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When people talk about Perimeter, 

they often mention the Institute’s age: 

our doors have been open for less 

than 20 years. 

I get it. Compared to peers like the 

Institute for Advanced Study (founded 

in 1930) or Stanford (1885) or even 

Cambridge (1209), Perimeter is very 

young and many have found our rapid 

rise onto the world stage of science 

surprising. 

But I think it’s important to balance the 

“young Perimeter” story with another 

one: in the world of theoretical physics, 

20 years is a long time. It’s astonishing 

how much of the research conducted 

at Perimeter today would have been 

impossible, even unthinkable, 20 or 

10 or even five years ago. 

For instance, I think the intersection 

of computers and physics, featured in 

this issue, is richer and more surprising 

than anyone foresaw. The machine 

learning conference featured on page 

21 shows how ideas from computer 

science and information theory are 

informing physics. The work on causal 

inference featured on page 16 shows 

how ideas from quantum foundations 

are informing information science. 

In other words, the intersection goes 

both ways. 

Meanwhile, fields like cosmology 

– once a data-starved science that 

sometimes stumbled in the dark – are 

now swimming in data, even at times 

overwhelmed by data. Computational 

scientists like Kendrick Smith and 

Dustin Lang (profiled on page 19) are 

bringing the field into focus. 

Perimeter is built to be a place where 

this new kind of work can thrive. We 

deliberately choose to take diverse 

– even contrasting – approaches to 

fundamental problems. We believe 

that interesting things happen at 

intersections, and we do everything we 

can to make it easy for our researchers 

to talk across fields, to communicate 

from one area to another, to build 

diverse collaborations. We don’t worry 

too much about where the boundaries 

between subfields are. We just walk 

right through them. 

Take the new Perimeter Institute 

Quantum Information Lab (PIQuIL). 

Featured on page 23, PIQuIL is a 

new venture that joins researchers with 

students, industry, and government 

partners in a truly exciting mash-up at 

the intersection of artificial intelligence 

and quantum computing.

Or, take the story on the latest 

discoveries from the CHIME telescope 

(page 14). Several years ago, Kendrick 

Smith, who holds the Daniel Family 

James Peebles Chair, basically spent 

a year reworking the data pipeline 

for the CHIME experiment. This made 

the telescope vastly more efficient and 

brought new problems into reach. 

That done, Kendrick led a Perimeter 

team in developing new mathematical 

techniques that enabled CHIME to 

conduct a new real-time, needle-in-

a-haystack search needed to capture 

fast radio bursts, mysterious energetic 

pulses of radio-frequency light 

originating in deep space. 

At a university, a young faculty member 

like Kendrick might have felt the 

pressure to publish fresh data analysis, 

rather than spending a year reworking 

software and inventing new analysis 

methods. Instead, we say to our young 

faculty members: don’t think about 

publication rates and citation numbers. 

Think about how you can really have 

an impact. 

In my new role as Perimeter’s 

director, I’m frequently asked what 

all the work we do is good for. When 

I field this question, I’m reminded 

of J.J. Thomson. In 1897, Thomson 

discovered the electron, which at the 

time was of no use whatsoever – so 

much so that he once memorably 

NEW HORIZONS
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made a toast to “the useless electron.” In 1934, in the teeth of the Great 

Depression, when people were calling for a halt to basic research and a focus on 

immediate problems, Thomson reminded people that his discovery had turned 

out to be pretty useful (after all, it’s the foundation of electronics). He said, “Any 

new discovery contains the germ of a new industry.” 

If I were to guess what impact today’s fundamental research will have on the 

future, I’d be wrong – even comically wrong – because predicting the impact 

of fundamental physics always falls short of reality. The big discoveries literally 

transform the world around us. 

It is vitally important that we do daring research into uncharted places. 

Why? Because if we focus only on immediate problems, we will never 

move past the horizon set by those problems. 

The horizon of our imaginations is so much bigger than that. The 

horizon of what is possible is bigger still – and moving fast. Here’s 

to our new horizons. 

– Robert Myers, Perimeter Director and  
BMO Financial Group Isaac Newton Chair
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In April, the Event Horizon Telescope (EHT) collaboration unveiled the first-ever 
image of a black hole’s event horizon, a breakthrough that captured imaginations 
and made headlines around the world. 

That image – and the avenues for discovery it opens up – has now earned 
the team one of the field’s most prestigious prizes: the Breakthrough Prize in 
Fundamental Physics. The $3 million (USD) prize was split equally among 347 
scientists across 60 institutions in 20 countries.

Perimeter Associate Faculty member Avery Broderick, who holds the Delaney 
Family John Archibald Wheeler Chair at Perimeter and leads the Institute’s 
EHT Initiative, was a key leader in the collaboration, providing much of the 
theory that went into the image. 

Science’s richest awards, presented at a glittering 
ceremony in California, cap off a stellar year for 
Perimeter researchers. 

PERIMETER RESEARCHERS 

WIN BREAKTHROUGH AND

NEW HORIZONS PRIZES

Kendrick Smith

06   
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With him in the Breakthrough team were Perimeter Associate Faculty member Ue-Li Pen, 
postdoctoral researcher Hung-Yi Pu, PhD student Paul Tiede, and associate PhD students 
Boris Georgiev, Britton Jeter, and Chunchong (Rufus) Ni. Former Perimeter postdoctoral 
researchers Jorge A. Preciado-Lopez and Roman Gold we+re also among the 
winners, as were former PhD student Mansour Karami. Perimeter is one of 13 partner 
organizations in the EHT collaboration – and the only Canadian one.

“We now stand at the beginning of an empirical era of black hole science that a decade 
ago would be considered science fiction,” said Broderick, who is cross-appointed with 
the University of Waterloo.

“We look forward with enormous excitement to being part of the steady stream of 
transformative results over the next many years.”

This marks the second time in the Breakthrough Prize’s nine-year history that Perimeter 
researchers have been honoured with the award. Kendrick Smith, who holds the Daniel 
Family James Peebles Chair, shared in the 2018 prize awarded to the Wilkinson 
Microwave Anisotropy Probe.

Smith was honoured again this year, as one of two Perimeter scientists to earn a New 
Horizons in Physics Prize from the Breakthrough Prize Foundation. The New Horizons 
awards recognize early-career scientists making important progress on fundamental 
problems.

Smith and two colleagues were honoured “for the development of novel techniques 
to extract fundamental physics from astronomical data.” Smith was a leading 
researcher in this year’s landmark detections of an unprecedented number of fast 
radio bursts by Canada’s CHIME telescope. (See story on page 14.)

Pedro Vieira, who holds the Clay Riddell Paul Dirac Chair, and Visiting Fellow Simon 
Caron-Huot were recognized “for profound contributions to the understanding of 
quantum field theory.” Vieira is blazing rich new conceptual paths to understanding 
the language that describes nature at its most fundamental level.

Perimeter researchers have won seven New Horizons Prizes since the award’s 
inception, more than any other institution in the world.

– Mike Brown

Avery Broderick
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Physicists say the universe is a book written in the language 
of mathematics. Mathematicians aren’t sure why physicists 
are only interested in that one book. For centuries – at least 
as far back as Newton inventing calculus to make classical 
mechanics work – the two fields have worked alongside, 
against, and across each other. 

The boundaries between math and physics have, over time, 
proven blurry and shifting. But that hasn’t stopped practitioners 
fiercely defending them. 

And then there’s Kevin Costello and Davide Gaiotto. One is 
a mathematician, the other a physicist, and together, they’re a 
nearly unstoppable team.

Costello is the mathematician – in 2013, already considered 
one of the best young mathematicians in the world, he became 
the first mathematician to join Perimeter’s faculty. “What’s 
unique about Kevin Costello,” said Ed Witten, at the time, “is 
that he’s a great mathematician who goes much more deeply 
into the physics than other outstanding mathematicians in 

Compound interest:  
Researchers flourish in the overlap 
between math and physics 
Whether they are probing higher dimensions or trampling over boundaries, Kevin 
Costello and Davide Gaiotto are having a blast – and making breakthroughs.

