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Nine Primed for Discovery
The Natural Sciences and Engineering 
Research Council (NSERC) has 
awarded nine Discovery Grants to 
Perimeter researchers this year. Faculty 
members Niayesh Afshordi, Asimina 
Arvanitaki, Alex Buchel, Cliff Burgess, 
Philip Schuster, Lee Smolin, Pedro 
Vieira, Itay Yavin, and PI teaching 
Fellow David Kubiznak secured grants 
totalling $2.36 million. 

Michael Horgan Joins 
Perimeter Board of Directors 

Michael Horgan, Senior Advisor with 
Bennett Jones LLP and Canada’s 
former Deputy Finance Minister, joined 
Perimeter’s Board of Directors in May.
“I really like Perimeter’s vision,” said 
Horgan. “What the Institute’s been 

able to do in its first 15 years – become 
one of the top centres for theoretical 
physics in the world – is an incredible 
accomplishment. I think Perimeter 
Institute presents a great opportunity for 
the Region of Waterloo, for the Province 
of Ontario, and for Canada as a whole. 
I’m very happy to be a part of it.”

From ISSYP  
to Astrophysics
Perimeter is always happy to see the 
alumni of its International Summer 
School for Young Physicists go far. 
Case in point: Henry Lin, who was just 
named one of the Forbes 30 under 
30 in science. Lin, who is 19 and 
an undergraduate at Harvard, has 
published three first-authored papers on 
astrophysics. Among his findings: how 
to find rocky asteroids that orbit white 
dwarfs; and how to detect potential 
industrial pollution in the atmosphere of 
Earth-like planets in other solar systems.  

Out of this World 
Endorsement
Commander Chris Hadfield, no stranger 
to exploration, recently commented 
on our shared quest to expand human 
knowledge. “We didn’t get to where 
we are by being lackadaisical or 

unimaginative or hesitant,” said the 
Canadian astronaut. “We got here by 
being driven and restless and hungry 
about ideas, and we tried to build 
structures that allowed the brightest 
among us to solve problems in new 
ways. Go to Silicon Valley, or go to the 
Perimeter Institute, or go to UBC and 
TRIUMF, or walk over to General Fusion – 
we’ve set up a structure that allows 
people to take thought and invention to 
a level that’s never been seen before.”

Pedro Vieira Garners Sloan Fellowship and Gribov Medal
It’s been a good year for faculty member 
Pedro Vieira. In February, he won a 
Sloan Research Fellowship. The early-
career researchers who win Sloans are 
widely viewed as people to keep an eye 
on, and with good reason: 42 have 
gone on to win Nobel Prizes. 
In April, Vieira was awarded the 
2015 Gribov Medal, which honours 
outstanding work in theoretical particle 
physics or field theory by a physicist 
under 35 years old. The prestigious 
award is presented once every two years 
by the European Physical Society.
Perimeter Faculty Chair Robert Myers 
commented, “Pedro has a rare 
combination of mathematical talent 
and physical intuition, and he is doing 
remarkable work. We are delighted to 
see him recognized for it.”
Vieira is on a quest to find exact 
solutions in four-dimensional quantum 
field theory. Most solutions in quantum 

field theory are either not exact – they are 
arrived at by making and improving upon 
estimations – or are in two dimensions, 
where our real world has four. Changing 
that – finding exact solutions in four 

dimensions – is the toughest and most 
long-standing set of problems in the field.
Vieira has used a mathematical technique 
called holography to translate questions 
about four-dimensional field theories into 
questions about two-dimensional string 
theories. That makes it possible for him 
to tackle the questions through the use 
of integrability, a powerful mathematical 
technique for exactly solving two-
dimensional theories. Holography then 
allows him to relate the solution back to 
four dimensions.
Following the flow of ideas up and down 
the dimensions and through different 
theoretical lenses is tremendously 
challenging, but it is paying off scientifically. 
Vieira and his collaborators have opened 
a path to a richer conceptual and practical 
understanding of quantum field theory – 
the language in which particle physics, 
condensed matter physics, and much of 
cosmology is written. 

What they’re saying on the hill:  
“The Perimeter Institute is widely 

seen as the world’s foremost centre 
for theoretical physics, an anchor 

institution for Waterloo’s  
growing Quantum Valley.”  

- The Honourable Ed Holder, Minister 
of State for Science and Technology
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Physics, Centre Stage
Infinity, a new play about a theoretical 
physicist, recently finished a sold-out 
world premiere run at Toronto’s Tarragon 
Theatre. Perimeter’s own Lee Smolin was 
the consulting physicist to playwright 
Hannah Moscovitch. Moscovitch found 
Smolin after reading his book Time 
Reborn, which argues that, contrary to 
prevailing physics wisdom, time is real 
and fundamental to the universe and its 
laws. The two worked closely: Smolin 
wrote an eight-page backstory for the 
physicist-protagonist, giving him a series 
of purely fictional scientific discoveries to 
shape his career. 

Stephen Hawking Centre 
Awarded LEED Silver
The Stephen Hawking Centre at Perimeter 
Institute has been awarded Leadership 
in Energy and Environmental Design 
(LEED) Silver status. Opened in 2011, 
the Hawking Centre, which was partly 
funded through a Canada Foundation 
for Innovation (CFI) grant, was designed 
by Toronto-based Teeple Architects, 
who consulted with scientists to design a 
space to inspire and support great work. 
In 2012, the building was awarded the 
Design Excellence Award from the Ontario 
Association of Architects. 
The Hawking Centre is a building of 
the future in other ways: built using 
locally sourced materials, it incorporates 
extensive conservation measures such as 
green roofs, irrigation-free gardens, and 
grounds planted with native species. It is so 
energy-efficient that it doubled Perimeter’s 
space, but increased power consumption 
by only 30 percent. 

Perimeter Welcomes  
New Distinguished Chair
Yan Soibelman (Kansas State University), 
a mathematician and pioneer in the 
theory of quantum groups, recently 
joined Perimeter as our newest 
Distinguished Visiting Research Chair 
(DVRC). Perimeter’s DVRCs are eminent 
scientists who make the Institute their 
second research home, spending 
extended periods at Perimeter while 
retaining permanent positions at their 
home institutions. Condensed matter 
researcher Ashvin Vishwanath (Berkeley) 
and quantum gravity expert Renate Loll 
(Radboud University) recently renewed 
their DVRC terms through 2017 and 
2018, respectively.

Perimeter Researchers  
Win Buchalter Prizes
Perimeter Faculty member Lee Smolin 
and his collaborator Marina Cortês 
(University of Edinburgh) were awarded 
the inaugural Buchalter Cosmology Prize 
at the 225th meeting of the American 
Astronomical Society in Seattle, 
Washington. The pair was honoured 
for foundational work on causality and 
time. Two additional Perimeter scientists, 
Luis Lehner and Matthew Johnson, were 
among the winners of the third place 
Buchalter Prize. Their groundbreaking 
work on detecting possible collisions 
between “bubble” universes was 
featured in the Fall 2014 issue of Inside 
the Perimeter.

Big Grants  
for Big Questions
The long-horizon research conducted 
at Perimeter sometimes requires equally 
far-sighted support from scientific 
foundations. A trio of such grants came 
in recently. Guifre Vidal is a member 
of a large, multidisciplinary group of 
scientists developing new ways to solve 
the quantum mechanical behaviour of 
systems comprised of many interacting 
electrons. The “many electron” group 
is supported by a major grant from 
the Simons Foundation. Lee Smolin is 
working on fundamental time asymmetry, 
and is being supported by a grant from 
The John Templeton Foundation. Guifre 
Vidal and Roger Melko were also 
awarded Templeton grants, supporting 
their work on simulating emergence in 
quantum matter. 

What’s Growing in 
Quantum Valley? 

Perimeter Institute Founder and Board 
Chair Mike Lazaridis recently hosted 
Ontario Deputy Premier and President 
of the Treasury Board Deb Matthews, 
and Parliamentary Assistant for Research 
and Innovation and MPP for Kitchener-
Centre Daiene Vernile, for an exchange 
of insights on the research, experiment, 
and commercialization activities that 
are establishing Waterloo Region as 
Canada’s Quantum Valley. 

Newly appointed NSERC President 
Mario Pinto (centre) visits Perimeter with 

COO Michael Duschenes (left) and 
Faculty Chair Robert Myers (right). 

Quantum cars you say?  
Takeshi Uchiyamada, the global chair 

of the Toyota Motor Corporation, visits 
Perimeter and examines a prototype 

quantum circuit held by Perimeter 
Associate Faculty member Raymond 

Laflamme. Ray Tanguay, then-Chairman 
of Toyota Canada, looks on. Toyota 

Motor Manufacturing Canada is a 
supporter of the International Summer 

School for Young Physicists. 
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Fasten your seatbelts – gravity is about to get bumpy. The 
accepted wisdom among gravitational researchers has been 
that spacetime cannot become turbulent. But new research 

from Perimeter shows that the accepted wisdom might be wrong.

Gravity, it’s thought, can behave as a fluid. One of the characteristic 
behaviours of fluids is turbulence; under certain conditions, they 
don’t move smoothly, but eddy and swirl. The researchers wondered: 
can gravity do that too?

Perimeter Faculty member Luis Lehner explains why it might make 
sense to treat gravity as a fluid. “There’s a conjecture in physics – the 
holographic conjecture – which says gravity can be described as a 
field theory,” he says. “And we also know that, at high energies, field 
theories can be described with the mathematical tools we use to 
describe fluids. So it’s a two-step dance: gravity equals field theory, 
and field theory equals fluids, so gravity equals fields equals fluids. 
That’s called the gravity/fluids duality.”

The gravity/fluids duality is not new work – it’s been developing over 
the past six years – but hidden at the heart of it is a tension: if gravity 
can be treated as a fluid, then what about turbulence? 

“For many years,” says Lehner, “the folklore among physicists 
was that gravity could not be turbulent.” The belief was that 
gravity’s general relativity equations were sufficiently different 
from fluid dynamics equations that there would not be turbulence 
under any circumstances.

“Either there was a problem with the duality, and gravity really 
can’t be fully captured by a fluid description, or there was a new 
phenomenon in gravity, and turbulent gravity really can exist,” 
Lehner says. 

Lehner joined postdoctoral researchers Huan Yang (jointly appointed 
to Perimeter and the Institute for Quantum Computing) and Aaron 
Zimmerman (a fellow at the Canadian Institute for Theoretical 
Astronomy) to find out which.

They had hints about what directions to take. Previous simulations 
at Perimeter, and independent work out of MIT, had hinted that 
there could be turbulence around the non-realistic case of black 
holes confined in anti-de Sitter space. “There might be turbulence if 
you confine gravity in a box, essentially,” says Lehner. “The deeper 
question is whether this can happen in a realistic situation.”

The team decided to study fast-spinning black holes, because a 
fluid-dynamics description of such holes hints that the spacetime 
around them is less viscous than around other kinds of black holes. 
Low viscosity increases the chance of turbulence: think of the way 
water is more swirly than molasses.

The team also decided to study non-linear perturbations of the 
black holes. Gravitational systems are rarely analyzed at this level 
of detail, as the equations are fiendishly complex. But, knowing that 
turbulence is fundamentally non-linear, the team decided a non-
linear perturbation analysis was exactly what was called for.



   07

They were stunned when their analysis showed that spacetime did 
become turbulent.

“I was quite surprised,” says Yang. “I’ve been studying GR 
(general relativity) for some time, since my PhD. I never believed 
in turbulent behaviour in GR, and for good reason. No one had 
ever seen it in numerical simulations, even of dramatic things like 
binary black holes.”

“Over the past few years, we have gone from a serious doubt about 
whether gravity can ever go turbulent, to pretty high confidence that 
it can,” says Lehner.

How did this behaviour hide until now? “It was hidden because 
the analysis needed to see it has to go to non-linear orders,” says 
Yang. “People didn’t have enough motivation to do a non-linear 
study. But, this time, we knew what we were looking for. It gave us 
the motivation to do a more in-depth study. We had a target and 
we hit it.”

This is theoretical work, but it might not stay that way. Next-
generation detectors about to come online might soon detect 
gravitational waves: ripples in the gravitational “fluid” that result 
from big events like the collision of two black holes. If gravitation 
can be turbulent, then those ripples might be a bit different 
than previous models suggest. Knowing about these differences 
may make gravitational waves easier to spot. And, of course, 

actually detecting these differences would be direct evidence of 
gravitational turbulence.

