual Jets From Binary Black Holes,” Science

20 August 2010:Vol. 329. no. 5994, pp. 927930, DOI: 10.1126/science. 1191766.

PI Profile: Latham Boyle

As a kid, | liked nothing betfer than climbing
around on rocks or in caves; my parents must
have imagined that my career path was more
likely to be “caveman” than “physicist.” For
some reason | had a rather negative attitude
toward science when | was young, and my
inferest in it blossomed late (in college).

The subject of cosmology is full of
fundamental puzzles and unanswered
questions, like, “Why is the universe full

of matter rather than anti-matter2” and
“What generated the tiny temperature
fluctuations that we observe in the cosmic
microwave background?” These puzzles
can all be regarded as clues, and my hope
is fo give an account of the early universe
that resolves as many of these puzzles

as possible, all at once. I'm currently
fascinated by a recent paper by Edward
Witten, “A New Look at the Path Integral of
Quantum Mechanics,” and the possibility
that some of the ideas in it might be usefully
applied to cosmology.

Pl has a very distinctive environment. |

feel that I'm surrounded by a lot of people
making progress on very ambitious projects.
The Institute contains a range of expertise

in theoretical physics that is very broad, but
also very unique. The flow of visitors and
seminars is more than one can keep up
with. A theorist’s dream!

— Latham Boyle

Latham Boyle earned his PhD from Princeton
University in 2006, and was a Postdoctoral
Fellow at the Canadian Institute for Theoretical
Astrophysics (CITA] in Toronto from 2006-2009.
In 2008, he was named a CIFAR Junior Fellow.
He joined Pl as a junior Faculty member in 2010.
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Quantum mechanics provides a fantastically accurate description of the subatomic world, but it
is in sfark confradiction with many common sense notions. For example, according to quantum
mechanics, a single particle behaves as if it were in more than one place at a time. Qur notion
of which phenomena are connected and which are independent of one another also breaks
down: particles can be kilometres apart and still, in some respects, combined info a single,
‘enfangled” entity. Although quantum theory continues fo pose deep conceptual challenges, ifs
predictions, so far as we have been able fo test them, have been completely confirmed.

Many anticipate that we are on the brink of @ new quantum revolution in technology built on
these very same counterintuitive features, which could reshape the 21st century in dramatic
ways. Over the last 15 years, it has become clear that quantum mechanics is far more
powerful for manipulating information than the classical physics used by today's computers. A
quantum computer with just 50-60 quantum bits, or qubits, would exceed the computational
power of today's largest supercomputers. Likewise, quantum cryptography offers the potential
for ultra-secure communications, immune to eavesdropping.

How do quantum inferactions give rise to the reality we perceive? What are the properties of
quantum information, and which information processing tasks will be feasible with a quantum
computer? Pl researchers are working all along the quantum frontier, seeking new insights into
the conceptual and mathematical foundations of the theory, developing new approaches to

the description of large quantum systems as well as novel experimental tests and applications.

What Are the Limits and Potentials of Quantum Computers?

One of the key motivations for building a quantum computer is to enable us to solve problems
beyond the reach of today’s classical computers. It is important fo clearly demarcate exactly
which problems will be easier to solve on a quantum computer, and which will nof.

The field of computational complexity sorts problems into various classes according to how
hard they are fo solve, for example, by how long it will take to find the solution, and how
large the computational resources required are.

Recently, PI Postdoctoral Researcher Zhengfeng Ji and collaborators John Watrous and
Sarvagya Upadhyay (both of the Institute for Quantum Computing) and Rahul Jain (University
of Southern California) studied a sef of computational problems that arise in the area of secure
storage, transfer and processing of information, known as cryptography. They compared two
types of computational problems, one based on cryptographic inferactions between classical
computers, and one based on the same type of interactions between quantum computers.
They proved that these two types of problems are equivalent, meaning that the power of a
quantum computer is not a significant advantage for solving them. The result was considered
a breakthrough, because it helps to clarify how quantum computational complexity classes
relate to classical ones. This helps researchers better understand both the promise and limits of
quantum information processing.

Reference: “QIP = PSPACE, " Rahul Jain (University of Southern California), Zhengfeng Ji (Perimeter Institute), Sarvagya
Upadhyay (Institute for Quantum Computing), John Watrous (Institute for Quantum Computing), Proceedings of the 42nd ACM
Symposium on Theory of Computing (STOC), 2010, [arXiv:090/.4737]
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Can a Particle Be in Three Places at Once?

In work published in Science, Pl Associate Faculty member
Raymond laflamme and collaborators from the Institute for
Quantum Computing (IQC) and the University of Innsbruck
performed the most rigorous experimental test to dafe of Born's
rule, one of the central postulates of quantum mechanics, which
defines the probability that a measurement on a quantum system
will yield a certain result.