Kevin Costello (left) and Davide Gaiotto  
chat in the Perimeter atrium.
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similar areas do.” Costello won the Berwick Prize in 2017, and 
in 2018 was elected a Fellow of the Royal Society.

Gaiotto is the physicist – specifically, a mathematical physicist 
with an interest in the mathematical properties and applications 
of quantum field theories. With honours like the 2012 New 
Horizons Prize and the 2011 Gribov Medal, he’s likewise 
considered one of the leading minds in his field. 

“To my mind, Davide and Kevin are what’s great about PI,” 
muses Perimeter Director Robert Myers. “At any university, either 
would be a standout professor. But together, at Perimeter, they are 
a real research powerhouse.” 

As for the boundaries between mathematics and physics, the pair 
crosses them with glee – if they notice them at all. “I think the 
distinction between mathematics and mathematical physics is that 
I don’t prove theorems,” says Gaiotto, the physicist. 

“Yes, you do,” interjects Costello, the mathematician. 

“Not in a way that would satisfy a mathematician,” returns Gaiotto. 

Costello shoots him a look that reads, “What am I, chopped 
liver?” then adds: “The distinction is … it’s mostly a meaningless 
distinction, what gets labelled math and what gets labelled 
mathematical physics.” 

He cites some of Gaiotto’s previous work – in exploring something 
called the geometric Langlands program – which ended up 
pushing mathematics forward as fast as, or faster than, it pushed 
physics. “Whether something is labelled mathematics or physics 
mostly just determines what kind of job you can apply for later. 
Our students do worry about it.”

Adds Gaiotto: “But we have tenure, so we don’t care.” 

Not only do the pair have tenure, they hold two of Perimeter’s 
named chairs. They even share a funder: Gaiotto holds the 
Krembil Galileo Galilei Chair, and Costello holds the Krembil 
William Rowan Hamilton Chair. The Krembil Foundation 
recently renewed funding for both prestigious appointments. 

That frees Costello and Gaiotto to continue their powerhouse 
collaboration. They have several different projects going – in 
fact, they rarely work apart. 

“What we do is seek out problems that are both physically 
interesting and mathematically rigorous,” says Gaiotto. “I 
think I’m only doing one project that’s not Kevin-related.” 

“I am doing some work generalizing something that I did 
with Davide – our holography paper – but otherwise…” 
Costello confirms. 

They offer a taste of one of their projects, studying 
integrability. Gaiotto attempts to describe the concept: 
“Suppose you’re looking at the motion of a planet 
around a sun. It goes around the sun once, then it 
comes back exactly in the same place with the same 
speed it had on its previous orbit.” 

KREMBIL 

FOUNDATION 

ELEVATES ITS 

COMMITMENT
When the Krembil Foundation first partnered 
with Perimeter Institute in 2013, its goal was 
to spur scientific advances at the world’s 
largest independent centre for theoretical 
physics, introducing prestigious named chairs 
that would enable two of the world’s top young 
scientists to form a unique collaboration. It was 
a new kind of experiment for the Canadian 
philanthropic organization.

Known for its long-term approach to accelerating 
research, expanding knowledge, and impacting 
lives through scientific discoveries that will lead 
to advances in medicine, the Krembil Foundation 
had not previously supported theoretical physics, 
which is a foundational area of research that 
precedes – often by generations – advances in 
medicine and technology.

“We are doing this because we believe theoretical 
physics as practiced at Perimeter can potentially 
have a big and beneficial impact on humanity,” says 
Robert Krembil, founder of the Krembil Foundation.

The Foundation’s initial $4 million investment created 
two prestigious research chairs for Kevin Costello 
and Davide Gaiotto, and has resulted in research 
at the forefront of physics and mathematics (see 
accompanying story). That promise, and the possibility 
of significant discovery at the intersections of their 
disciplines, inspired the Foundation to not only renew 
but increase its support with a new $8 million gift over 
a 10-year period – bringing their total investment in the 
partnership to $12 million.

“The Krembil Foundation’s act of generosity and vision is a 
powerful demonstration that, through strategic investments 
in science, Canada can play a fundamental role in 
advancing our understanding of the world around us,” says 
Mike Lazaridis, Perimeter Founder and Board Chair. 

Adds Perimeter Director Robert Myers: “We appreciate the 
foresight of the Krembil Foundation to retain Kevin and 
Davide’s incredible talent in Canada, and support their 
continued advances.” 
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It’s not obvious that the orbit should repeat like that. In fact, 
it’s surprising – why does the planet not spirograph all over the 
place in a complicated way? Indeed, throw in a third orbiting 
body, interacting with the first two, and that’s exactly what 
happens. 

The two-body orbit is integrable. The three-body orbit is not. 

“Typically, integrable systems are the only ones where you 
can find exact solutions to your problem. Most systems are 
not like this,” says Gaiotto. “But the ones that are tend to 
be interesting and special.” The orbit of a planet, the energy 
levels of a hydrogen atom, even the quantum field theory 
beloved of mathematical physicists, N=4 Super Yang-Mills –
are all integrable systems. 

These systems have something in common: the mathematics 
describing them has a lot of symmetry. That symmetry in the 
math corresponds to conserved quantities in the actual system. 

If you have enough conserved quantities, the motion becomes 
very restricted. In the case of the motion of a planet around 
a sun, a neat orbit is not guaranteed by conservation of 
energy or momentum. Fortunately, the gravitational force 
has mathematical symmetries that introduce extra conserved 
quantities. 

Ultimately, Gaiotto explains, it’s the symmetry in the 
mathematics that makes a system integrable. But spotting 
those symmetries – and thus uncovering new integrable 
systems – isn’t always easy. Symmetries can be hidden, 
sometimes deeply.

In both physics and mathematics, people have spent entire 
careers looking for new integrable systems. It’s a thriving 
field of study employing hundreds, maybe thousands, of 
researchers, but it can be as much art as science. “People who 
study integrability see pattern – they say, here is something 
that tends to happen and probably will happen again,” says 
Gaiotto. “It’s an artistry.”

“It takes intuition and genius,” says Costello. 

Or it used to – before the pair made a breakthrough. “Kevin 
found a beautiful way to explain why integrability exists in 
all those systems,” says Gaiotto. “I am working with him to 
explore some of the consequences of his explanation.”

“So it turns out,” says Costello, “that a lot of these systems 
secretly come from something in higher dimensions. For 
those integrable systems, their integrable properties can 
be explained by observing their equations in some higher-
dimensional set-up.” 

In other words, integrable systems in two dimensions are 
shadows of mathematical objects in four dimensions. The 
symmetries in the higher dimensions introduce conserved 
quantities that are present even in the shadow. 

That lets the researchers predict which systems will be 
integrable. “In the higher-dimensional situation, it’s kind 
of obvious that it’s integrable,” says Costello. “In lower 

dimensions, it’s not obvious – the symmetries are hidden – but 
the integrability is still there.”

But the higher-dimensional set-up allows the researchers to 
do more than predict which systems are integrable and which 
ones are not. “You can actually construct new integrable 
systems, and find systematic ways to solve the old ones, by 
recognizing that there is this universal structure behind,” says 
Gaiotto.

At the very least, this insight will take a huge field of research 
and organize it into a coherent whole. It’s a stunning piece 
of reframing, and an example of the kind of thing that can 
happen when physicists and mathematicians work together – 
something that Costello and Gaiotto think is still too rare. 

“Other places have tried to bring math and physics together, 
but I’m not sure if they’ve been successful,” says Costello. 

Gaiotto nods. “I would say, not much.”

“It’s hard to get people who are willing to reach across to the 
other side,” Costello continues. “For younger people, it’s a 
career risk, and older people can be set in their ways.” 

At most universities, the division between departments or 
faculties can be enough to keep physicists and mathematicians 
away from one another. “But at Perimeter our students are all 
here, together,” says Gaiotto. “And not just the students. We 
are getting more mathematicians in the building, and we have 
a high concentration of physicists who are interested in math.”