But one of the most exciting consequences of this research relates 
not to gravity, but to ordinary, Earth-bound turbulence. From 
hurricanes to cream stirred into coffee, turbulence is all around us. 
Yet we don’t fully understand it. It’s considered one of the greatest 
unsolved problems in classical physics.

This research strengthens the idea that gravity can be treated as a 
fluid – which also means that fluids can be treated gravitationally.

“We’ve been stuck for over 500 years on achieving a full 
understanding of turbulence,” says Lehner. “This gravity/fluid 
correspondence tells us that there is a way to use gravitational tools 
and gravitational intuition to take a fresh look at turbulence. We 
may end up as stuck as we are in our standard approach, or we 
may end up shedding completely new light that helps the field go 
forward. It’s very exciting.”

– Erin Bow
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A crystal is a crystal, right? Diamond, quartz, graphene and 
the like are lattices of a symmetric, repeating arrangement 
of atoms. Any way you look at it, a crystal’s innards are 

arranged in a predictable pattern.

But what if there was another type of crystal – one that exhibited its 
crystalline nature not in its structure, but in its movements?

If you were to take a photograph of the crystal’s inner workings, it 
would look asymmetrical. But if you were to watch a movie of it, a 
choreographed dance of its particles would emerge over time. It 
would have a dynamic sort of symmetry.

A recent paper (available as a pre-print on the arXiv) by Perimeter 
cosmologists Latham Boyle and Kendrick Smith, and Jun Yong Khoo, 
who worked on the project as a PSI student, proposes “dynamical 
crystals,” and posits that such crystals might already exist in nature 
or could be engineered in a lab. The paper describes a general 

method to construct dynamical crystals mathematically, as well as 
an experimental way to find them and figure out their structure.

This is admittedly unusual territory for cosmologists. Boyle was 
puzzling over ways to detect gravitational waves – in particular, one 
proposed experiment that would have three satellites trail Earth in its 
orbit, transmitting laser beams to each other in a triangle. 

If a gravitational wave passes through and disrupts the system, the 
satellites would detect it and determine something about where the 
wave came from, and its polarization state. Boyle suspected that 
adding a fourth satellite – and choosing an appropriate four-satellite 
orbit – would glean much richer and more complete information.

It was an interesting idea without much chance of near-term impact, 
but Boyle was curious, so he did what physicists do: he boiled the 
idea down to its simplest case, and tried to work out a symmetrical 
four-satellite orbit.

Symmetry in Motion

Latham Boyle wanted to enhance a proposed gravitational wave 
detector. Instead, he and Kendrick Smith may have stumbled upon  
a new type of crystal.
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He couldn’t do it. He set the idea aside, and over Christmas 2012 
found himself contemplating it from a new perspective.

Instead of forcing dynamic objects, like orbiting satellites, to have a 
static sort of symmetry, why not find a symmetry that suits them? Why 
not look for symmetry in motion?

“It turns out there’s this really, really symmetric orbit for four satellites,” 
he says. “The surprising thing is that it’s even more symmetrical than 
the regular tetrahedron, which is the first of the Platonic solids and is 
the most symmetrical static arrangement of four points.”

If you reflect an ordinary (static) crystal through a certain plane, 
or rotate it by a certain amount, it still looks the same. But the 
symmetries of the four-satellite orbit mix space and time. To go 
back to the movie analogy, after a certain rotation, it might look as 
though the film has been fast-forwarded by a certain amount.

Excited by the idea, Boyle started chatting with Kendrick Smith, a 
cosmologist who was visiting Perimeter at the time and has since 
joined the Faculty.

“We both are cosmologists, so it was natural for us to be talking. 
But this is not really cosmology, and I was just telling him about 
it because I was excited about it,” Boyle says. “I was wondering: 
maybe there are orbits that are dynamical analogues to all the 
Platonic solids.”

Boyle wasn’t sure how to proceed. Smith listened, and then finished 
his visit to Perimeter. A week later, an email arrived in Boyle’s inbox. 
Smith had developed an ingenious way to find all of the analogues 
of the symmetric satellite configurations.

“With him, it wasn’t just excitement,” Boyle says. “He’s also very 
gifted and had solved the problem straight up.”

Smith’s solution finds all possible symmetric satellite orbits, no matter 
how many satellites there are, and no matter what symmetries they 
have. The pair describes these as “symmetric satellite swarms.”

The more general concept of “choreographic order” might be of 
interest in a range of contexts: from designing satellite systems in 
space, to understanding the microscopic arrangement of certain 
many-body systems in the lab, and even in pure mathematics, 
where lattices and crystals are ubiquitous.

Choreographic crystals might even exist in nature. Scientists could 
have just missed them because they would subtly modify Bragg’s 
diffraction laws (which stipulate that a beam diffracted through a 
crystal has the same frequency before and after diffraction). 

Boyle, Smith, and Khoo show that if a choreographic crystal is 
subjected to a diffraction experiment, both the frequencies and 
positions of the diffraction peaks are shifted and split in a specific 
way. By measuring these shifts and splittings, one could infer the 
spatial arrangement of the atoms and how they are moving.

“That’s the key experimental prediction. There could be this other 
type of crystal out there, which we think people might have missed 
because it’s much less intuitive,” Boyle says.

“I don’t know if these things will be out there in nature or not, but it 
makes sense to look for them. There is this very clear-cut signal to 
look for.”

– Tenille Bonoguore

Illustrations of a hexagonal 
choreographic crystal.

FURTHER EXPLORATION:
See an animation of the theory  

and find a link to the paper  
on Perimeter’s website. 
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A Gravitational Atom in the Sky

10  
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Particles are tiny. They are nature’s most itsy-bitsy building 
blocks, of which all bigger things – people and pachyderms 
and planets – are made. Right?

Well, yes and no.

“Particles can be huge,” explains Perimeter Institute Faculty member 
Asimina Arvanitaki, a theoretical particle physicist. “Particles can be 
as big as a room, or as big as the universe.”

It’s a counterintuitive notion, since our intuition is rooted in the 
world of everyday experience, where particles are of the tiny variety. 

But intuition rarely tells us the whole truth, especially in theoretical 
physics, where the mind-bending phenomena of quantum 
mechanics and the extreme gravitational chaos of black holes are 
at play. 

There is no theoretical size limit on particles, says Arvanitaki, “and 
we have many theories in which particles are not small.”

One such theory has led Arvanitaki and collaborators to an 
innovative idea that re-imagines black holes as the universe’s 
homemade particle accelerators, and that may contribute to the 
discovery of a long-theorized particle. 

Suppose, they argue, that a particle’s size – or, more technically, 
its Compton wavelength – is comparable to that of a black hole. 
Such a particle can become bound by the intense gravity of the 
black hole, dragged by its rotating spacetime into a kind of lockstep 
– a process theorized by, and eventually named after, pioneering 
astrophysicist Roger Penrose.

Bound together by the Penrose process, the particle and the black 
hole become what Arvanitaki calls “a gravitational atom in the sky.”

It’s a handy analogy. A hydrogen atom, for example, is a bound 
state between a nucleus (a proton) and the electron that’s orbiting 
around it. In Arvanitaki’s “gravitational atom in the sky,” the black 
hole can be thought of as the proton, and the enormous particle is 
analogous to the electron whipping about. 

This idea of particles becoming bound in an atom-like state with 
black holes is not new. The process was theorized by Penrose in the 
1960s and expanded upon by physicist Yakov Borisovich Zel’dovich 
in the decades that followed. 

Now, theorists suspect this cosmic choreography could function as 
nature’s own version of the Large Hadron Collider, posing intriguing 
possibilities in the hunt for nature’s underlying building blocks, 
including dark matter, the invisible gravitational glue believed to 
permeate much of the universe. The idea has Arvanataki excited.

The “gravitational atom” – the black hole and the particles bound 
to it – is a dynamic place. 

As the incredible forces of the black hole wreak havoc on the 
surrounding spacetime, a process called superradiance causes the 
number of particles to grow very quickly – indeed, exponentially – 
in the orbit around the black hole, extracting energy and angular 
momentum from the black hole. 

Because this exponential growth attracts an ever-expanding cloud 
of particles, the black hole’s rotation would slow down. This is where 
“some very interesting things can happen,” says Arvanitaki. 

Particles can transition between energy states, producing gravitons 
(similar to how transitions of electrons in atoms can produce 
photons – the process by which a laser works). Pairs of particles can 
also annihilate, transforming into a pair of gravitons – one of which 
is absorbed by the black hole, the other escaping it. 

Both phenomena are predicted to create a signal that can be 
detected on Earth: gravitational waves. 

Arvanitaki believes this process may allow researchers to 
diagnose the presence of a particle called the QCD axion, a 
hypothetical elementary particle that is considered by many to 
be a potential candidate for dark matter, and has motivated a 
great deal of research. 

“Since this axion was proposed in the late 1970s, there have been 
tons of experiments looking for it,” says Arvanitaki. 

“The great thing about what we did was that we said, ‘Hey, if we 
look at the sky, we might find it there!’”

Though the QCD axion is a highly sought-after prize, Arvanitaki 
says her team’s approach can seek “all sorts of other particles,” as 
long as they are bosons (fundamental particles that can occupy the 
same quantum state, such as photons or mesons).

Of course, sleuthing out such particles is not quite as easy as 
just looking in the sky. Even the most sophisticated Earth-bound 
equipment has been unable to measure such faint signatures from 
such vast distances. 

That is anticipated to change later this year when Advanced LIGO, 
one of the most sophisticated interferometers ever built, begins 
its search for gravitational waves – one of general relativity’s 
unobserved predictions. 

Made of two perpendicular lasers, each spanning four kilometres, 
Advanced LIGO will boast a tenfold increase in sensitivity over the 
original LIGO, and is anticipated to transform gravitational wave 
science. If black holes, Arvanitaki’s “gravitational atoms in the sky,” 
are indeed generating particles as her theory predicts, Advanced 
LIGO may provide the experimental proof. 

The possibility of playing a role in such a discovery reminds Arvanitaki 
of her motivations for becoming a physicist in the first place.

“I just want to know why things are the way they are,” she says. “It’s 
the ‘why’ that drove me to physics, and still drives me.”

– Colin Hunter 

FURTHER EXPLORATION:
Watch Arvanitaki explain  

her work in a video on  
Perimeter’s YouTube channel:
www.YouTube.com/PIOutreach
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E p h e m e r a

1. Draft science papers

2. “Loop Space Representation of 
Quantum General Relativity”, the 
scientific paper that “made my 
career”

3. Science notes and calculations

4. Music box

5. Marble pipe

6. Multi-coloured glass pipe

7. Shells and coral

8. Roll of film

9. “I’m loopy for Carlo” pin

10. Photocopied photo prints: 
speaking at a peace rally; 
herding a goat named Lucrezia

11. Various photographs

12. “Errha” photography self-timer

13. Rizla Original rolling paper

14. Kodak Gold negatives

15. Cable

16. Black glass plate, marked 
“Athermal DIN A 777,” used to 
see his first eclipse

Carlo Rovelli’s box at Archive Fever:

14
13

12

11

8

9
10

7

6

5

4

2
1

3

The red tubing extends about six 
feet, the words “Sideral 12x18 
Antigelo – Italy” stamped in 

white at intervals along its length. 

It coils amid a jumble of photos, 
papers, and objects. A multi-
coloured glass pipe. Two seashells. 
An Instamatic camera still holding a 
roll of film. 

They are disparate pieces of an 
unwritten story. Carlo Rovelli’s story.

“My worst defect is the difficulty of 
distancing myself from the past, so 
these items were precious to me,” 
wrote Rovelli, one of the founders 
of loop quantum gravity. “Please 
handle them with care. Each is a 
piece of my years and my heart.”

That note was written to Krista Blake, 
the curator who sent empty archive 
boxes to dozens of people in order 
to create Archive Fever, a hands-
on art exhibit that was featured 
in Perimeter’s George Leibbrandt 
Library in February 2015.

The boxes and a corresponding list of 
contributors aren’t cross-referenced. 
Guests don white gloves, and then 
grope for meaning among seemingly 
unrelated fragments of life.