The researchers developed a variation on the famous ‘double

slit’” experiment, in which a beam of subatomic particles such as
photons or electrons is fired toward two closely-spaced slits on

a screen. Over many firings, a characteristic pattern builds up;
strangely, it is precisely the pattern that would be expected if a
wave had been sent at the slits, even though the particles fravel
through the apparatus one at a time. Somehow, each particle
fravels as a wave, passing simultaneously through both slits, even
though it is finally observed as a single particle: this is an example
of the ‘wave-particle’ duality predicted by quantum mechanics.

Artist’s visualization of the triple slit experiment.

A precise relafion, known as Born’s rule, states that the
probability of observing a particle is proportional to the intensity
of the wave. The simplest way to see the wavelike inferference
effects is to use two slits, but the new experiment sent individual
photons through three slits to be observed on a screen: the
results confirmed standard quantum theory to within one
percent, reinforcing our current understanding, while opening

new avenues for probing quantum mechanics af even higher
degrees of precision.

Reference: “Ruling Out Multi-Order Interference in Quantum Mechanics,” Urbasi
Sinha, Christophe Couteau, Thomas Jennewein, Raymond laflamme, Gregor Weihs,
Science, 23 July 2010: Vol. 329. no. 5990, pp. 418 —=421. DOI: 10.1126/
science. 1190545

PI Profile: Freddy Cachazo

In my first year of high school, I found a

book in a used book stand under a bridge in
Caracas, the city in Venezuela where | grew
up. It was about the space of velocities as a
Lobachevsky plane. The combination of an
exofic geometry and physics was what caught
my attention for years to come. In fact, every
year | went back to it until | finally understood
it (or probably just got used to the concepts).

| want to understand the structure of spacetime
and how the physics we experience can be
translated into mathematical terms. In my
current research, | am finding new hidden
and fascinating structures in theories we
thought we understood very well, called
gauge theories. These theories describe the
interactions of photons with electrons, and
also the cousins of photons and electrons,
called gluons and gluinos.

| am collaborating in this research with
Nima Arkani-Hamed, a faculty member at
the Institute for Advanced Study in Princeton
and one of PI’s Distinguished Research
Chairs. This work is very intense. We make
it that way because somehow we are lucky
enough to have a job which happens to be
our favourite hobby.

What makes Pl different and special is the flux
of visitors and the exposure to the many different
ideas they bring. | see Pl as a very interesting
experiment. | am a theoretical physicist so

this is probably the closest | will ever get to
participating in one! Pl’s potential is so high that
it is actually hard to imagine where it could be
in ten years from now.

— Freddy Cachazo

Professor Cachazo is a senior Faculty member. He
received his PhD from Harvard University in 2002,
and joined PI's faculty in 2005.
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Particle physics allows
us to describe the

basic constituents of the
universe with astonishing
precision and power.
The mathematical
framework we use to
describe elementary
particles is known as
quantum field theory,
born from the synthesis
of quantum mechanics
with Maxwell’s theory
of electromagnetic fields
and light. Quantum fields
describe all of nuclear
and particle physics,
condensed matter, and
early universe cosmology,
so foundational progress
in this area is likely to
have a major impact
across all of physics.
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HOLOGRAPHY AND NEW APPROACHES
TO QUANTUM FIELD THEORY

You can't peer around corners in regular photographs, but when you turn the bird hologram on
your credit card, you can see if from other angles — the hologram encodes three-dimensional
visual information on a flat two-dimensional surface. Similarly, the holographic principle” is the
idea that a theory describing a system in a certain number of dimensions of space may be
franslatable info another theory in one less dimension.

Holography offers an entirely new way of approaching quantum field theory (QFT), the
mathematical framework for describing the inferactions of elementary particles in the subafomic
realm. QFT is used fo describe both high energy elementary particle physics as well as low
energy condensed matter physics relevant for the everyday world with numerous technological
applications. While QFT describes many processes in the subafomic realm with great precision
and power, it becomes unmanageably complicated in many important problems where quantum
effects dominate, for example in describing how nuclear constituents — protons and neutrons — are
formed out of quarks and then glued together into nuclei. Understanding this ‘strong coupling’
region is key to understanding the properties of nuclear matter.

Is there a simpler and more powerful way to address these problems2 A number of PI
researchers are leading explorations af this frontier, developing new holographic approaches
fo understanding quantum fields, combining insights from quantum gravity, particle physics,
cosmology, and condensed matter. The surprises they are uncovering may provide deep, long-
sought connections between the nature of space and time, and quantum physics.

Can We Use ‘Quantum Magnets’ to Understand the Strong Force?