Adds Costello: “We’ve even convinced some of the very pure 
mathematicians to talk about quantum field theory.” This 
summer, the pair helped organize a workshop called “QFT 
for mathematicians,” which – to their delight – attracted some 
high-level participants. 

It’s just one of the things they do to draw mathematical physics 
and mathematics closer together. “We are making a concrete 
effort to make things happen,” says Gaiotto. “It’s not just 
accidental. It’s not that I think math needs to become more 
physical, or vice versa.” 

This time it’s Costello who’s nodding along. “Each field has 
their own biases.” 

“Each has strengths and weaknesses,” says Gaiotto. “But one 
thing I’m sure of is we do better together.” 

– Erin Bow
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Celebrating 10 years of 
Perimeter Scholars International

This master’s course has become a powerhouse in physics education.

When former Director Neil Turok first arrived at Perimeter 
Institute in 2009, he was struck by something immediately. 
“Where are the students?” he asked.

As a hub for some of the brightest minds in theoretical physics, 
Perimeter was well positioned to train the next generation of 
scientists. What’s more, the flow of information and growth 
isn’t a one-way street. 

“Young people are the source of renewal, new ideas, and 
energy – in everything, and especially in physics,” Turok said. 

Mere months (and much frantic preparation) later, the 
Perimeter Scholars International (PSI) master’s program was 
born. On June 21 this year, the program graduated its 10th 
cohort of budding theoretical physicists.

Several of the researchers involved in founding PSI were 
present at the ceremony, which was held in the Mike Lazaridis 
Theatre of Ideas at Perimeter, to reflect on 10 years of the 
program.

“When I started at PSI, the Higgs boson hadn’t been discovered, 
gravitational waves hadn’t been seen, and black holes hadn’t 
been imaged,” said Ruth Gregory, a professor of physics at 
Durham University, as she reflected on her experience as one 

of the first PSI instructors. “It’s been a joy to share this evolving 
state of the art.”

John Berlinsky, a professor emeritus at McMaster University 
and the former Academic Programs Director at Perimeter, 
remarked on how PSI has stayed true to its founding roots. 
“PSI was to be a new kind of school, built on a small number 
of principles,” he said.

The formula was simple, yet powerful: recruit outstanding 
physics students from around the world; be deliberate in 
selecting for diversity; offer courses taught by world-class 
physicists; and place a focus on cooperation over competition. 
The program has been supported by a number of private 
donors since its inception.

Anecdotally, Berlinsky noted that graduates tend to flourish, 
both in and out of the academic world. “I seem to encounter 
one PSI grad at every physics department I visit,” he said.

The program is broad, introducing students to leading 
research across theoretical physics and equipping them with 
the tools, skills, and mindsets needed to succeed in the field. 
After completing several condensed courses on a variety of 
topics, students then work with senior scientists on a research 
essay project.
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For 2019 graduate Sam Cree, the structure of PSI hit the 
bullseye. “For someone like me, who had a lot of doubts 
about what field I want to go into, it’s been really great to get 
a taste of lots of different areas. It’s not enough to become an 
expert in any of those fields, of course – but I feel like I can at 
least speak the language of most subjects now,” Cree said.

“It’s been an overwhelmingly positive thing. I definitely 
recommend it to anyone, especially if they, like me, are 
indecisive or very curious about lots of different parts of physics. 
It’s a great way to sample the buffet of possible topics.”

This year’s class of 34 students (chosen from a pool of more 
than 550 applicants) hailed from 23 countries. The group 
formed deep bonds over the 10-month program. They 
worked together on problem sets well into the night, cooked 
group meals, played board games, and explored Waterloo 
and beyond.

When asked about their favourite PSI experience, the answer 
is nearly unanimous: Winter School. Now a PSI staple, 
each February, the students are whisked off for a week to a 
remote rural Ontario location. Working in groups, they tackle 
contemporary problems in physics. Hours of intense research 
are punctuated by often equally intense forays into winter 
activities like skating, ice hockey, and tobogganing. 

“It was the best week. I think I’ve never been as happy doing 
research,” said Nastasia Makki, one of this year’s grads. “The 
nice thing is that I had my supervisor there, and work went 
really fast. It was super efficient. That was a great feeling.”

The students are guided through their courses by PSI fellows, 
academic staff who teach and mentor while also conducting 
their own independent academic research. Lauren Hayward is 
one of the PSI fellows. She came to Perimeter initially as part 
of the 2011 PSI class and followed her master’s with a PhD 
at Perimeter.

At the graduation ceremony, Hayward Sierens recalled Turok’s 
advice on her first day of PSI in 2011: “Stop worrying about 
grades. Talk to each other.”

Simple as it was, those words were transformative. “I had a 
perception that the best and most impressive science was done 
alone, without asking for help from your colleagues. Because 
of this advice, I began to ask questions of other students. By 
the end of the program, I had learned as much from them as 
I had from my teachers,” Hayward Sierens said.

Now, as a teacher and a researcher, she continues to benefit 
from this advice. “Collaboration is one of the most essential 
tools that a researcher has,” she said.

For class valedictorian Ruochen Ma, the collaborative nature of 
science can lead to not only deeper intellectual understanding 
but personal insight as well. “Our mutual support made this 
intensive year full of hope and joy,” he remarked. “Cultural 
collisions broaden our horizons and let us know better about 
ourselves.”

Though many of the students were relieved that the intense 
program was drawing to a close, their deep bonds made the 
ending bittersweet. Ma urged his classmates to keep hold 
of their passions and to follow them where they might lead. 
After all, he said, “Farewell is also the start of a colourful new 
adventure.”

– Stephanie Keating

Apply to PSI! The deadline  
for the 2020/21 class is February 1, 2020.  

Find out more at perimeterinstitute.ca/psi
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PSI's first graduating class, 2010
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At Perimeter, we like  
to say we run mostly on chalk and 

caffeine, but it’s time to acknowledge  
a third fuel: silicon.

Computational physics is becoming increasingly important at 
Perimeter and across the field as developments in raw computational 

power and brand-new approaches like machine learning help tackle 
problems that lie beyond the reach of chalk.  

And as computers make physics more powerful, physics is returning the favour, 
feeding algorithms, insights, and ideas back into fields from fundamental information 

science to quantum computing to ever-more-powerful high-performance computing applications.  

In this special section, we celebrate the rich interconnection of physics and computing.  
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“Once a decade or so, astronomers discover a new type 
of mysterious event in the universe,” says Perimeter Faculty 
member Kendrick Smith. “In the 1960s, pulsars were an 
unexpected mystery; in the ’70s, gamma-ray bursts were a 
surprise, and so on. In the 21st century, our mysterious surprise 
is the fast radio burst.”

The surprise first turned up in 2007, when astronomers 
combing archival data noticed something odd: an incredibly 
brief pulse of radio-frequency light that seemed to come from 
well outside the galaxy. It was faint – faint as a cellphone signal 

sent from the moon – but it clearly didn’t start out that way. 
Whatever produced the signal must have released as much 
energy in a few milliseconds as our Sun does over 80 years. 

The hunt for more of these pulses – which were named 
“fast radio bursts” and came to be called FRBs – was on 
immediately. But over a decade of intensive search, only 
25 more turned up. Puzzlingly, only one seemed to repeat. 
With so few recorded events, physicists developed more FRB 
theories than they had FRB detections. 

CHIME LIVES UP TO ITS PROMISE  
– AND THEN SOME

How Canadians cracked the secret to detecting fast radio  
bursts and turned a trickle of discoveries into a deluge.

14   
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With so little data, progress could only crawl forward. That 
all changed with the commissioning of a new telescope, 
the Canadian Hydrogen Intensity Mapping Experiment, or 
CHIME. 

Involving about 50 scientists from Perimeter, McGill, the 
University of Toronto, the University of British Columbia, and 
the National Research Council of Canada, and located in 
BC’s Okanagan Valley, CHIME is the first new Canadian 
telescope in decades. 

“It was exciting,” says Smith, who holds the Daniel Family 
James Peebles Chair at Perimeter. “In a world full of huge 
international collaborations, CHIME is a small, Canada-only 
project. This was a chance to make Canada a leader in one 
of the hottest problems in astrophysics.”