12  
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17. Cartier box containing: Scuola 
Italiana Sci Livrio pin; Club 
Di Topolino pin (the Mickey 
Mouse Club); Red star-and-
sickle pin; peace sign pin; 
small ace of hearts

18. Adox Tessina film

19. Camera flash reflector

20. Blue pen

21. Compass

22. Projector slides

23. Eyeglasses (broken)

24. Veronesi Sci Club sticker

25. Rocket toy, made by Quercetti

26. Kodak Instamatic 50  
(with film)

27. Prop from the set of a film 
about Russian physicist  
Lev Landau 

28. Glass heart-shaped bottle 
containing flower and petals

29. 6’ of red tube, used to siphon 
gas from parked cars

30. Three notebooks  
of calculations 

(pl. n.) Items not meant to have lasting value.

30
28

27

26

25

29

23

24

22 21

20

17

15
16

18
19

For Blake, the process is 
intricately linked to science: 
archaeologists construct meaning 
from the remnants of societies; 
physicists craft theories from 
pieces of evidence.

“These throwaway items, you 
can assemble them and get 
a really clear picture of what 
life is like,” Blake says. “You 
don’t know what the objects 
were, but you know they had 
meaning.”

Objects are also impartial, 
Rovelli says. They are impervious 
to the simplification and re-
arrangements of memory. Of 
all the items packed in his box 
– the pins, the toy, the scientific 
papers – that red tube is, for 
him, the most precious. 

“It is the tube I used for stealing 
gasoline from parked cars in 
the night, when I was a kid, so I 
could drive across Europe more 
or less for free. I used to leave a 
little ‘Sorry, thanks’ note.” 

– Tenille Bonoguore
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FURTHER EXPLORATION:
Watch the unpacking of the box 

on Perimeter’s YouTube channel.
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Perimeter postdoctoral researcher Juan Carrasquilla is doing 
something very cool. Literally. 

Carrasquilla is part of a team based at Penn State working at 
temperatures billions of times colder than empty space. In work 
published in Nature Physics in February, the team announced it had 
observed a new phenomenon called quantum distillation, and used it to 
create a new state of matter they named the “doublon sea.” 

To understand what physicists like Carrasquilla are up to when they 
work at extremely low temperatures, it’s important to remember that 
heat is technically disorder, or entropy. Normally, one thinks of this 
disorder as the random jiggle of atoms, but any kind of disorder 
counts as heat.

In this work, the researchers began by cooling a gas of atoms to very 
low temperatures – so low that the atoms are sitting still (or at least, as 
still as quantum mechanics allows things to be). What emerges at this 
ultra-low temperature is a Bose-Einstein condensate – an exotic state 
of matter where all the atoms are at their lowest possible energies.

One might think that a Bose-Einstein condensate is as cold as cold 
can get; after all, the disorder from movement has been (almost) 
erased. But the atoms are still distributed randomly, which is 
another kind of disorder. 

To erase that, the researchers drop a lattice 
of lasers across the cold gas, trapping 
atoms in a lattice of light. The lattice forces 
the atoms into an orderly – that is, cold – distribution. 

“This is already one of the coldest temperatures in the known 
universe,” says Carrasquilla. But there is still one more source 
of disorder: the varying numbers of atoms in each lattice space. 

Each space is generally occupied by one, two, or very occasionally 
three atoms – or, in the parlance of condensed matter, singlons, 
doublons, and triplons.

Here is where the work hits uncharted territory. To create more order 
out of the jumble of singlons and doublons, the researchers used a 
quantum take on an old technology: distillation.

Distillation – “like you use to make whiskey,” says Carrasquilla – is the 
process of purifying something by selective evaporation. You either boil 
off the stuff you don’t want, or boil off the stuff you do want and catch 
the steam. In this case, the researchers hoped to evaporate off the 
singlons, leaving a sea of mostly doublons.

The quantum
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distillery

The team’s two-fold goal was to observe the never-before-seen 
phenomenon of quantum distillation, and use it to create what they 
dubbed a “doublon sea.”

Why doublons? Triplons are rare, and singlons can evaporate – distill 
– off the edge of the system. Doublons, though, stay stuck in the lattice.

“Doublons are good because they are very sticky,” says Carrasquilla. “It 
becomes very hard to pull them apart.” 

The researchers succeeded in the first – and arguably more important – 
goal of observing quantum distillation. 

As for producing a doublon sea, “In the end we did observe that there 
was a prevalence of doublons,” says Carrasquilla. “It’s not perfect – we 
do trap some singlons too. But we believe if we try it with a different kind 
of atom, we will see doublons almost exclusively, which would be even 

lower entropy, even colder.”

The real significance of this work is as a proof of principle: the 
researchers have demonstrated that this new process of quantum 

distillation works and has the potential to create extremely low-
entropy states.

The doublon sea is not simply extremely cold, but 
also physically interesting and potentially 

useful. That’s because cold is quantum. 

At very low temperatures, atoms seem 
to lose their individual identities and 

become governed by a single quantum 
wave function. It’s like separate ponds merging into one 

sea. The ultra-cold system becomes a tool for exploring the 
fundamental laws of nature.

“That’s why this is such a big deal,” says Carrasquilla. “It’s not 
about getting colder. It’s about learning something new.”

If scientists learn to produce and manipulate quantum materials, 
they may be able to harness that power for a coming wave of 

quantum technologies. This research is a step in that direction.

“The experimentalists have amazing control of the microscopics of the 
system,” says Carrasquilla. 

“They can tune the interactions between constituent particles. They can 
make them evolve in time in a very controlled way. They can tune the 
parameters that define the system in an unprecedented way. Forgive 
me, but it’s very cool.”

– Erin Bow
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Hunting for Dark Matter  
with Atomic Clocks

Physicists are pretty sure dark matter exists. Based 
on the ways they detect its gravitational effects 
on large scales, they infer dark matter makes up 

about a quarter of the “stuff” of the universe. 

This means dark matter is five or six times as plentiful 
as normal matter, universe-wide. (The remainder of the 
universe is dark energy, about which almost nothing is 
known.) 

Although dark matter is apparently all around us, we 
don’t know much about it. We’ve been able to rule out 
a few possibilities: it is not just clouds of normal matter; 
it is not antimatter; it is not hiding in huge black holes. 

Most researchers think that dark matter is probably 
some kind of exotic particle that is all around us but 
interacts with us only weakly – a kind of ghost universe 
haunting the universe we know. But all our best efforts 
to detect even one such ghost particle have so far 
turned up empty. 

It invites the question: what if dark matter isn’t made 
of particles? What if it doesn’t resemble our traditional 
ideas of matter at all?

In a paper published in Nature Physics last November, 
Perimeter Faculty member Maxim Pospelov and 
collaborator Andrei Derevianko of the University of 
Nevada examine that possibility. What if, they ask, dark 
matter is made not of particles but stable structures 
within a field that pervades spacetime? Picture a field 
that’s cracked, like a broken windshield. The field itself 
might be undetectable, the way perfectly clear glass is 
invisible. But its spider web of cracks can – perhaps – 
be detected.

In fact, the researchers contend, perhaps we could 
detect the cracks with instruments we already have: 
atomic clocks, laser interferometers, and gravitational 
wave detectors.

This particular take on dark matter – dark matter as 
a cracking of glass – is known as topological dark 
matter, and the cracks themselves are generically 
called topological defects (TDs). 

You can think of these TDs as a web-like backdrop to 
the universe, and imagine the Earth crashing through 
it at speeds driven by the rotation of the galaxy – about 
300 kilometres per second. From our Earth-bound 
perspective, these TDs would seem to blow past us like 
spider webs in a galactic wind.

When an atomic clock crosses a TD, Pospelov and 
Derevianko contend, it would either slow down or 
speed up, depending on the nature of the interaction. 
That by itself is not terribly useful: the effect would be 
very small and lost in tiny variations of timekeeping 
inherent to even the best clocks. 

But if one had a network of atomic clocks, an encounter 
with a TD would look like a wave of such out-of-sync 
events, passing through the system at the characteristic 
300 kilometres per second. That pattern, rather than 
the effect on individual clocks, should be detectable. 

The beauty of this method of detection is that several 
networks of atomic clocks are already operational. For 
instance, the 30-odd satellites that support the Global 
Positioning System (GPS) each carry an atomic clock. 
The Earth-bound clocks of precision measurement 
research laboratories are less well networked, but far 
more sensitive. Either network could potentially be 
used as a TD detector.

What would a TD signal look like? The researchers 
calculated that a dark matter topological defect 
passing through the satellites surrounding Earth would 
cause clocks of the GPS system to go out of sync in 
a characteristic pattern, over a span of about three 
minutes.

When Pospelov and Derevianko presented the new 
idea at conferences last year, it sparked a great deal of 
interest and a wave of proposed data analysis projects. 

The two authors are among those pushing the work 
from theoretical to experimental. 

Derevianko is collaborating with researchers at the 
Nevada Geodetic Laboratory, which developed and 
maintains the largest GPS data processing centre in 
the world. They will be looking for TD signatures in the 
atomic clocks of the GPS system. 

Pospelov has been working with scientists from the 
gravitational wave detector LIGO to work out what TD 
would look like when passing through interferometers 
located 3,500 kilometres apart.

So is dark matter really matter – or is it cracks in an 
exotic invisible field? Perhaps time will tell.

– Erin Bow
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Partners in  
Innovation
Finance and physics are mathematical fields, but it isn’t a 
knack for numbers that drew Gluskin Sheff + Associates 
to Perimeter Institute. It’s the shared ethos of innovation.

Founded in 1984, the firm prides itself on leadership and 
innovative thinking, traits that have vaulted the firm into 
Canada’s upper echelons of wealth management.

That’s why the firm’s President and CEO Jeremy Freedman 
saw Perimeter Institute as a natural partner.

“At Gluskin Sheff, we see ourselves as innovators, and 
we’re proud to be associated with Perimeter Institute 
because Perimeter is a global leader and innovator as 
well,” Freedman said.

“We believe Canadian institutions can be as good as 
anyone in the world – Perimeter has proven that, and we 
believe Gluskin Sheff is proving that as well.” 

The Gluskin Sheff Freeman Dyson Chair in Theoretical 
Physics at Perimeter Institute is supported by Gluskin 
Sheff’s $2 million donation, matched by Perimeter.

It is named after one of the 20th century’s most 
distinguished and well-known scientists, whose work 
continues to influence many branches of physics. 
Inaugural chairholder Freddy Cachazo’s work is 
anticipated to have similar impact.

Freddy Cachazo’s job description is as simple 
as it is daunting: “advance our knowledge of 
the universe at the deepest level.”

That’s how the Breakthrough Prize Foundation 
described Cachazo’s work when it awarded him 
the prestigious 2014 New Horizons in Physics Prize. 

Such an all-encompassing description of Cachazo’s 
work is both accurate and handy, given that his 
research draws together elements of quantum field 
theory, particle physics, mathematical physics, and 
other deeply complex subfields. 

The New Horizons Prize – and, in 2009, the Gribov 
Medal from the European Physical Society – 
recognized not only Cachazo’s pioneering work at 
the intersections of these fields, but how remarkably 
early in his career he is making such advances. 

Still in his 30s, Cachazo is among the brightest 
rising stars in fundamental physics, and he is 
getting noticed within the research community 
and beyond. 

His boundless curiosity and ambition so impressed the leaders of Gluskin 
Sheff + Associates – one of Canada’s leading wealth management firms 
– that they have helped Perimeter create a Chair for him in Waterloo 
(see sidebar).

The Gluskin Sheff Freeman Dyson Chair supports Cachazo’s influential 
and highly cited research. Cachazo’s elegant mathematical ideas have 
already been adopted for interpreting data emerging from state-of-the-
art experiments including CERN’s Large Hadron Collider, and will have 
enduring significance in the search for a unified description of nature’s 
physical laws. 

It’s all very impressive for someone who became interested in physics 
thanks to a tattered old book he picked up at a used-book stall under 
a bridge in his native Caracas, Venezuela, when he was a high school 
student. Though he didn’t understand much of the book – it was about 
the space of velocities as a Lobachevsky plane, after all – it prompted 
him to seek insights into the fundamental fabric of nature.