The ‘strong nuclear force’ is one of the four fundamental forces in nature (along with gravity,
the electromagnetic force and the ‘weak nuclear force'). It makes protons and neutrons stable
— if's the reason nuclear matter doesn't fall apart.

Faculty member Jaume Gomis, in collaboration with PI Postdoctoral Researcher Tokuya Okuda
and international collaborators, has developed new tools to probe the strong force. Building
on work by Nobel laureate Gerard 't Hooft, they have precisely calculated novel physical
observables in models that are wellsuited to probing quark confinement.

This result represents one of the very few exactly computed observables in strongly coupled
quantum field theory, and may ultimately produce signals that could be found in experiments.
Moreover, it makes a deep connection between theories formulated in four dimensions and
two-dimensional conformal field theories, akin to those describing critical phenomena such
as the liquidvapour phase fransition in water at high temperatures. Using these new insights,
Gomis and his collaborators are now working to directly study the exact dynamics of four-
dimensional theories.

Reference: “Gauge Theory loop Operators and Liouville Theory,” Jaume Gomis (Perimeter Institute], Takuya Okuda (Perimeter

Institute), Nadav Drukker (HumboldtUniversitcit zu Berlin), Joerg Teschner (DESY), Journal of High Energy Physics, JHEP
1002:057,2010 [arXiv:0909.1105].

What Can Soap Bubbles Teach Us About the Quantum
Scattering of Particles?

To reveal the basic building blocks of matter, particle accelerators like the Large Hadron
Collider (HC) ot CERN smash subatomic particles together at near light speeds. The particles
collide, bounce off each other, and emit or absorb additional particles in a process called
scattering. ‘Scattering amplitudes’ are precise theoretical predictions about the probabilities
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for obtaining various outgoing particles when a given set of
incoming particles collide. For collisions like those at the LHC,

processes involving the strong nuclear force dominate: these depend

only on a single free parameter, termed the interaction coupling.

Generations of physicists have spent much of their lives calculating
these processes using ‘Feynman diagrams,” a clever mnemonic
invented by the famous US physicist Richard Feynman. However,
over the last few years, more succinct and powerful fechniques
have been pioneered by physicists including Pl's Freddy Cachazo.
Along with DRC Nima Arkani-Hamed and other collaborators at the
Princefon Instfitute for Advanced Study (IAS), Cachazo has identified
powerful relations between amplitudes which allow them to be
computed far more efficiently than through Feynman'’s methods,
when the inferaction coupling is small.

Particle colliders like the [HC can probe
the strong nuclear force in exquisite defail,
but new theoretical tools are needed to
make predictions that they can fest.

Simultaneously, work at PI by Faculty member Pedro Vieira and
Postdoctoral Researcher Amit Sever, along with other Princeton

IAS collaborators including Davide Gaiotto and Juan Maldacena,
have allowed the amplitudes to be calculated when the interaction
coupling is large. In this regime, quantum effects dominate, and
Feynman'’s approach fails. Vieira and collaborators have combined
holography with a set of mathematical tools called quantum
infegrability to develop a new method for calculating scattering
amplitudes, which turn out to be given by the areas of certain two-
dimensional ‘soap film’ surfaces lying within a curved spacetime
known as ‘antide Sitter’ spacetime. By calculating these areas,
Vieira et al. have for the first time defermined the general scattering
amplitude when quantum effects are very large. Their results
furthermore hint at an alternative description which may be valid
for any value of the interaction coupling.

The discovery of new mathematical structures that control quantum
field theory is likely fo be of enormous significance, allowing
researchers not only fo calculate complex physical processes

relevant to real experiments, but also to tackle fundamental questions

such as the quantum structure of space and time.

References: "Y-system for Scattering Amplitudes,” Luis F. Alday (Institute for Advanced Study

(IAS)), Juan Maldacena (IAS), Amit Sever (Perimeter Institute), Pedro Vieira (Perimeter Institute),

J.Phys.A43:485401, 2010

“An Operator Product Expansion for Polygonal null Wilson Loops,” Luis F. Alday {IAS), Davide

Gaiotto (IAS), Juan Maldacena (IAS), Amit Sever (Perimeter Institute), Pedro Vieira (Perimeter
Institute), [arXiv: 1006.2/788]

A simulated'co ol le
experiment at/CERNE S

In nature, the quarks that make up every
proton and neutron in each atomic nucleus
are ‘confined,” bound so tightly together

by the ‘strong nuclear force’ that they are
never found in isolation. Although the theory
of the strong nuclear force (called quantum
chromodynamics) has been very well tested
in certain regimes, the equations of the theory
are very hard to solve, and so far progress
has relied on supercomputer calculations.
Finding precise mathematical formulae
describing the confinement of quarks is still
a major unsolved puzzle. A related mystery
is how