CHIME’s strengths – and challenges – spring from its unusual 
design. Instead of the more common swivelling disks, CHIME 
has four half-cylinders running in parallel, each resembling a 
skateboarder’s halfpipe. While most telescopes turn to focus 
on the object under study, CHIME doesn’t focus at all. The 
half-pipes stare straight up at the sky, moving only because 
they are mounted to the most reliable of moving parts, the 
Earth itself. As the Earth turns, the telescopes sweep across the 
sky like a photocopy scanner sweeping a piece of paper. 

To speak analogously: where other telescopes use zoom 
lenses, CHIME is wide angle, and therefore it will record 
transient events, including FRBs, that other telescopes might 
capture only by chance. 

That’s where the challenge kicks in. CHIME churns out a 
petabyte of data every single day. That’s 1,024 terabytes, 
or a million gigabytes, equivalent to more than 38 years of 
continuously binge-watching Netflix in HD. In all that data, 
somewhere, about once a day, should be the faint, brief flicker 
of an FRB. 

Forget finding a needle in a haystack: this is like plucking a 
pebble from an avalanche. 

Making the challenge more difficult is the fact that the CHIME 
team has to search that data as it arrives, in real time. “It’s too 
much to save to disk, so you only get to look at it during a little 
window of time when it’s in memory,” explains Smith. “You 
need big supercomputers on site, doing real-time processing 
for every analysis we want to do – including FRBs.”

The team originally assumed that it would be impossible to 
process that magnitude of data so quickly. “We thought we 
would have 10 people working on it. We’d buy this gigantic 
farm of machines, with a huge power bill, and only search a 
subset of the data,” says Perimeter Associate Faculty member 
Ue-Li Pen, who is cross-appointed with the Canadian Institute 
for Theoretical Astrophysics. 

Then they discovered some promising but little-used algorithms 
that could help speed up their search. “Kendrick got excited,” 
says Pen with a chuckle. “If it’s a nifty algorithm problem, 
that’s right up his alley.”

With a first PhD in math, a second in cosmology, and a stint 
as a software engineer in between, Smith’s revolutionary 
approach mixes physics, data analysis, statistics, and pure 
mathematics to find the signals in the incredible rush of data 
generated by new experiments like CHIME. It’s for this kind of 
work – “developing novel techniques to extract fundamental 
physics from astronomical data” – that Smith was recognized 
as one of the winners of the 2020 New Horizons in Physics 
Prize. 

Leading a small Perimeter team that included computational 
scientist Dustin Lang, students Masoud Rafiei-Ravandi and 
Utkarsh Giri, and research assistant Maya Burhanpurkar, 
Smith developed several breakthrough algorithms for sorting 
and analyzing the CHIME data. He and his team then 
implemented this new mathematics as software. The result was 
an FRB search that ran a hundred times faster than anyone 
expected and turned the CHIME telescope into the world’s 
best FRB hunter. “We basically turned high-precision radio 
astronomy into a software problem,” Smith says. 

The CHIME telescope took first light in the fall of 2017 and 
started spotting FRBs while still in its commissioning phase. In 
January 2019, the CHIME team captured global headlines 
– including the cover of Nature – with a first batch of 13 
discoveries, including another repeater. 

In August, they announced a second, much larger batch that, 
perhaps most excitingly, contained eight more repeaters.  

“We can find more FRBs in days than had been seen in years 
of intensive study,” says Smith. “It’s a game-changer.” 

The discoveries injected jet fuel into the study of FRBs. For 
instance, the CHIME team is beginning to pick apart the 
differences between repeating FRBs and those that have not 
yet been observed to repeat. A breakthrough of understanding 
seems imminent.

“I think the upcoming year will be a really good one for FRBs,” 
said Victoria Kaspi, an astrophysicist at McGill University, 
in an interview with CBC News. Kaspi is a member of the 
CHIME collaboration and an expert on “radio transients” like 
FRBs. “Are we going to know the answer in a year’s time? I 
don’t know. Maybe. But I think we will have made significant 
progress in a year.”

With the pace of discovery picking up, the fast-unfolding field 
of FRBs has gone from a crawl to a gallop. 

– Erin Bow and Stephanie Keating
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THE NEW SCIENCE  
OF CAUSE AND EFFECT

16   

In the popular imagination, quantum physicists are probably 
best known for the inability to tell a living cat from a dead one. 
Thus, they might not be the first port of call for someone trying 
to sort out the tangle of cause and effect and confounding 
variables in, say, a massive drug trial.

That, it turns out, would be an unfortunate mistake, because a 
trio of quantum foundations researchers at Perimeter Institute 
have made a substantial new contribution to the study of 
causation.

In two papers – the first published in the Journal of Causal 
Inference, the second currently on the arXiv – they introduce a 
new technique that helps unravel part of that causal complexity.

Perimeter Faculty member Robert Spekkens and postdoctoral 
researchers Elie Wolfe and Tobias Fritz have used approaches 
inspired by fundamental quantum physics to create a new 
tool that helps identify, for given correlations, which causal 
accounts of the correlations are viable and which are not. 
Wolfe and Miguel Navascués, from the Institute for Quantum 
Optics and Quantum Information at the Austrian Academy 
of Sciences, then showed that the technique can, in principle, 
generate all the constraints on correlations that are implied by 
a given causal structure.

If this seems unusual territory for quantum researchers, that’s 
because it is. The field of “causal inference” (essentially, the 
science of cause and effect) has traditionally been pursued by 
philosophers, statisticians, and computer scientists, but also 
researchers from fields such as epidemiology, economics, and 
health science, where questions about causal mechanisms 
are of central importance. These days, it is perhaps best 
characterized as a branch of machine learning – indeed, 
Turing Award winner and artificial intelligence (AI) pioneer 
Judea Pearl has emphasized that for AI to replicate the way 
a person thinks, it will have to encompass understandings of 
cause and effect.  

Quantum physicists are a relatively new addition to the mix of 
disciplines working on the problem, but the work coming out of 
Perimeter shows that they can make an outsized contribution, 
with potential impact across the spectrum of fields in which 
these tools are applied.  

Causal structures
Figuring out what causes what is not as easy as it sounds. 
When two observable quantities are found to be correlated, 
it can be tempting to imagine that one determines the other, 
but such a conclusion may be mistaken – it may be that the 

A new technique introduced by physicists is helping to solve  
a central problem in machine learning.
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source of the correlation lies deeper, in a common cause that 
is unseen and that determines both.

Take health data for example. Medical researchers might test 
a cancer drug and find high rates of recovery for women over 
the age of 60. Is that because the drug works, or because 
women over 60 have a higher likelihood of spontaneous 
remission? Without careful analysis, the data can’t tell you 
which explanation is the right one.

To wade through this thicket of causal possibilities, researchers 
use causal diagrams – a visual formalism that represents each 
set of possible causal relationships (called a “causal structure”) 
as a graph.

The nodes in these graphs can depict two different kinds 
of variables: those that are observed and those that are 
unobserved (i.e., hidden). An arrow connecting a pair of 
nodes indicates a direct cause-effect relationship between the 
corresponding variables.  

Graphs that include one or more hidden variables are the 
most challenging to analyze, but they are the ones that are 
expected to be of most practical interest – whether the system 
in question is a biological organism, the world economy, or 
human behaviour, there are typically unobserved factors that 
are causally relevant.  

In their paper, “The Inflation Technique for Causal Inference 
with Latent Variables,” Wolfe, Spekkens, and Fritz propose 
a new technique for solving the version of the problem with 
hidden variables.

“Hidden variable” is a term that is also bandied around by 
quantum physicists. That’s no accident. Indeed, the story of 
the inflation technique begins with a seminal result in the 
foundations of quantum theory.

Bell inequalities – and beyond
In the 1960s, physicist John Stewart Bell realized that there 
was a limit to how correlated the measured properties of two 
particles could be in a classical world (i.e., a world governed 
by the laws of classical physics rather than those of quantum 
mechanics).