“I want to understand the structure of spacetime and how the physics we 
experience can be translated into mathematical terms,” he says. 

His current research examines scattering amplitudes – calculations that 
yield theoretical predictions for the subatomic shrapnel that emerges 
when particles collide – and what they can teach us about fundamental 
concepts of space and time. 

As the Gluskin Sheff Freeman Dyson Chair from 2015 to 2019, Cachazo 
will have the resources, collaborative opportunities, and freedom to 
fully meet his de facto job description – advance our knowledge of the 
universe at the deepest level.  

– Colin Hunter

New Chair Supports Rising Star
Introducing the Gluskin Sheff Freeman Dyson Chair in Theoretical Physics
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A convergence of light rays brings a picture into focus. 
The convergence of a mathematical series gives 
an infinite sum a definite answer. A convergence of 

people means coming together around a shared agenda, a 
common cause. 

We are hosting Convergence at Perimeter this June with the 
goal of re-focusing and re-energizing fundamental physics. 
Convergence will be a new kind of physics conference, bringing 
many of the most exciting strands together, highlighting areas 
poised for progress as well as the big questions facing the field. 
At Convergence, we also want to communicate the excitement 
and wonder of basic physics to online audiences, especially young people, all over 
the world. 

We are holding Convergence now because we believe physics is ripe for 
revolutionary advances. 

At the turn of the 20th century, the tensions between the traditional, Newtonian picture 
of the world and the theories of light and heat reached a breaking point. Radical 
new frameworks – quantum theory and relativity – had to be introduced to resolve 
the contradictions. Over time, these not only changed the way we made sense of 
the universe, they remade our world. Understanding the electron and its quantum 
properties gave rise to electronics and to the digital revolution; understanding light’s 
quantum nature led to X-rays, lasers, and MRI; understanding atomic nuclei led to 
nuclear energy and much more. 

Quantum mechanics and relativity were combined into quantum field theory, the 
framework which eventually yielded the Standard Model of particle physics. One of 
humankind’s greatest intellectual accomplishments, it was stunningly confirmed in 
2012 by the discovery of the Higgs boson at the Large Hadron Collider (LHC).

At Convergence, we’ll celebrate these amazing achievements by remembering two 
heroes of 20th century physics. This year is the centenary of both Albert Einstein’s 
discovery of general relativity and Emmy Noether’s development of the Noether 
theorems which placed symmetry at the heart of fundamental physics. 
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But the main focus of Convergence is on the future of physics. We want to take a fresh look at the whole 
field and where it is going. Since the 1970s, when the Standard Model was constructed, theorists have 
been trying to build on its successes in a similar vein: by introducing more symmetries, more particles, 
more forces, and more dimensions. As creative as many of these ideas were, instead of unifying and 
simplifying our understanding of nature, they introduced more arbitrariness and parameters. Most 
disappointingly, no hint has yet emerged from experiment that any of them are on the right track.

Over this same period, observations of the cosmos revealed the dark energy – a tiny positive energy 
in the vacuum, at a level which challenges all of our theoretical frameworks and indeed quantum field 
theory itself. Spread uniformly through space, the dark energy dominates the evolution of the universe, 
and it will control the future. Until we understand what the dark energy is, we won’t know where the 
universe is heading. Equally, we are struggling to understand the past. The most popular theories of the 
early universe, including cosmic inflation, fall apart at early times and fail to make sense of the initial 
big bang singularity, which is another paradox and crisis for models based on quantum field theory. 

In the last three years, the situation has sharpened dramatically. The LHC has reached more deeply than 
ever into the subatomic world. Simultaneously, the Planck satellite and other astronomical observations 
have revealed the structure of the universe on the largest accessible scales. In both cases, the message 
is the same: the universe appears to be simpler than our plethora of theories led us to expect. In my 
view, this is evidence against the multiverse, the idea that the universe is random and unpredictable 
on large scales. Instead, it seems that nature has found ways of working that are cleverer and more 
economical than any we have so far imagined.

While the LHC has been putting supersymmetry and other quantum field theory extensions of the 
Standard Model under pressure (because no new particles have been found), the Planck satellite has 
been doing the same to inflationary models. Simple models of inflation generally predict a detectable 
level of primordial gravitational waves but, despite initial claims, no such signal has yet appeared. 

While fundamental physics, in its traditional realms, faces its most severe and interesting challenges 
in decades, entirely new fields of physics are being born. Our understanding of quantum matter 
and information is advancing rapidly, with new possibilities for quantum materials and quantum 
technologies. Gravitational wave observatories will open a new window on the cosmos. Black holes, 
the most enigmatic objects we know of, are becoming accessible to new probes. 

Over the next few years, the conflict between theories of fundamental physics and experimental 
measurements is set to deepen. It is possible that supersymmetry or inflation will be confirmed with the 
discovery of superpartner particles or cosmic gravitational waves. But even more exciting to me is the 
possibility that we’ll need radically different, simpler explanations for the basic laws of nature and the 
origin of the cosmos, based on new theoretical principles.

Convergence is at once a chance to frankly acknowledge the limitations of current frameworks 
and to seek the most promising paths forward. It is a chance to bring us all together, in person or 
online, to strip away technicalities and encourage big-picture thinking tackling disparate clues and 
shared questions. 

Physics has the potential to change the world both conceptually and technologically. Perimeter is a 
young institution, driven by the energy and excitement of building something new within the oldest 
and most successful field of science. We are holding Convergence in a spirit of altruism: we need new 
physics discoveries to secure humanity’s future. 

We live in amazing times. Our experiments are uncovering nature as never before. They are placing 
physics in a crisis of the most fruitful kind, one which may bring in its wake a 21st century revolution to 
rival those of a century ago. 

– Neil Turok
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Immanuel Bloch 
Scientific Director, Max Planck Institute for Quantum Optics
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PI: Scientific discoveries often happen where two or more fields intersect. What is your 
favourite scientific intersection, and why?

IB: My group is a good example of the theme of convergence, because our work deals with artificial quantum many-
body systems. We create these ultracold atoms and load them on artificial crystals of light, and then we can test 
fundamental theories from very different fields on them. We’re mimicking crystalline systems, so the natural analogue 
is always the condensed matter setting. But we can also test questions of statistical physics, or even high-energy 
physics. We’ve applied these to solve some problems that quantum field theorists had with our ultracold-atom setup. 
There are even string theorists who are looking to how they can use their methods to predict behaviours of these 
quantum many-body systems. 

What is truly interesting is that we can make quantum systems isolated from the rest of the world. It’s like a small 
universe in your lab. You can see how it behaves and it’s not connected to anything else. That makes it pretty special. 

PI: Have you ever had a eureka moment, when something that vexed you suddenly became clear? 

IB: Certainly! When we were seeing these atoms for the first time in the lab, atom-by-atom we could envisage those 
particles – that was really a dream come true. In previous talks, I could only make sketches and animations of how 
that should look, but now we could really see this many-body system atom-by-atom. You feel like a child again. It’s 
amazing when you’re seeing something truly for the first time – something nobody else in the world has ever seen 
before. Those are the moments in science that make being a scientist so great. 

PI: How do you recharge your batteries, so to speak? 

IB: I’m an avid runner. Usually, before I go to work in the morning, I try to run for an hour. That really helps me to 
focus and get the energy to work. Sometimes I think about research, sometimes I listen to music, sometimes I just try 
to connect with nature. As a scientist, you’re trying to connect with nature all the time, but when I’m running I just try 
to enjoy the nature around me – the birds, the sunrise – and just see and hear what’s around me. I’m looking forward 
to running around Waterloo. 

Experimentalist Immanuel Bloch works on ultracold atoms in artificial crystals of light, and was the first to realize 
a quantum phase transition from a superfluid to a Mott insulator. He has received multiple awards, including the 
Gottfried Willhelm Leibniz Prize and the Korber European Science Prize.

“What is truly interesting is that we can 
make quantum systems isolated from 
the rest of the world. It’s like a small 
universe in your lab.”

Convergence is Perimeter’s first alumni reunion and a new kind of physics conference: one whose 
aim is to provide a “big picture” overview of fundamental physics and a glimpse into its possible 
future.  
In planning Convergence, Perimeter has taken a page from novelist Katherine Dunn, who wrote, 
“every intersection has a story.” Convergence is about creating intersections – intersections between 
researchers, between disciplines, between generations – and allowing stories to emerge.
For this issue of the magazine, Inside the Perimeter talked to some people who will be attending 
Convergence, from recent graduates to leading minds in quantum science. We asked them about 
the intersections they explore – and the stories they have to tell. 
Note: Interviews have been edited and condensed for length and clarity.
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Aitor Lewkowycz 
PhD student, Princeton University

PI: Breakthroughs often happen at the broken places. What’s the most exciting broken place for you?

AL: Quantum gravity, definitely. We’ve discovered a lot of exciting connections between gravity, quantum 
information, and condensed matter – lots of common threads between them. But we don’t really understand 
why those threads are there; we can’t map how these connections really work. Perhaps if we could put it 
together, we would be able to make a proper theory that would explain things in a consistent way. Perhaps 
we would be able to really quantize gravity. But my hunch is if we solve this we will solve it in an indirect way. I 
think the path to quantum gravity will be unexpected.  

PI: Have you ever had a eureka moment, when something that vexed you suddenly became clear? 

AL: Many times, when I’m confused, I go for a run. When you’re running, you don’t have a pen and paper, so if 
you want to think, you have to keep everything in your head. When you’re trying to make everything consistent 
in the simplest way – so that it will fit in your head – you can sometimes see what you were missing. I often go 
running, or swimming, and find that then everything makes sense. 

PI: “I am a physicist because…”

AL: When I was 12 or 13, for some reason I decided I wanted to understand what E=mc2 meant. I don’t know 
why I wanted to understand, but I did. I began reading a biography of Einstein, which helped. Then someone 
gave me Hawking’s book, The Universe in a Nutshell. Hawking was talking about imaginary time, about string 
theory, about duality. I didn’t understand anything, but it was like a fairy tale… like magic that feels true. Those 
books got me into physics. Now I am trying to understand string theory, and it is also like a fairy tale. There is 
so much physics and math that you have to learn before it makes sense, but it has that feeling of being true. 

PI: When historians look back at this moment in science, is there something you think they’ll see as obvious, 
that we are just missing right now, or that this time will be noted for?

AL: This is my bias toward my own field, but to me this emergence of connections between quantum information, 
entanglement, and gravity – the connections are not obvious now, but if we can formulate this in a proper way, 
it may end up looking obvious.

Aitor Lewkowycz is an alumnus of Perimeter Scholars International (class of 2012), and now studies quantum 
gravity with Juan Maldacena at Princeton University. 

“When you’re trying to make 
everything consistent in the simplest 
way – so that it will fit in your head 
– you can sometimes see what you 
were missing.”
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David “Doddy” Marsh 
Postdoctoral Fellow, Perimeter Institute

PI: Scientific discoveries often happen where two or more fields intersect. What 
is your favourite scientific intersection, and why?

DM: I work at the intersection of cosmology and fundamental physics. The 
biggest clues we have about physics beyond the Standard Model come from 
cosmology: the dominance of matter over antimatter, the existence of dark 
matter, the small (but non-zero) value of the cosmological constant, the initial 

conditions of the universe. All these things are likely resolved by physics on small length scales, but all our 
evidence comes from physics on huge length scales. 

PI: Breakthroughs often happen at the broken places. What’s the most exciting broken place for you?

DM: Dark matter, because it is a tractable problem with a real possibility for discovery. Some problems of 
physics, like quantum gravity, are tied to energy levels or time scales inaccessible to experiment. But dark 
matter is out there, and we know the energy scales in which we have to look. We see quite clear evidence for 
where it is – and where it isn’t – and it’s a problem that can be solved. That’s exciting.

PI: What keeps you up at night, or gets you to work in the morning?

DM: The silliest little problems, not the big questions of physics. I don’t lie awake worrying about whether we’ll 
solve dark matter. What keeps me awake is muddling over some integral or change in variables – something 
that, in the morning, I’ll just get down on paper and solve. That’s what brings me to work – knowing that, when 
I get there, I’ll get into a problem, write a draft of a paper, and accomplish something. Also, the free coffee 
gets me to work in the morning.

PI: How do you recharge your batteries, so to speak? 

DM: Skateboarding! I use skateboarding as a way to wipe the blackboard clean. It is not a scientific activity – 
there aren’t any rules or rigid structures like there are in physics. You can just go out and do it. You need quite 
a clear head to do physics, and skateboarding allows me to go out and clear my head. It’s the way that physics 
and skateboarding are so different that allows them to fit together.

PI: “I am a physicist because…”

DM: I get to be my own boss! I get to chase interesting questions, be imaginative, and be playful with ideas. 
You do have to be rigorous, and it’s not easy, but there’s also a lot of creativity involved. I love telling stories 
with data. 

Doddy Marsh is a postdoctoral fellow at Perimeter Institute who completed his PhD at the University of Oxford. 

“I love telling stories with data.”
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Nergis Mavalvala 
Professor of Astrophysics, MIT

PI: Scientific discoveries often happen where two or more fields intersect. What 
is your favourite scientific intersection, and why?

NM: In my own work, quantum physics and gravitational physics have a very 
practical intersection. We all know that gravity is a very weak force – people have waxed poetic about how 
weak it is – and therefore we know that gravitational effects are small. But how small is small? 

Consider a garden variety binary neutron star – every garden should have one! We predict that the 
presence of such a binary in our galaxy would create a gravitational effect here on Earth. If I was about a 
metre tall, the effect of having a binary neutron star in our galaxy will change my height by about 1/1,000th 
of a proton. Now, we’re looking at neutron stars in nearby galaxies, 1,000 times further away, and looking 
for an effect in an instrument 1,000 times bigger than me, but it works out to about the same thing. We’re 
looking to measure a movement, a change in length, of about 1/1000th the size of a proton. We need to 
use precision that is available to us only with instruments that use quantum effects. So what we’re doing is 
looking at purely classical systems, at stars and black holes, but their manifestations here on Earth are so 
small that they are quantum. 

PI: Breakthroughs often happen at the broken places. What’s the most exciting broken place for you? 

NM: There are several big questions – for me, the most interesting ones are dark energy, dark matter. What 
are these huge effects that are out there that we just don’t know about? We think they [make up] most of the 
universe, and yet we can say almost nothing about them. 

Also – this will not surprise you – I am very interested in the question, “what does the gravitational universe look 
like?” Why have I spent 20 years working on LIGO? Because it’s so exciting to think that we will soon be able 
to see the universe in a completely new way. It will be like getting a new sense to go alongside our eyesight.  

PI: “I am a physicist because…”

NM: I suppose I am a physicist because of the process of elimination. Certainly I have a natural aptitude for 
science and mathematics, and certainly my education has amplified those. I could have been a biologist, or I 
could have been an engineer, but the first time I had to dissect a cow’s eye, I said, “I am OUT of here.” And 
though in my work I take on engineering problems almost every day, I find that what keeps me going isn’t the 
engineering, but the big questions behind it. That’s a better answer. I am a physicist because I like asking big 
questions about the universe. 

Nergis Mavalvala is an astrophysicist at the Massachusetts Institute of Technology who works on instrument 
development, precision measurements, and data analysis at LIGO and Advanced LIGO, the gravitational wave 
interferometer. In 2010, she was named a MacArthur Fellow.

“I am very interested in the 
question, ‘what does the 
gravitational universe look like?’”
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John Preskill 
Professor of Theoretical Physics, Caltech

PI: Scientific discoveries often happen where two or more fields intersect. What 
is your favourite scientific intersection, and why?

JP: The intersection of quantum information and quantum gravity is a fertile 
area right now. We understand better that different phases of matter have 
different kinds of quantum entanglement – that is, different correlations 

between different parts of the system. But now we’re getting the idea that we can understand spacetime more 
deeply using ideas from quantum information and quantum computing – these same ideas about correlations 
and entanglement. 

There have been hints for some time now that spacetime is not really a fundamental concept. If you try 
to probe the structure of spacetime at smaller and smaller distances, with better and better resolution – 
eventually, to look at a very small region of spacetime – you have to add so much energy that you make a 
black hole. Therefore, thinking of spacetime as having structure on a finer scale than that doesn’t make sense 
operationally. This suggests that there is some more fundamental idea from which spacetime emerges. 

We’re fixated on this concept that spacetime emerges from entanglement. So far we just have pieces of the 
puzzle – hints that this idea is on the right track. Finishing the hunt is part of the fun. 

PI: “I am a physicist because…”

JP: I don’t mind being confused most of the time. Ninety-nine percent of the time there is something I’d like to 
understand but I don’t. That’s actually okay, because you realize that eventually you’re going to figure it out, 
and that kind of keeps you going. Quite often I read a scientific paper and don’t understand it at all, but then 
I put my mind to it, and I get there. I try to let my students see how confused I am. My hope is that it inspires 
rather than terrifies them.

PI: When historians look back at this moment in science, is there something you think they’ll see as obvious, 
that we are just missing right now, or that this time will be noted for?

JP: We’re in the early phases of exploring a new frontier; sometimes I like to call it the entanglement frontier. 
We’ve always thought of “quantum” as meaning the behaviour of very, very small things, but now we have 
these tools, which we just acquired very recently, which allow us to build larger, more complex quantum 
systems, and control them well. We can scale quantum systems up to a larger size, and let the weirdness of the 
quantum world become more microscopic.  

A hundred years from now, that’s going to be a huge part of what physics is about: understanding what kinds 
of new phenomena you get when you put together quantum systems in just the right ways, which are highly 
entangled and very non-classical, and therefore hard to simulate using ordinary digital computers. They will 
behave in ways we will find surprising and delightful. 

John Preskill is a leader in quantum field theory and quantum information who established the Institute for 
Quantum Information and Matter at California Institute of Technology. His lectures on quantum computation – 
available online since 1997 – continue to profoundly influence the subject. 

“I don’t mind being 
confused most of the time.”
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Sara Seager  
Professor of Planetary Science and Physics, MIT

PI: Scientific discoveries often happen where two or more fields intersect. What is your favourite scientific 
intersection, and why?

SS: The intersection between mathematics, physics, aerospace engineering, and astronomy. We want to find 
a planet like Earth, but Earth, in reflected light, is 10 billion times fainter than the Sun. It’s nearly impossible 
to find another one. The Starshade appears to be our closest solution. It’s a giant screen we want to put in 
space to block out light from the stars, so we can see the planet directly. These screens, it’s a funny shape that 
looks like a giant flower. That shape is actually from mathematics and from the laws of diffraction. We still 
have a number of years of technology development ahead of us  to build something very complicated, but it’s 
something that is within reach to construct and launch into space.

PI: Breakthroughs often happen at the broken places. What’s the most exciting broken place for you?

SS: Planet formation. We thought we understood planet formation, but it was all based on our own solar 
system. For exoplanets, we actually see that anything is possible. We have planets closer to their star than 
Mercury is to the Sun, and they’re big, giant planets. That whole theory was totally upended. 

PI: What keeps you up at night?

SS: In the quest for the search for life on other planets, what should we be looking for? It sounds like an 
innocent question, and until now most people focused on Earth’s biosignature gases. We want to look for 
gases that don’t belong, so we truly have to be prepared for any gas, any small molecule.

I recruited some biochemistry colleagues, and we embarked on this ginormous astro-informatics or chemo-
informatics search to understand the limits of biochemistry of life on Earth, and what that means for life 
elsewhere. Using combinatorics, we constructed a giant list of molecules, and then we asked which ones are 
in gas form in an atmosphere that could have conditions suitable for water. The list is tens of thousands of 
molecules so far. It’s the start of a much larger project.

PI: When historians look back at this moment in science, is there something you think they’ll see as obvious, 
that we are just missing right now, or that this time will be noted for?

SS: For the field of exoplanets, I think it’s exceptionally historic. We’re starting to realize now, just by the sheer 
number of people who are getting interested, at all walks of life, at all levels. Everyday talk shows, like AM-
radio shows, call us now asking us to be on the show. I think people will look back at us as the generation who 
first found the Earth-like worlds.

Sara Seager is an astrophysicist and planetary scientist at the Massachusetts Institute of Technology. Considered 
a pioneer in the search for exoplanets, her work led to the first detection of an exoplanet atmosphere. In 2013 
she was named a MacArthur Fellow.

“We thought we understood planet 
formation, but it was all based on our 
own solar system. For exoplanets, we 
actually see that anything is possible.”

Read more Q&A's with Convergence attendees on the Convergence webpage:
perimeterinstitute.ca/convergence
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Maria Spiropulu  
Professor of Physics, Caltech

PI: Scientific discoveries often happen where two or more fields intersect. What is your favourite scientific 
intersection, and why?

MS: I am very intrigued on the connections of quantum entanglement with cosmology, because the quantum 
nature of our universe seems to be behind puzzling phenomena at most scales.

PI: Breakthroughs often happen at the broken places. What’s the most exciting broken place for you?

MS: The Higgs with its borderline mass and the whole nearly broken naturalness idea is right in our face 
these days. Gravity is, of course, always the broken place for everyone and gravity is behind such mysterious 
things as dark matter and dark energy and black holes. So there are many broken places. It would be fun if 
they all connected.

PI: What keeps you up at night, or gets you to work in the morning?

MS: Night in Pasadena is usually day at CERN so I have not much night, in reality. Recently I am very distressed, 
literally around the clock, on the rebuild of the experiment for the 2025 LHC run. I am also extremely distressed 
about how and when will we get to 1,000 TeV with a man-made machine.

PI: Have you ever had a eureka moment, when something that vexed you suddenly became clear? 

MS: Many such, because there is a lot of struggle and every step of progress is an “ah-ha” moment. The 
most recent “ah-ha” moment is not a moment but nine months of “ah-ha.” I will tell you what it is when I 
know for sure. 

PI: “I am a physicist because…”

MS: It appears it was inevitable. Physics gives my life meaning, order, purpose, and shape. This is what I meant 
when I went on record 20 years ago saying that physics is my life. 

PI: When historians look back at this moment in science, is there something you think they’ll see as obvious, 
that we are just missing right now, or that this time will be noted for?

MS: This time will be noted for being on a threshold, like the jump before and after quantum mechanics. 
Except in this case I am not sure what the after will look like. The before is where we are at. 

Maria Spiropulu is an experimental particle physicist at the California Institute of Technology who is a leader in 
the search for dark matter at CERN’s Large Hadron Collider and its Compact Muon Solenoid (CMS) experiment.

“This time will be noted for being on a 
threshold, like the jump before and after 
quantum mechanics.”

Read more Q&A's with Convergence attendees on the Convergence webpage:
perimeterinstitute.ca/convergence
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Converging Streams: 
Art and 
Science

His fingers blackened by the dust of sharpened graphite, the 
artist puts pencil to paper. 

The sketchpad offers both a warm invitation and a daunting 
challenge. The artist knows many hours, days, weeks, even months may 
pass before the blank page in front of him will convey the rich narrative 
he has envisioned for it. 

There is so much he wants to say – a tale told in shapes and shades 
rather than words – about science, about art, and about the ways they 
collide and coalesce in humankind’s ongoing search for understanding. 

He knows it will not be easy.

“The convergence of art and science is not peaceful,” says the artist. 
“There is a tension between them, and this tension cannot be resolved. 
Any resolution would make them dead. Peace is a beautiful thing, but 
not in the world of ideas. Ideas are alive when they fight.”

Alioscia Hamma feels this tension – invites it – every day. Barely an hour before he opened the sketchpad and sharpened his pencils, 
he delivered a lecture called “Geometry of quantum phase transitions” to a class of graduate students at Perimeter Institute. 

In his professional life, Hamma is a lecturer in the Perimeter Scholars International (PSI) program and an Associate Professor at 
China’s Tsinghua University. His research seeks new insights into quantum entanglement, quantum statistical mechanics, and other 
aspects of the fundamental nature of reality.

He examines reality from a different perspective at moments like this, when he sets his mind and his pencil to a truly blank canvas 
in pursuit of insights that science alone cannot unveil. 

Though he dreamed during his boyhood in Naples of one day becoming a comic book artist, he pursued physics because he 
believed – still believes – it is our most reliable tool for decoding our universe. 

“Mathematics is ideal, clean, pure, and meaningless. Natural sciences are living, concrete, dirty, and meaningful. Physics is right in 
the middle, like the human condition.”