If, for example, the particles are separated by a great distance 
and the measurement on the first particle is synchronized with 
the measurement on the second, then even a signal travelling 
at the maximum possible speed (that of light) would be too 
slow to inform one particle about which measurement was 
implemented on the other. Assuming the speed of light is a 
limit on the speed of causal influences, the choice of what 
to measure on one particle cannot possibly have a causal 
influence on the outcome of the measurement on the other 
particle, so any correlations must be due to a common cause. 
Bell then showed that there was a limit to the strength of 
correlations that could be obtained from a common cause.

He formalized this limit in terms of “Bell inequalities.” He 
also showed that quantum theory predicted that one could 

violate these inequalities. Therefore, if an experimentalist 
observes correlations that violate the Bell inequalities, they can 
conclude that there is no classical causal explanation of these 
correlations and that quantum theory is necessary to explain 
the experimental results. In other words, something intrinsically 
quantum is happening.

In quantum foundations, Bell’s theorem has been a 
cornerstone of the field for 50 years. In 2015, Spekkens and 
his student Chris Wood published a very influential result: they 
showed that Bell inequalities can be used to pinpoint when 
classical ideas of cause and effect break down and quantum 
ones take over. This in turn helped launch causal inference 
as an active area in quantum foundations research. And thus 
did the trio of Perimeter researchers come to be working on 
causal inference.

Data scientists also want to find inequalities that characterize 
which correlations are consistent with a given causal structure, 
but for different reasons. When an epidemiologist or an 
economist makes a hypothesis about causal structure, it is 
necessarily conjectural. Certainly, it cannot be justified by 
an appeal to the finite speed of light, as happens in Bell-
type experiments. Moreover, their systems cannot possibly 
be quantum. So, when their statistical data violates such an 
inequality, they can only draw one conclusion: their initial 
hypothesis about the causal structure must be mistaken and 
needs revision. 

Given the variety of causal hypotheses pertinent to real-world 
problems, researchers would like to be able to determine the 
constraints on correlations for any given causal structure, 
and they would like to identify all such constraints. Finding an 
algorithm that can do so is a longstanding open problem of 
great importance. The inflation technique provides a solution. 
Using Wolfe and Navascués’ formal hierarchy, it is possible to 
discover every constraint implied by a causal structure up to 
any desired accuracy. 

Two worlds meet 
Spekkens, Wolfe, and Fritz made a point of submitting their 
paper to a journal of the causal inference community, rather 
than a physics journal.

As Spekkens explains: “There’s a danger that, if the 
communities are too disconnected, physicists could be 
reinventing the wheel without knowing that they’re doing so. 
If you can send your work to the Journal of Causal Inference 
and they tell you that it is new, you can be confident that you’re 
moving the field forward.”

In foundational quantum physics, the utility of the inflation 
technique was appreciated immediately. Physicist Nicolas 
Gisin of the University of Geneva, whose work spans quantum 
theory and experiment, said, “The inflation technique is a very 
new and promising tool. I expect it to become a standard tool 
in my field.” Still, Gisin cautioned that these are early days. 
“One needs to wait a bit and see how efficiently inflation can 
be programmed and how widely it can be applied.”
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For their part, causal inference experts are enthusiastic. 
When Wolfe presented the work at the 7th Causal Inference 
Workshop at Uncertainty in Artificial Intelligence 2018, a key 
conference in the field, it elicited excitement – at the end of his 
talk, he was approached by more than a dozen members of 
the audience with questions about the new technique.

For computer scientist Ilya Shpitser, of Johns Hopkins University, 
a leading researcher in causal inference, the work constitutes 
a new and unusual way of thinking about a central problem 
in his field: “It appears as if the inflation technique is going 
to shed much light on this question or perhaps even solve it 
entirely!”

How inflation works
The inflation technique works like this: The researchers take 
the primary causal variables in the original causal diagram 
(the “root” variables) and consider a new causal diagram 
in which they are duplicated. Each original, single variable 
is thus transformed into several identical but independently 
distributed copies. 

It is possible to then reintroduce the dependent (non-root) 
variables on top of this inflated base, creating a so-called 
inflation graph in which every node corresponds to a copy 
of an original variable with a causal ancestry of precisely the 
same structure as in the original graph.

The power of the inflation technique to discover inequalities 
grows as the number of “root” copies increases. This technique 
is capable, in principle, of discovering every inequality implied 
by a given causal structure.

With modest computational resources (a laptop), Wolfe and 
Navascués’ hierarchy can be used to analyze various causal 
scenarios by considering inflation graphs with two or three 
copies of each root node. As the number of copies rises, the 
procedure becomes more computationally demanding.

For quantum researchers, the problem of certifying the 
“quantumness” of correlations is of great interest, and the 

technique is likely to have applications in quantum information 
science. “Take the example of a communication network with a 
particular causal structure. If you haven’t figured out what are 
the constraints on correlations that are achievable classically 
in such a network, you might miss the fact that quantum 
theory offers an advantage for certain communication tasks,” 
says Spekkens. To understand the precise extent to which any 
inequality can be violated within quantum theory, Wolfe and 
others later devised a special, quantum-specific version of the 
inflation technique, now on the arXiv.

A bridge is built  
Spekkens notes that ideas have been flowing in both directions 
between the fields of causal inference and quantum physics: 
“The set of concepts and the mathematical framework 
developed by the causal inference community provide a 
really fruitful new perspective on the conceptual problems of 
quantum theory. They open up a whole new set of questions 
for quantum theorists to ponder.”  

Through the inflation work, physicists are returning the favour. 
Indeed, its authors expect that its most significant applications 
will be to problems outside of fundamental physics. “Once you 
realize that Bell’s theorem is an example of a result in causal 
inference, you realize that researchers in quantum foundations 
actually have 50 years of pertinent expertise,” Spekkens says.

Computer scientist Shpitser also sees the benefits of breaking 
down the disciplinary divide: “Inflation technique aside, 
my colleagues and I are very excited to see an increase in 
dialogue between physicists and causal inference researchers. 
Speaking for myself, I have already learned very much from 
their point of view on causality.” 

Gisin echoes the sentiment: “Having a new community 
looking at the problem in new ways will profit the society 
at large. New tools and new students trained somewhat 
differently than today’s experts in ‘big data analysis’ may lead 
to breakthroughs in many fields.”

– Tenille Bonoguore
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Left: The triangle scenario: observed nodes in yellow; latent nodes in red. 
Centre: The web inflation of the triangle scenario: each latent node is copied once, leading to quadrupled observed nodes.
Right: Spiral inflation of the triangle scenario.
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People of PI: 
Data wizard 
Dustin Lang

The bears scattered when the humans arrived at the dump. 
Perhaps the bears understood that the humans, a father and 
son, were not competitors for food.

Father and son rummaged for gadgets – discarded radios, 
televisions, anything with wires and circuits that looked 
remotely salvageable. Dad, a school bus driver, loved to 
tinker. Son, a curious boy not yet 10, caught the tinkerer’s 
bug. Mom, a nurse, tended to their inevitable nicks and scuffs.

After salvaging on those summer mornings, the family car 
loaded with bounty, father and son would trundle back to the 
family’s 15-acre hobby farm in Christina Lake, BC, where 
horses and sheep grazed between outbuildings that served as 
makeshift electronics workshops.

The boy, Dustin Lang, spent hours trying – often failing – to 
make things work. Occasionally, the electricity flowed like 
blood through metallic veins, resuscitating dead devices with 
a spark of new life.

“It was a great way to grow up,” he recalls, “in a beautiful 
place, in the middle of nowhere.”

He once built a rudimentary telegraph device that he and 
his friends used to tap Morse code messages between their 
elementary school’s library and a classroom. He didn’t know 
at the time – couldn’t have known – that a few decades later, 
he would help bring to life another electronic contraption, one 
far more complex, in a valley just across the mountains west 
of his childhood home.

He certainly couldn’t have imagined that his work on that 
device would help unveil incredible new truths about the starry 
sky that stretched between mountain peaks.