Art too, he says, resides in the middle ground between the world of ideals and the world as it presents itself to our senses. 

So he draws. As his pencil scratches across the paper, lines become shapes. Shapes assume dimension, depth, character. A central 
figure emerges – German mathematician Emmy Noether – her head resting wearily on her hand, eyes fixed on some distant point. 
To her right lies a sleeping tiger, its “fearful symmetry” an homage to both Noether’s famous theorem and to poet William Blake. 

As the drawing takes shape over the weeks that follow, more allusions to art and science emerge – allusions to early Renaissance 
woodcuts and paintings, allusions to the Copernican revolution and to mathematical perfection. 
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Hamma is reluctant to elaborate on these visual metaphors or their intended meanings. He hopes the artwork will be, for its viewers, 
a kind of “treasure hunt” about symmetry in art and physics. 

“If I need to explain it,” he says, “it means, in some sense, I have failed.”

Hamma believes easy answers rarely provide true insight. His artwork, like his research, is rewarding in part because it is difficult. 

This particular drawing will consume much of his spare time over the weeks that follow. He takes it back to China with him when his 
teaching term at Perimeter is complete, revisiting it when his restless mind seeks a different form of expression than physics. 

One day – perhaps tomorrow, perhaps years from now – he will make one final stroke of the pencil and this piece will be finished. 
Then he will flip the page of the sketchpad and begin a new piece, exploring other ideas and challenging himself to think differently. 

Finishing the drawing was never the point. The act of creation is its own raison d’être. 

“I do not see art and science as separate,” he says. “For me, understanding the shape of an object, or a poem, a chapter of human 
history, a biological organism, or a physical system – these are all beautiful things to do.”

– Colin Hunter
FURTHER EXPLORATION:
Watch a video of Alioscia Hamma creating his artwork on Perimeter Institute’s YouTube channel:
www.YouTube.com/PIOutreach
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Convergence presenting sponsor:

perimeterinstitute.ca/convergence

See how Chalkmaster Dave transformed a blackboard  
from equations into this piece of art:
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Speaking to 
the Future

Ghadier Madlol had been up since dawn, but you would never know it from the 
energy in her voice. “I came here to see what was possible,” the Grade 11 student 
said in Perimeter’s packed atrium, which was full of 200 high school girls from 

across Ontario. Ghadier and the other girls were attending Perimeter’s “Inspiring Future 
Women in Science” conference in March.

“We had to catch a bus at about six, but it was worth it,” said Ghadier. “Before I came, all I 
knew about science was that you could become a doctor or an engineer, and all I knew about 
engineers was that they build bridges. But there is so much more!”

That’s just what the conference organizers were hoping to hear. Seeing that there’s more – and 
seeing it early – is crucial. Women are still a minority in science, particularly math, engineering, 
and physics. The reasons are multifaceted, but it is clear that STEM subjects (science, technology, 
engineering, and math) lose girls early. In middle school and high school, girls are already 
opting out of – or being pushed away from – science and math courses, closing the door on a 
vast range of technical or scientific careers.

The conference was designed to give high school students like Ghadier a glimpse at the 
possibilities. Speakers included a video game engineer, a food safety expert, a philanthropist, 
a YouTube star, an education activist, and a software engineer at Google. The point of the 
conference was not to produce more physicists – though, naturally, a theoretical physicist was 
also among the speakers – but to help girls find what speaker Dianna Cowern called their 
“science voice.”

“The best thing to do if you want to find your own science voice is to start speaking,” said 
Cowern, the creator and face of YouTube’s Physics Girl. “In the beginning, you might not feel 
like you have anything to say. Your videos or stories or whatever might be pretty bad – mine were 
– and nobody will listen. And yes, that’s partly because you are a girl. But eventually you might 
be the leading expert in plasma physics, or in amoebas, and no one will be able to ignore you.”

In a world where too many female voices in science are silenced, it seems like a good place 
to start. 

– Erin Bow

The “Inspiring Future Women in 
Science” conference is one of 
Perimeter’s many initiatives to 

support women in science. All of 
these initiatives are supported by 

Perimeter’s Emmy Noether Council, 
a group of leaders from the 

corporate and philanthropic sectors 
who volunteer their expertise to 

help guide and fund these efforts. 
Council members are:

Patrice E. Merrin, Co-Chair

Jennifer Scully-Lerner, Co-Chair

Nyla Ahmad

Katherine Barr

Michelle Osry

Vicki Saunders

Sherry Shannon-Vanstone

Suzan Snaggs-Wilson
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Leacross Foundation President Roslyn Bern speaks 
at “Inspiring Future Women in Science.”
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Like a wildlife photographer in pursuit of an elusive animal through uncharted territory, Avery 
Broderick is determined to snap a picture of the universe’s most notoriously camera-shy monster. 

He wants to capture the first image of a black hole. And he is not alone. 

Broderick is a member of the Event Horizon Telescope (EHT) project: a scientific collaboration that 
spans continents and disciplines, uniting hundreds of researchers with the shared goal of capturing a 
black hole on camera and unlocking the secrets that lurk beyond its point-of-no-return event horizon. 

The EHT is an array of interconnected telescopes around the world that, in ensemble, become 
essentially an Earth-sized telescope. Fittingly, and almost by necessity given the project’s complexity, 
the scientists behind the EHT also work best together. 

That is why Broderick invited over 100 of them to the EHT 2014 conference at Perimeter Institute 
last November. It was a pivotal conference, as the EHT project is expected to begin collecting 
data this year on the supermassive black hole believed to be the engine of our Milky Way galaxy, 
Sagittarius A*. 

Broderick is also leading the new EHT Initiative at Perimeter – a growing research team devoted to 
analyzing the torrent of data that will soon arrive from the EHT. 

Inside the Perimeter chatted with Broderick about how – and why – he and his colleagues are 
determined to look into the belly of the gravitational beast. 

“Every time somebody goes 

off the edge of the map, they 

come back with something 

new and exciting and totally 

unexpected.  

This is a chance to do that.”
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Inside the Perimeter: What is your role in the EHT research?

Broderick: They don’t let me touch the telescopes. That’s a good 
thing. I get what I like to call “highly massaged data products.” After 
a number of radio astronomers and very excellent scientists take the 
data that was collected, run it through all kinds of algorithms, and 
make sure all the i’s are dotted and the t’s are crossed, they give 
me something that’s very simplified but that encodes the physical 

structure of the image they saw. My job is to take everything we 
know about how black holes are supposed to work and construct 
models to compare to those image structures and, based on that 
comparison, tease out the things that we don’t know, explain the 
parts we don’t understand. One of those, of course, is understanding 
gravity, right near the horizon, right where material goes in.
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Inside: The EHT is expected to obtain the first “picture” of a black 
hole. How important is this?

Broderick: Images have a strong visceral impact on us. From a very 
early age we’re developing our ability to see the world around us. 
When we see something, we somehow connect with it, and that’s 
one reason why astronomy is such a fun thing. I get to go show 
people pictures and they understand in large part right away what 
I’m talking about. But if you want to know how these things work, if 
you want to achieve the fundamental science drivers for the EHT, if 
you want to achieve the reasons why we’re doing all this, an image 
isn’t enough. You have to interpret the image. You have to look at 
the exciting features in the image and tease out the physics that 
made them look the way they did. And that means there’s a strong 
input from people who model these systems. There’s a strong input 
from theoreticians to analyze that data. Without those theoreticians, 
getting from the image to science just gets that much harder. 

Inside: As a theorist, what are you expecting to learn from  
the EHT data?

Broderick: Well, I don’t know. It could run the gamut. For example, 
we don’t know why the black hole at the centre of our galaxy shines, 
but we have a lot of ideas. We don’t know if it shines because it’s 
emitting a jet, or if it’s because there’s an accretion flow. These two 
processes have to be closely related. We just don’t know which one’s 
lighting it up. It’s kind of like not knowing whether we’re seeing the 
turning signal or the headlights on the car. We’re going to find that 
out from that image. 

Another thing we hope to do, by measuring the shape of that 
shadow and from the dynamics of stuff going around the black 
hole, is to test general relativity right near black holes. If we see 
some funny shape, we’ll know something is up. If we don’t, we’ll 
know Einstein was right.

Inside: And if Einstein wasn’t right, what then?

Broderick: Well, first we have a party. That would be super exciting. 
That’s when the hard work begins. And that’s why we need to do 
this at someplace like Perimeter, because we’d have to sort out the 
theory to replace general relativity. So the default assumption is 
always that general relativity is the correct theory of gravity. Einstein 
is almost certainly right; it’s just never been historically a good idea 
to stake your career on assuming Einstein was wrong. On the other 
hand, maybe he’s not right. Maybe we find that general relativity 
doesn’t work near the horizons of black holes. And then the sky’s 
the limit. With black holes, there’s a real chance that we’re going to 
find our understanding of fundamental physics is completely wrong. 
And every time somebody goes off the edge of the map, they come 
back with something new and exciting and totally unexpected. This 
is a chance to do that. This is exploration in its truest sense, and we 
don’t know what we’re going to find. 

Inside: Is that what motivates you – the exploration?

Broderick: Some people like to commute to their office every day 
and I like to take flights of fancy in spaceships. That’s what I do. I 
travel to the stars and I go see the most exotic physics that we can 
understand right now. That’s my job. And unfortunately, I don’t get 
to do it in my spaceship and I don’t get to do it on the train. I do it on 
computers and I view it in telescopes. But it’s my way of exploring, 
which I think is this fundamental human drive we all share to get out 
there and see what’s there. It’s not for us to decide what’s right. It’s 
up to nature. It’s up to observations. 

– Interview by Colin Hunter
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EHT 2014
November 10-14, 2014 | Watch the talks! pirsa.org/C14041
EHT 2014 brought more than 100 physicists and astronomers to Perimeter to 
discuss the scientific context, key results, and technical development of the Event 
Horizon Telescope (EHT). From probing the primary EHT targets of Sagittarius A* 
and M87, to forging critical progress towards the creation of the EHT collaboration, 
the conference laid a strong foundation for future interactions as the EHT matures 
and its scientific output accelerates.

MATHEMATICAL PHYSICS 
November 14-16, 2014
A dynamic mix of world-leading mathematicians and emerging young stars in math 
and physics gathered to explore supersymmetric gauge theories, wall-crossing, and 
geometric representation theory. From this mix emerged an unexpected focus: the 
Kontsevich-Soibelman wall-crossing formula, which was developed several years 
ago as a mathematical tool, but has since been used in many applications in 
supersymmetric gauge theory. 

Support for this workshop was provided by The John Templeton Foundation.

SUPERLUMINALITY IN EFFECTIVE FIELD 
THEORIES FOR COSMOLOGY
April 9-11, 2015 | Watch the talks! pirsa.org/C15019
Some cosmology field theories exhibit superluminality, but what does it mean? Is 
superluminality – fluctuations that propagate faster than the speed of light around 
non-trivial backgrounds – a physical feature of a solid theory, an artifact of an 
incomplete theory, or simply evidence that we’re asking the wrong questions? Over 
three days, 30 researchers teased apart this vexing question in very lively discussions. 
While no firm consensus was reached, a larger common ground emerged that 
could lead to a sharper understanding of the meaning of superluminality in effective 
field theories.

Support for this workshop was provided by The John Templeton Foundation.

SUPERSTRING PERTURBATION THEORY
April 22-24, 2015 | Watch the talks! pirsa.org/C15025
Fields Medal winner Edward Witten gave the opening presentation for this three-
day gathering of physicists and mathematicians as they explored recent progress in 
perturbative string theory. Presentations ranged from metastring theory and modular 
spacetime, to superstring amplitudes in the operator formalism.

Support for this workshop was provided by The John Templeton Foundation.

PI DAY
April 28, 2015 
PI Days aim to foster interdisciplinary discussion and collaborations, but a new 
approach this year took that to a whole new level as 19 researchers gathered in 
three groups to discuss topics they’d chosen via an online poll. Topics included: 
Causality in quantum mechanics; Establishing the quantum origin of the universe; 
and, What is the most interesting thing that could be discovered in physics in the 
near future? Lively and at times heated discussions lasted two hours, after which 
each group reported back to the whole, triggering more debate before dinner in 
the Black Hole Bistro.

c o n f e r e n c e s
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Upcoming Conferences

Other Recent Conferences

2015 TRI-INSTITUTE SUMMER SCHOOL ON ELEMENTARY PARTICLES (TRISEP) 
July 6-17

THE UNRUH FEST: A CELEBRATION IN HONOUR OF BILL UNRUH'S 70TH BIRTHDAY 
August 13-14

QUANTUM INFORMATION IN QUANTUM GRAVITY II 
August 17-21

MATHEMATICA SUMMER SCHOOL 2015 
August 24-29

Keep up to date with all Perimeter conferences at perimeterinstitute.ca/research/conferences-and-workshops

INFORMATION THEORETIC 
FOUNDATIONS FOR PHYSICS
May 11-15, 2015 | Watch the talks! pirsa.org/C15026
Information theory and theoretical physics are becoming increasingly 
entwined, leading to a host of breakthrough theories. When facing 
confounding gaps between theory and evidence, information-
theoretic approaches can provide a useful starting point. This 
conference brought together 43 researchers from different fields – 
from postgrads to Nobel winner Gerard ‘t Hooft and renowned string 
theorist Erik Verlinde – to discuss different approaches and explore 
potential innovations in the information-theoretic approach.

FLUX TUBES
May 13-15, 2015 
Great advances in gauge theories in recent years have largely 
followed one of two paths: confining and non-confining theories. Key 
to both approaches are flux tubes, which stand as the most stringy 
degrees of freedom of gauge theories. Yet despite their central role, 
the study of flux tubes is in its infancy. This informal meeting brought 
together experts working in both camps to assess the current status of 
a rapidly evolving field. 

(MOCK) MODULARITY, MOONSHINE AND STRING THEORY
April 13-17, 2015

4 CORNERS SOUTHWEST ONTARIO CONDENSED MATTER PHYSICS SYMPOSIUM 2015
April 30, 2015

GAP 2015: GEOMETRY AND PHYSICS
May 25-30, 2015
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Inside the Perimeter: Why did you want to give a public lecture 
about a topic as huge as the whole universe?

Smith: We know a lot more about the universe than we did 25 or 
30 years ago. I find it very exciting to be living in such a fast-paced 
time when we’re uncovering all these mysteries and trying to solve 
them. There are some questions that we now know the answer to, 
whereas we didn’t even know what question to ask 25 years ago. 
But communication with the public hasn’t kept up. As scientists, 
we haven’t necessarily communicated this picture to the public as 
rapidly as we’ve been uncovering it. I see part of my job as sharing 
the answers. The reason I wanted to give a public talk is that I’m 
excited about the answers and I want to share them. 

Inside: As a cosmologist, what questions drive your research?

Smith: People have always looked at the sky and wondered, where 
do we live? How did we get here? What’s it all about? These are 

some of the oldest, most self-motivating questions in science. It’s very 
exciting how much more we know about the big bang, for example, 
than we did 25 years ago. But the picture is still incomplete. I think 
of cosmology as the attempt to understand the universe to greater 
and greater precision.

Inside: Does greater precision also unveil new puzzles we didn’t 
even ponder before?

Smith: It does. Historically it’s been a process like peeling away the 
layers of an onion. Every generation of physicists solves some old 
puzzles and finds some new ones. 

Inside: Such as the puzzle of dark matter?

Smith: Yes, dark matter was a big surprise when it was discovered. 
It is still a deep mystery. By the way, dark matter is a terrible name. 
If we were naming it now, with a modern understanding, we would 
probably call it “transparent matter.” The universe is full of some 

Bigger, Older, 
and Stranger Than Ever

Kendrick Smith’s mission, which he chose to accept, was daunting: to stand in front of 200 strangers 
(and thousands more watching online) and explain, well, everything. 

From the big bang to a hot-off-the-press discovery about cosmic radiation, Smith covered roughly 13.8 
billion years of universal history in the span of his hour-long Perimeter Public Lecture in February. 

Webcast live, Smith’s “State of the Universe” address sparked conversations and questions on social 
media around the world. Inside the Perimeter chatted with Smith before the lecture about life, the 
universe, and everything. 
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transparent stuff that doesn’t interact with light. It doesn’t interact 
with other types of matter we’re familiar with, like a star. It doesn’t 
do anything but gravitate.

Inside: So what do we confidently know about it?

Smith: We have a very good working understanding of how much 
dark matter there is. There’s more dark matter than there is ordinary 
matter, and we know what its properties are. But what we don’t 
know in a fundamental sense is why dark matter exists and how 
it’s connected to the rest of physics. It’s sort of a striking fact that 
the universe contains an overwhelming amount of dark matter, but 
we’ve never been able to produce a single particle of dark matter in 
an experiment. We don’t really know what we’re going to uncover. 
At any point in history we have a working model. We think we know 
what we’re going to find in the future when we make more precise 
observations, but that hasn’t always held up.

Inside: How are you approaching these questions?

Smith: I’m currently involved in a really innovative Canadian 
experiment called CHIME, which is a new type of telescope that in 
many ways is more powerful than anything that’s ever been done. 
At a nuts-and-bolts level, it’s based on cheap computing for video 
games and cheap antennas for cellphones that have really been 
around for a few years. Different experiments observe the universe 
in different ways, and CHIME is looking at cosmological radio 
waves that come from hydrogen atoms from very far distances – 
millions of light years away. This is a very faint signal that is difficult 
to detect. But if we can measure it well, we think it will contain much 
more cosmological information. We can map out all the hydrogen 
in the universe, we can learn a lot about the underlying questions of 
dark matter, neutrinos, and so on.

Inside: Your research also 
examines the cosmic microwave 
background, or CMB. What does 
it tell us about the universe?

Smith: The CMB is the oldest light 
in the universe, often said to be 
the leftover radiation from the big 
bang. The CMB is very powerful 
because it lets us observe the 
universe at a time right after the big 
bang, when it was very simple. It’s 
striking that the initial conditions of 
our universe are incredibly simple. 
To a physicist, one can write down 
the initial state of our universe in, 
say, half a page of algebra. 

The complication that we see 
around us – the great varieties of 
galaxies and detailed shapes – are 
all a result of processes that have 
happened since then. So because 
the CMB lets us observe the 
universe when it was simple, it’s 
easy to relate those observations 
to more fundamental things like 
the physics of the big bang or the 
properties of dark matter.

Inside: When you’re dealing with such incredibly vast distances and 
time scales, does it make you re-examine your own sense of scale 
and place in the universe?

Smith: Yeah, it has to. We used to think that the Earth was the centre 
of the universe and that we lived in a special place. Now we know 
that’s not true – that we live in a sort of arbitrary, ordinary place in a 
much larger universe. On an everyday basis, when you’re constantly 
reminded of your own smallness, that does affect your perspective 
somewhat. But the more you learn, the more you appreciate the 
mystery. That sense of wonder never goes away.

Inside: What do you foresee as the next great discovery in 
cosmology?

Smith: I think it’s important to remember that we don’t know what 
we’re going to find. All we know is that we’re going to measure 
things a lot better. It may be that the mysteries that we’ve already 
uncovered, we’ll understand them a lot better. Or maybe we’ll find 
new mysteries. We just don’t know until we take it in. It’s a very 
exciting time to be doing cosmology.

 – Interview by Colin Hunter

FURTHER EXPLORATION:
All of Perimeter’s Public Lectures are available  
for viewing online at perimeterinstitute.ca/outreach
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Science for All:  
Highlights from Perimeter’s 
2014/15 Public Lecture Season

When asked why he wanted to deliver a public lecture at Perimeter Institute, Jon Butterworth responded without hesitation: 
“What’s the point of adding to new knowledge if you’re the only one who knows it?”

Butterworth, a physics professor at University College London who played a prominent role in the detection of the Higgs boson at 
the Large Hadron Collider, exemplifies an outlook typical among speakers in Perimeter’s long-running lecture series.

“There’s a wonder in this exploration that ought to be shared,” he says.

This year, the Perimeter Institute Public Lecture Series was shared with more people than ever before. The series, held for years at a local 
high school auditorium, came home to Perimeter’s Mike Lazaridis Theatre of Ideas, where it is now webcast live. It was also shared on the 
websites of media partners including Scientific American, Maclean’s, CBC, Space.com, and more, reaching an audience of thousands in 
more than 30 countries.

Here are some highlights from the 2014/15 season:

Quantum Entanglement  
and Superconductivity
Subir Sachdev  I  October 1, 2014

In a nutshell: Though Einstein described the effects of quantum 
entanglement as “spooky,” Sachdev explained why he prefers to 
describe entanglement as “useful.” Perimeter’s Cenovus Energy 
James Clerk Maxwell Chair in Theoretical Physics (Visiting) described 
research at the forefront of entanglement and superconductivity, 
which may lead to transformative advances in communications, 
transportation, medicine, and beyond.

Noteworthy moment: The spillage of liquid nitrogen onstage in 
preparation for a demonstration of quantum levitation. No toes 
were frozen in the making of this lecture.

Quotable: “What I hope you’ll take away is some new 
understanding of what quantum mechanics is really, and why it’s 
so important. You won’t be bored. You might be confused a little 
bit, but you won’t be bored.”

The 2014/15 Perimeter Institute Public Lecture Series was presented by Sun Life Financial.

Subir Sachdev is the Cenovus Energy James Clerk Maxwell  
Chair in Theoretical Physics (Visiting) at Perimeter Institute.
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Quantum Mechanics and Spacetime  
in the 21st Century

Nima Arkani-Hamed  I  November 6, 2014

In a nutshell: A talk as wide-ranging and energetic as Arkani-Hamed’s cannot be 
encapsulated in a nutshell, as it covered, among other things, supersymmetry, 
string theory, particle colliders, and philosophy. Because the talk ran to 85 minutes 
instead of the intended 60, the Q&A portion was moved to Perimeter’s atrium, 
where Arkani-Hamed, a faculty member at Princeton's Institute for Advanced 
Study, happily answered questions from a large circle of curious attendees.

Noteworthy moment: Arkani-Hamed’s kinetic enthusiasm was infectious, and 
his hand-drawn PowerPoint slides (featuring cute stick figures) added to the 
oddball appeal.

Quotable: “This is a singularly exciting time in the history of fundamental physics. 
I don’t say that lightly. It’s time for some revolutionary ideas. The questions on 
the table now are the deepest ones – the ones about the origin and fate of our 
universe.”

Interstellar Voyaging: 
An Evolutionary Transition
Cameron Smith  I  December 3, 2014

In a nutshell: If humans were to travel to another planet or solar system, the 
journey and settlement would take generations. Smith, an anthropologist 
at Portland State University, looks to clues from the past about human 
evolution – both biological and cultural – to understand what our 
spacefaring descendants might face.

Noteworthy moment: Smith’s recounting of his first-hand experiences studying 
other cultures, such as eating mummified sheep’s face and fermented shark 
meat that had been buried in sand for months (both delicacies in Iceland, 
where Smith has trekked solo across vast ice fields).

Quotable: “We have seen a lot of things go from science fiction to science 
fact. One will be our ability to go to exoplanets. It’s not the abandonment of 
Earth. It’s the preservation of humanity.”

Cosmology in the 21st Century
Kendrick Smith  I  February 4, 2015

In a nutshell: Smith, a Faculty member at Perimeter, explained how theoretical and 
experimental cosmology are on the verge of transformative insights into “some of 
the oldest, most self-motivated questions in science.”

Noteworthy moment: After showing dozens of highly detailed scientific slides about 
astrophysical measurements, Smith showed a map of sophisticated-experiment 
sites across Canada. Also on the cartoon map: orcas, beavers, turtles, and a 
moose whose gait straddled most of northern Manitoba. 

Quotable: “Because we can see billions of light years away, we can see backwards 
in time. You experience a form of time travel.”
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Water Stress: Seeking Solutions  
in the Unusual Properties of Water
Marcia Barbosa   I   March 4, 2015

In a nutshell: Our most precious natural resource is also dangerously scarce 
for millions of people. Marcia Barbosa, Director of the Physics Institute at the 
Universidade Federal do Rio Grande do Sul, believes a better understanding of the 
physics of water might alleviate water stress. Barbosa’s unbridled enthusiasm (despite 
being a Brazilian visiting Waterloo during its coldest winter on record) made for a 
stirring, memorable talk.