Now 40 and working as a computational scientist at Perimeter 
Institute, Lang looks back at his childhood with a mix of 
bemused nostalgia and incredulity. In some ways, his path to 
Perimeter seems unlikely; in others, almost inevitable.

He chalks up to pure coincidence that the farm where he grew 
up is just a few valleys away from the site in Okanagan Falls 
where the CHIME telescope – the most significant focal point 
of his scientific career thus far – now stands.

Just across the mountains from 
where Dustin Lang grew up now sits 
a telescope that he and colleagues 

are using to glimpse mysterious 
distant explosions.

The Encyclopedia of Quantum Geometries
Computer simulations have become a vital part of research in physics and are playing an increasingly significant role in 
quantum gravity. But it can be difficult to reproduce results and check their viability if the source code or the data generated in 
simulations is unavailable. On top of that, not every researcher has access to high-performance computers. 

A new endeavour called the “Encyclopedia of Quantum Geometries” allows researchers to upload data to the open-science 
Zenodo platform funded through CERN, OpenAIRE, and the European Union. Researchers can upload their data to the 
encyclopedia with a link to source code, making the data accessible while giving credit to the authors via a DOI.

“We hope that this database can help change the mindset of the community to share their data and allow more people to 
explore numerical techniques,” said Perimeter postdoc Sebastian Steinhaus, who developed the platform with Perimeter’s 
Bianca Dittrich, Dustin Lang, and Erik Schnetter, along with colleagues from Erlangen University, Hamburg University, and the 
University of Vienna. 

Find the database at https://zenodo.org/communities/enqugeo.
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The rest he attributes to curiosity and passion: a love of 
electronics and computers that he can trace back to the 
dump. He remembers when his elementary school got brand 
new computers – the Apple IIe model, on which he played 
simple games and learned rudimentary coding.

High school teachers nourished his love of computers and 
encouraged him to look beyond his rural roots when it came 
time to find a postsecondary path. A seven-hour bus trip took 
him to the University of British Columbia, where a single 
dorm building could house more people than inhabited his 
hometown. After earning his undergraduate and master’s 
degrees in computer science (and meeting the fellow 
computer scientist who would become his wife), he headed to 
the University of Toronto to pursue his PhD.

It was there that his co-supervisor, an astronomer, encouraged 
him to apply his computer science techniques to the enormous 
data sets produced by observations of the cosmos. His career 
took him to postdoctoral positions at Princeton University and 
Carnegie Mellon University, and then back to Toronto.

When a job posting emerged online for a computational 
scientist at Perimeter Institute – seeking someone with 
experience both in big data analysis and astrophysics – friends 
joked that the job description must have been written with him 
in mind. It hadn’t been, but his uncanny suitability for the role 
was not lost on those doing the hiring.

After he arrived at Perimeter in September 2018, he joined 
colleagues who had been working for several years on an 

astronomical challenge requiring serious computational 
ingenuity. Kendrick Smith, the Daniel Family James Peebles 
Chair at Perimeter, and colleagues from partner organizations 
were on the hunt for fast radio bursts (FRBs): sudden, brief, and 
mysterious bursts of energy happening many galaxies away.

The cause of FRBs was, and remains, a mystery. But the 
research team knew the first step to solving the mystery would 
be detecting more FRBs, since only a couple of dozen had 
ever been spotted. They believed they could use an existing 
telescope, built for a different purpose – the Canadian 
Hydrogen Intensity Mapping Experiment (CHIME) in British 
Columbia – to sleuth out more FRBs, if they could devise the 
right software.

The challenge was great, given the torrential cascade of 
information flowing from the night sky through the telescope 
at every moment of observation. Their software would need 
to glimpse, in real time, fleeting telltale fingerprints of faraway 
explosions. 

Because the telescope surveys thousands of places on the 
night sky at once, constantly scanning as the Earth rotates, the 
researchers needed to fine-tune their software to recognize a 
faint and momentary downward sweep in signal frequency.

That required innumerable lines of code, all running 
through liquid-cooled supercomputers in specially insulated 
shipping containers at the CHIME site. It also required much 
collaboration with colleagues across Canada, plenty of trial 
and error and debugging, and lots of optimism.

And it worked. Almost immediately after tuning the CHIME 
telescope with their customized hardware and software, it 
detected 13 FRBs during a pre-commissioning run. The 
CHIME team had accomplished in a matter of weeks what 
had previously taken a decade.

“It was pretty amazing,” Lang recalls of the findings, which the 
team announced in early 2019. “We had this embarrassment 
of riches.”

The riches continue to pour into CHIME. With the team’s 
second set of published results in August 2019, they cemented 
CHIME’s status “as the most prolific source of FRBs in the 
world.”

With such a drastically increased ability to detect FRBs, 
scientists stand a much better chance at understanding their 
causes – neutron stars, black holes, supernovae, or other 
proposed culprits.

For Lang, it’s “a bit surreal” to work on a truly groundbreaking 
telescope that stands on the other side of the mountain ranges 
– practically next door, in British Columbia scales – from the 
dump where his love of electronic gadgetry was born.

“I still find it amazing that we can learn important things about 
the universe by writing computer programs,” he says. “It’s that 
wonder – the amazement that these things are even possible 
– that excites me.”

– Colin Hunter

The dawn of DESI
The next generation of sky surveys is upon us. The Dark 
Energy Spectroscopic Instrument, also known as DESI, 
captured its first images in late October, an important 
milestone in the effort to understand the dark energy that 
comprises about 68 percent of the universe.

The DESI collaboration comprises nearly 500 researchers 
from 75 institutions in 13 countries, including Perimeter 
Computational Scientist Dustin Lang and Associate Faculty 
member Will Percival.

Mounted atop a telescope at Kitt Peak National Observatory 
near Tucson, Arizona, DESI’s robotic array of 5,000 fibre-
optic positioners can collect light from 5,000 galaxies 
in a matter of minutes, a 20-fold increase in power over 
earlier experiments. The experiment aims to make precise 
measurements of the universe’s expansion rate in order to 
shed light on the mystery of dark energy.

Since 2014, Lang has been working with a team of 
astronomers to carry out an extensive sky-mapping 
campaign to inform which galaxies DESI observes. “In 
total, we measured over a billion stars and galaxies, and 
we get to choose 35 million of them for follow-up with 
DESI,” explains Lang. “It’s really exciting that DESI is now 
going to be observing the galaxies that we measured.”

20   
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THE RISE AND 
RISE OF MACHINE 
LEARNING
Long seen as the domain of computer scientists, machine 
learning is now considered a powerful tool for tackling 
difficult problems in quantum physics.

The last few years have seen an explosion of interest in quantum 
machine learning to accelerate scientific discovery in a range 
of fields, from quantum computing to the development of new 
materials and medicines.

That effort deepened this past July as researchers from industry 
and academia gathered for the week-long “Machine Learning 
for Quantum Design” workshop at Perimeter Institute.

Conference co-organizer Roger Melko said the conference 
demonstrated the remarkable progress researchers have 
made in just a few years since the previous gathering of its 
kind at Perimeter.

“We first had this conference on quantum machine learning 
three years ago, and it was largely blue-sky proposals and 
ideas back then,” he said. “Now, the scientists here are 
actually implementing those ideas. The field is changing fast, 
and the pace of that change is accelerating.”

Melko is an associate faculty member at Perimeter Institute, 
where he heads the Perimeter Institute Quantum Intelligence 
Lab (PIQuIL), and holds the Canada Research Chair in 
Computational Many-Body Physics at the University of 
Waterloo. (Refer to page 23 for more info on PIQuIL.)

Because the field is advancing so quickly, Melko says the only 
way for researchers to remain at the forefront is to gather in 
person at conferences. “The papers are coming out so fast, 
it’s nearly impossible to read them all. Everyone’s inboxes 
are so full that face-to-face is the only way to truly connect, 
to establish a community in the field. It’s the best way to 
truly learn.”

The irony in that notion – humans gathering to “truly learn” 
ways to make machines learn – is not lost on Melko, but he 
says one of the exciting motivations behind this research is the 
possibility that some problems simply cannot be tackled by 
human minds alone. “Maybe there are problems so difficult 
that we humans are fundamentally limited in our ability to 
solve them.”