Noteworthy moment: In what must have been a first for Perimeter public lectures, a 
physicist suggested that the solution to a difficult problem (desalinating water) might 
be found in the body of a creepy-crawly black beetle in Africa, which inspired the 
creation of a “nanotube beetle.” 

Quotable: “Water is crazy. In a certain range of temperatures, water goes bananas.”

The Most Wanted Particle
Jon Butterworth   I   April 1, 2015

In a nutshell: The hunt for the Higgs boson was one of the biggest and most 
publicized scientific undertakings in human history, and Jon Butterworth is a leader 
of research at the Large Hadron Collider’s ATLAS detector. Butterworth mixed hard 
science with personal anecdotes in a smashing public lecture that conveyed the 
hopes, frustrations, and ultimate celebrations of the search for an elusive piece of 
nature’s puzzle.

Noteworthy moment: Butterworth showed a series of images, both aerial and from 
the ground, that depicted the sheer immensity of the 27-kilometre LHC – and how 
it may one day be dwarfed by the proposed Future Circular Collider. 

Quotable: “You could fit all of central London into the ring of the LHC – London, 
England, I mean, not London, Ontario.”

 

String Theory Legos for Black Holes
Amanda Peet   I   May 6, 2015

In a nutshell: Amanda Peet, a string theorist at the University of 
Toronto, explained key concepts of string theory using the colorful 
building blocks of Lego. Peet’s infectious energy and hands-on Lego 
demonstrations kept the audience rapt. 

Notable moment: Peet was unflappable when fielding questions 
during the post-talk Q&A, and provided some encouragement to a 
young boy who presented a vexing query: “Maybe 10 years from now 
you’ll prove me wrong by writing a paper about this.”

Quotable: “I’ve dared myself to explain this abstract theoretical 
physics to the lay public. So buckle your seatbelts, sit back, and enjoy 
the ride.”

– Colin Hunter
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Beautiful Entanglement:  
The Quantum Symphony
An orchestral concert is an unlikely setting for a lesson in 

quantum mechanics. All the more reason to do it.

“There is always something going on just beyond our 
expectations,” says the narrator of Quantum: Music at the Frontier of 
Science, her voice accompanied by the orchestra playing Mozart’s 
Symphony No. 29.

Onstage at the National Arts Centre in Ottawa, members of the 
Kitchener-Waterloo Symphony begin to experiment with the Mozart 
piece by interjecting peculiar tones from a John Cage composition 
– particles of sound randomly generating and annihilating amid 
the melody.

“The trick,” continues the narrator, “is to never stop looking deeper.”

The Mozart-Cage mash-up is the final piece in a concert that, over 
the preceding 90 minutes, has taken the audience on an unusual 
journey through the parallel histories of quantum science and 20th 
century music.

The compositions of Anton Webern and Iannis Xenakis performed 
earlier in the concert served as aural illustrations of concepts 
including quantum entanglement, superposition, and the 
uncertainty principle.

The concert is, as KW Symphony Music Director Edwin Outwater 
says at the outset, “a gateway to a strange new world of music and 
quantum science.”

It’s a challenging concert for the audience – quantum science is 
not easy to comprehend, nor are the dissonant compositions of 

Xenakis and Cage. But the narrator, longtime Stratford actor Ann 
Baggley, acts as a comforting tour guide through the concert’s 
many unexpected turns.

This performance was the fifth staging of the concert since its 
creation in 2012 as a collaboration between the KW Symphony 
and the Institute for Quantum Computing at the University of 
Waterloo (IQC).

The concert was conceived and co-written by Outwater and Colin 
Hunter, a senior science writer at Perimeter who previously worked 
at IQC, in an attempt to bridge the perceived divide between 
science and the arts. 

It was created with input from a committee of quantum physicists 
including founding Perimeter researcher and IQC Director Raymond 
Laflamme, who explains quantum concepts onstage during spoken 
interludes in the concert.

Launched as part of the KW Symphony’s “Intersections” Series – 
which pairs orchestral music with unexpected genres, from heavy 
metal to circus arts – the concert has since been performed at the 
grand opening of the University of Waterloo’s Mike & Ophelia 
Lazaridis Quantum-Nano Centre in 2012, as well as by the 
Indianapolis Symphony Orchestra.

The KW Symphony will perform the concert again on September 17, 
this time at Kitchener’s Conrad Centre for the Performing Arts, as 
part of the Waterloo Innovation Summit.

“This concert has been a very cool experiment,” says Outwater, 
“and I’m always amazed by the results.”

Raymond Laflamme (left) explains  
the science behind the concert with  

KW Symphony Music Director Edwin Outwater.
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Balloons, rubber bands, an elastic bandage, and a handful 
of metal washers don’t sound like the stuff science insights 
are made of. But in Perimeter’s latest teaching kit – Perimeter 

Inspirations: The Expanding Universe – these everyday items are 
helping to unlock some of the deepest mysteries of the universe.

“All of the activities are really hands-on,” says Educational Outreach 
Coordinator Tonia Williams. “Washers strung between elastics help 
show the properties of the expanding universe. Drawing a wave on 
elastic bandages and stretching them demonstrates how light gets 
redshifted.”

The Expanding Universe is the fourth installment of the Inspirations 
educational series, aimed at grades 7 and up. Perimeter’s curious 
cartoon duo, Alice and Bob, guide students through topics like the 
big bang, basic properties of the universe, emission spectra, the 
cosmic microwave background radiation, and more.

Like Perimeter’s other educational kits, The Expanding Universe is 
free to Canadian teachers and available to educators from around 
the world via the Perimeter online store.

Redshift Rubber Band
How do we know the universe is expanding? One way is by the 
phenomenon of redshift.

In the 1920s, astronomer Edwin Hubble – the Hubble Space 
Telescope is named after him – was studying the light from distant 
galaxies, when he noticed something strange. The light wasn’t the 
colour that it should be.

Specifically, Hubble knew that the rainbow of colour emitted by all 
stars has certain black lines in it, where the different kinds of atoms 
soak up specific colours of light. In the light from distant galaxies, 
the black lines had the same pattern, but were in different places of 
the rainbow. They’d been shifted toward the red. Hubble theorized 
that it wasn’t just the lines that were shifting, but all of the light.

Hubble named this phenomenon redshift, and it led him to a 
startling conclusion: the universe, he argued, was expanding.

To see why redshift implies expansion, start with a piece of elastic. 
Elastic bandages work best for this, but you can also use a thick 
rubber band, cut so it is no longer a loop. Draw a wave on the 
elastic. Now, stretch the elastic out and observe how the wave 
changes.

As you stretch your elastic, you’ll quickly see that the wave peaks are 
getting farther apart – or, as a physicist might put it, the wavelength 
is getting longer. A physicist will also tell you that wavelength is the 
same thing as colour. In the visible spectrum, blue has the shortest 
wavelength, and red has the longest.

From rubber bands to the expanding universe – it’s not such 
a big stretch.

Expanding 
Minds, 

Expanding 
Universe



   45

f r o m  t h e  b l a c k  h o l e  b i s t r o

Coffee – i t ’s the solution
Coffee is a rich mix – a brew, one might say – of many different compounds, including acids, coffee oils, and aromatic 
molecules. Many different factors affect which compounds are extracted at what rate, but you can think of cold 
coffee brewing as a designed experiment that tests just two of them: temperature and time.

The different effects of cold versus hot, and slow versus fast, break down roughly as follows. 

Solubles: Coffee is technically a colloid suspension of various coffee solubles and water. These solubles come out of 
the coffee grounds much faster in hot water than in cold, so cold-brewed coffees need more grounds and more time 
– a lot more time – to get strengths comparable to their hot-brewed counterparts. 

Volatile oils: Volatile oils are what give coffee its delicious smell. As the name implies, volatile oils turn easily from 
liquid to gas. Lowering the temperature of the water prevents this, so cold-brew is much less perfumed than its hot 
counterpart. Ideally, these oils are released when a cold-brew hits a warm human – so that the perfumes you smell 
in regular coffee become ones you can taste, a cherished experience in cold-brew fans. Still, as anyone who’s had a 
stuffy nose can tell you: a coffee you can’t smell can be hard to swallow. Some people strongly dislike cold-brewed 
coffee, and this is probably why.

Organic acids: The acids in coffee release best when water is near boiling – between 90° and 96°C. Ideally, they give 
coffee a bright, complex flavour. This brightness can be a bit lacking in cold-brewed coffee, which has a milder, 
almost chocolatey taste. On the other hand, hot water can quickly degrade coffee’s chlorogenic acids into quinic and 
caffeic acids – the things responsible for that unpleasant bottom-of-the-pot sitting-around-too-long taste. Hot-
brewed coffee that’s been cooled will have far more of these unpleasant acids than cold-brewed coffee. It may be at 
the same temperature, but it’s not the same drink at all. 

Caffeine: Caffeine is the magic that makes coffee such a good solution to so many problems. It’s highly soluble, and 
is one of the first parts of the coffee to enter the water in the brewing process, hot or cold. It’s so soluble that either 
brewing process, hot or cold, packs a punch. There’s not a lot of difference between the caffeine in a cup of hot- or 
cold-brewed coffee.

– Erin Bow
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You’re right, Sarah – the centre of mass of the egg can’t rise without 
a force acting on it. If it could, then eggs (and other things) could just 
float up off the table, which thankfully is not the case. But in this case, 
the centre of mass of the egg really is rising, going from half an egg- 
width off the table to half an egg-length off the table – a small rise, but 
a real one. The rising egg trick really does look magic.

But it’s not magic – because there really is a force. 

“Centre of mass” is one of those physics phrases that looks abstract 
and scary until you start playing around. In this case, try balancing 
things. Lay a pencil across one finger. If your finger is pretty much in 
the middle of the pencil, the pencil won’t fall because your finger is 
under the point of balance – the pencil’s centre of mass. But if you try 
the same thing with a hammer, you’ll find your finger needs to be very 
close to the hammer head because the head is much heavier than the 

handle. The hammer’s balance point – its centre of mass – is not in its physical centre. The centre of mass is the point where the weight 
balances in all directions.

When things spin, they like to spin around their centre of mass. If you spin your pencil and your hammer on a table top, you’ll see they spin 
around the same points they balanced on. Likewise, wheels spin around their hubs, planets spin around their cores, and eggs spin around 
a point inside them, down toward the wider end. 

But spinning eggs have a special problem. They want to spin around their centre of mass, but only one tiny bit of the egg is touching the 
table, and it’s almost never right under that centre of mass. The difference between the way it wants to spin (around its centre of mass) and 
the way it has to spin (on the egg’s point of contact with the table) creates a wobble.

That wobble creates force. How? The centre of mass seems to drag the point of contact across the table. That creates friction, and while the 
force of friction usually just gums things up and slows things down, this time it does some real work: it lifts the egg on its end. Another way 
to test this is to get a plastic lid and poke a pencil through it as if to make a spinning top, but put the pencil off-centre. If your lid is heavy 
enough, you will be able to feel and see the forces at play. You might even get one to flip up and spin on its rim, like the egg.

The egg is happy on its end. Why? Because – finally! – its point of contact is under its centre of mass. It is balanced the same way a pencil 
can be balanced on its eraser. 

There’s a lot going on here, and if you’re finding it hard to follow, you should know the puzzle of the rising egg stumped physicists until 
2002 – which is when the solution was finally published by a professor from Cambridge University in the journal Nature, which is one of 
the most important journals in all of science. In physics, things that look simple can be complicated, things that look complicated can be 
simple, and things that look impossible can happen every day. 

– Erin Bow 

How Does an 
Egg Stand  
on Its Tip?
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Sarah just saw someone do the rising egg trick. Take a hard-boiled egg and start it spinning on its side 
on a flat surface. If it’s going fast enough, the egg will slowly wobble up until it’s spinning on one of 
its ends, like a top. (If you try this – and please do – you should know it will not work with a raw egg, 

because the egg goop sloshing around inside the shell changes things. You need a hard-boiled egg, or 
a fake one made of wood, plastic, or even chocolate.) 

Sarah knows that the egg can’t rise without a force acting on it, so she wants to know – what gives?

Hey kids! Have a question? Send it to magazine@perimeterinstitute.ca
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