The problem isn’t a limit on human 
intelligence, but rather that some 
scientific puzzles seem to have 
almost unlimited complexity.

Estelle Inack, the Francis Kofi 
Allotey Postdoctoral Fellow at 
Perimeter, co-organized the 
conference with Melko. She 
says the impetus behind much 
of the research is the quandary 
of enormous amounts of data.

“We are looking at applying artificial intelligence to 
quantum physics, because some quantum physics 
problems have exponentially large data sets,” Inack 
said. “In quantum physics, we have a wavefunction that 
is exponentially large, and machine-learning techniques 
have been shown to apply to this kind of problem.”

This flow between physics and computer science is 
being driven by two things, said Lei Wang, a pioneer 
of many-body physics and professor at the Chinese 
Academy of Sciences – Institute of Theoretical Physics.

The first is a mathematical tool called “tensor 
networks,” which quantum information scientists use 
to understand quantum entanglement.

But it turns out, Wang said, that tensor networks 
have a close connection to neural networks. “There 
were some explicit mathematical connections,” he 
said. “Nowadays, I think through this link, lots of 
beautiful work and useful work has been done.”

The other driving force is quantum computing 
and the bid to perform machine learning on 
a quantum circuit, instead of using neural 
networks. Here, tensor networks again 
play a major role. “Through this connect, 
this bridge, now the whole thing is like 
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a single field. That’s why all the many-body physicists are 
excited,” Wang said.

While the field is still at an early stage, he expects that some 
long-standing challenges will be solved in the next few years.

Conference speaker and Cornell University Professor Paul 
Ginsparg has had a singular view of the rise of machine 
learning. He has tracked the rise of deep learning and 
machine learning in papers published on the arXiv, the free 
pre-print server that he created.

It started to appear in computer science papers around 
2010, and by 2015 was included in around 100 computer 
science papers each month. By 2019, the site was receiving 
850 computer science papers per month that involved deep 
learning and machine learning.

For physics papers, the numbers were lower but the increase 
between 2010 and 2019 is comparable. By the end of 2018, 
more than 100 physics papers each month involved deep 
and/or machine learning.

That’s a phenomenal rate of uptake, Ginsparg told conference 
participants. And it might indicate rocks lurking in the waters 
ahead.

Technologies change frequently, and for machine learning, a 
new approach has been developed every few years. Teams 
can be cast adrift if they don’t keep an eye on what new wave 
might be coming.

However, during a break between sessions, Ginsparg said he 
also sees a deeper danger if we look to computers seeking 
answers rather than understanding.

 

He rattles off Maxwell’s equations as an example. “We’ve 
understood a physical phenomenon when we can construct 
this incredibly encapsulated representation, which then can be 
used to predict anything else,” he said.

“[Machine learning] could turn into something where we just 
end up with this giant black box which is predictive, but we can 
never say we’ve understood a phenomenon.”

That’s not a given, though, and there is much hope that 
machine learning can do the grunt work that leads researchers 
to “eureka” moments.

For Melko, this is a big part of the promise for quantum 
machine learning – the prospect that computers, developed 
and refined through human ingenuity, can accelerate discovery 
in fields with important impact.

“Three years ago, we discussed if it was possible to use neural 
networks for quantum materials and devices, and now people 
are doing it,” he said. “Some of the things we dreamed about 
just three years ago are becoming real right now.”

The secret to success, Melko said, is no secret at all. It is all 
about collaboration – between researchers, between science 
and industry – even if the connections seem tenuous at first.

“One participant described how you can use self-driving car 
technology to prepare the state of a single quantum bit,” he 
said. “There were a lot of opportunities for new collaborations, 
for theorists to work with experimentalists. I think it is the fastest 
track I’ve seen between pure theory and lab experiments.”

 – Tenille Bonoguore 

FURTHER EXPLORATION:

Watch all the talks from the conference at  
perimeterinstitute.ca/conferences/ 
machine-learning-quantum-design 
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A new paradigm for artificial 
intelligence and physics

Artificial intelligence is here to stay; we see it at work every time we use our smartphones or access our 
social networks. As we witness AI revolutionize our lives in real time, it is fair to wonder: How will 
physicists contribute to this new world? And how will this new paradigm of learning machines 
change our approach to physics? 

Much of the groundbreaking work that drives AI research is done inside research labs 
like OpenAI, DeepMind, BAIR, and many more. They are all known for their culture 
of innovation, and owe much of their success to strong industry-academic 
collaborations with Silicon Valley. 

Tech giants offer top AI talent an enticing deal: high salaries, enviable 
levels of academic freedom, and the chance to be at the cutting edge 
of research. This pulls the direction of research, along with much of 
the talent, steadily towards industry. Yet we can reasonably wonder 
whether it is wise to concentrate so much of the world’s most 
promising scientific research talent inside of industry, on topics 
incentivized by commercial priorities, such as facial recognition or 
natural language processing. 

How does all this relate to physics? As AI insiders already know, 
much of that top talent is coming from physics. Physicists populate 
the halls of AI research at every level of industry. With their toolbox 
of highly advanced mathematics and computer science, they’re 
a natural fit. Yet this is all happening as more and more physics 
sub-disciplines are adopting AI tools and strategies into their 
research. Demand for highly skilled computational physicists is 
growing in academia. 

For me and some of my friends in quantum physics, this trend 
became clear about three years ago, after AI research made 
its first inroads into our field. We began to wonder, is there a 
way that physics, and physicists, could benefit from the same 
high-energy, competitive dynamic as other AI researchers?

To address this, last year Perimeter introduced the first AI lab 
formed directly out of a physics research institute. The Perimeter 
Institute Quantum Intelligence Lab, or PIQuIL (pronounced 
“pickle” for the uninitiated), was built by physicists, for physicists. 
Its goal is excellence in research and training at the intersection of 
quantum physics and machine learning: using AI to design the next 
generation of quantum materials and computers.

In the spirit of the flexible and innovative AI labs, PIQuIL residents cross 
the boundary between academic and industry research, while focusing on 
pure science. A unique ingredient is that, at PIQuIL, “industry” includes 
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With the launch of a new collaboration lab, physicists are adding fuel to the  
AI revolution, writes Perimeter Associate Faculty member Roger Melko.
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the fledgling world of quantum computing companies and 
startups. 

PIQuIL researchers routinely work with real data from quantum 
computing laboratories. They are equally likely to be spotted 
among machine learning theorists and practitioners, from top 
institutions such as the Vector Institute for Artificial Intelligence. 
And alongside the cross-boundary research, a new generation 
of talented students, produced by our university undergraduate 
and graduate physics programs, is being trained on the very 
latest in artificial intelligence research.

PIQuIL is an exciting, evolving partnership between academia, 
government, and industry, with resident physicists from 
Perimeter, the University of Waterloo, the National Research 
Council, and Canadian startup 1QBit. Residents work in 
the dynamic environment provided by Communitech, the 
Waterloo Region’s public-private innovation hub.

It turns out that this partnership produces a pretty eclectic mix 
of physicists. If you visit the lab, you’re equally likely to see 
students building a GPU rig, brainstorming pickle-themed 
swag, or arguing about decoherence models for a trapped 
ion quantum computer. When we’re not at our favorite Korean 
restaurant, we’re pushing GitHub commits for software with 
deadlines. But we still find time to write blogs about our favorite 
programming language or machine learning technique.

We hail from as far away as the US, Moldova, Cameroon, 
Ukraine, China… and as close as Waterloo, Kitchener, 
and Toronto. PIQuIL’ers intern in Silicon Valley, at private 
companies, and with quantum computing startups. But when 
at home, our ideas are disseminated freely and openly, online 
and in journals.

Our goal is to do hard science. But we hope that PIQuIL’s 
algorithmic discoveries will drive innovation in AI more broadly, 
both in industrial applications and in the foundational theories 
of the discipline. Alumni of our lab have already made their 
way into positions across academia and industry, spreading 
the seeds of these ideas across the global quantum-AI 
ecosystem. These physicists sense that the world is changing, 
and they want to be part of it.

Personally, I’m in it simply because I find it all so fascinating. 
Not just the way that AI science is changing so rapidly – that’s 
great. But it is also fascinating to see it change through the 
eyes of a dynamic young team of physicists, who are genuinely 
excited by what they work on. They know that they can change 
the world. Will they also change physics in the process?

– Roger Melko is a Perimeter associate faculty  
member and the Canada Research Chair in  

Computational Many-Body Physics. 
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Add a little scientific wonder to your 
smartphone, tablet, or computer with 

thought-provoking wallpapers.

insidetheperimeter.ca/slices-of-pi

Our smartphones and screens offer endless virtual universes – sometimes at the expense of experiencing 
the real deal. So Perimeter’s monthly “Slice of PI” has offered a compromise: new science-themed 
wallpapers for your screens and devices. The wallpapers convey concepts of cosmology, quantum 

mechanics, and astrophysics, as well as geometric art inspired by the architecture of Perimeter Institute. 

Find them all at:
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Emmy Noether Workshop: The 
Structure of Quantum Space Time

November 18-22, 2019

Symmetry, Phases of Matter, 
and Resources in Quantum 
Computing

November 26-29, 2019

Indefinite Causal Structure

December 9-13, 2019

Quantum Criticality:  
Gauge Fields and Matter

May 25-29, 2020

QFT for Mathematicians 2020

June 8-19, 2020

Geometric Representation Theory

June 22-26, 2020

Quantum Gravity 2020

July 13-17, 2020

School on Ultra Quantum Matter

August 4-14, 2020

Women at the Intersection  
of Mathematics and  
Theoretical Physics

November 10-13, 2020

Tensor Networks: From 
Simulations to Holography III

November 15-20, 2020

Perimeter Institute knows that a lively program of conferences and workshops  
is essential to maintaining a dynamic scientific atmosphere. 

Conferences are continually being added. 
Check www.perimeterinstitute.ca/conferences for the latest.
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On stars, science,  
and signs of life

Sir Martin Rees, UK Astronomer Royal, was once asked if his job 
was to do horoscopes for the Queen of England.  

“If she wanted one,” he replied, “I suppose  
I’m the person she’d ask.”

Her Majesty hasn’t asked, so Rees has worked in 
astronomy, not astrology. Lately, however, the allure of 
distant stars and galaxies is tempered by his concerns 

over much more terrestrial matters. 

In his latest book, On the Future: Prospects for 
Humanity, Rees explores how humanity’s rapid 

technological advances are threatening – and may 
ultimately vouchsafe – our survival as a species. After 

delivering a public lecture at Perimeter in October, Rees 
sat down with Inside the Perimeter to discuss why 

he believes science, not star signs, provides 
our clearest glimpse into the future.

Inside the Perimeter: As an astronomer, 
what has inspired you to turn so much of 
your focus to life here on Earth? 

Martin Rees: Well, I think many 
people whose work is focused on 
certain topics are at the same time 
citizens who, maybe in later phases 
of their life, have a different focus 
in their activities. I’m old enough to 
have remembered campaigning at 
the time of the Cuban missile crisis, 
and I’ve been interested in arms 
control ever since then. Later in 
my life, I’ve had the opportunity 
to engage with science policy. So 
my work has led me to become 
more engaged in general topics, 
[such as] the impact we are 
collectively having on the planet 
and the downsides of our more 
powerful technologies. 
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Inside: What are the questions currently keeping you up at 
night?  

Rees: I worry about the huge gap between the way the world 
could be and the way it actually is, about how to improve 
the lot of underprivileged people. In terms of science, I’m 
fascinated with how science is a progressive enterprise in 
which ideas start off as being speculative, and eventually firm 
up to become part of a consensus. If I look back over my 
career, many issues that were speculative when I was starting 
– even the idea of the big bang was speculative back then – 
are now developed to the stage that we can talk with great 
confidence and few-percent precision about how our universe 
evolved, all the way back to when it was a nanosecond old. 
That’s huge progress. And now the questions we are trying to 
address couldn’t even have been posed decades ago. 

Inside: Which currently speculative questions do you think we 
may soon answer? 

Rees: The question I’m most often asked when people know 
I’m an astronomer is: “Are we alone? Is there life out there?” 
We can’t answer that at all now. We have no idea whether life 
on Earth started as a rare fluke. But in 10 years, we will have 
some evidence thanks to the next generation of telescopes, 
which will have the light-gathering power to say something 
about a planet orbiting another star – whether it has continents 
and oceans and oxygen in the atmosphere. So we will know, 
perhaps within 10 or 50 years, whether there are other planets 
with life on them. 

Inside: In 1968, the astronaut William Anders took the iconic 
“Earthrise” photo, showing the Earth hanging in space. If we 
look ahead 100 years from that moment, and people in 2068 
see that image of a planet that harbours life, what do you 
think it will mean for humanity?

Rees: It may sort of make us cosmically more modest as 
compared to if we really thought that we were alone. Or it 
could be that we are unique. But even if we are unique, that 
doesn’t mean life will forever be a trivial feature of the vast 
universe. The one thing we know as astronomers is that the 
future is longer than the past. As Woody Allen said, eternity is 
very long. That means that even if life were now unique to the 
Earth – which is logically possible – then there’ll be abundant 

time for progeny descended from humans to spread through 
the galaxy.

Inside: Your latest book is about the grave existential threats 
unique to the present day, yet you remain optimistic. How do 
you maintain that optimism?

Rees: Well, I am rather pessimistic about whether we’ll get 
though this century without some setbacks caused by the fact 
that the global village will always have its village idiots, and 
now just a few of them can cause a disruption and breakdown 
in society. If enough of the public is energized, I think political 
responses can be positive. Only if these issues are prominent in 
politicians’ inboxes and in the press all the time will politicians 
prioritize them. So there is reason for pessimism, but if we can 
deploy science effectively and have the right trade-off between 
security, liberty, and privacy – to avoid the bad actors from 
becoming too dominant – then I think we do have reasons 
for optimism. 

Inside: Is that why you speak to the public and write books – to 
help deploy science effectively? 

Rees: It is important for a good democracy that people 
understand science, to have informed judgment and not 
be bamboozled. And it is a worthy goal to understand the 
universe of which we are a part. Our lives today, for the 
average person, are better than any previous generation, and 
that is due to the applications of science. Science has been 
the basis of the lives we enjoy. But being so empowered by 
science raises the stakes: we can do wonderful things, but 
the potential downsides are serious. So scientific interaction 
is very important, and it depends on places like Perimeter 
to encourage public interest in science. Science is the most 
universal part of our culture, able to transcend barriers of faith 
and nationality more easily than other enterprises can. 

– Interview by Colin Hunter
  

This interview has been condensed for clarity. 

FURTHER EXPLORATION:

Watch Martin Rees’ talk and all Perimeter  
Public Lectures at YouTube.com/PIoutreach
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Back on the bus  
with ISSYP

In 2003, at the age of 17, I boarded a bus with 19 other 
teenagers to visit the Canada’s Wonderland amusement 
park. 

Several of us peered intently out the windows, watching a 
strong breeze cast ripples across a field of long grass and 
chatting about what kind of interference pattern the ripples 
might make if they met an opposing breeze, or how we could 
calculate the speed of the wind. 

It wasn’t a field trip for school – it was midsummer, and school 
had been out for several weeks already. Our discussions 
stemmed from pure, unadulterated interest: the 20 of us 
were there as part of Perimeter Institute’s “Young Physicists of 
Canada” (YPC) summer program. 

That year was the first time that Perimeter, then a fledgling, 
research institution, invited high school students from across 
Canada to immerse themselves in theoretical physics for two 
weeks. I’m sure the staff and researchers involved in running 
the program must have had some trepidation about getting 
that many teens together in such a small space (the program 
was held mostly in Perimeter’s first home: an old clocktower 
building on Waterloo’s main street). For us, it was a wild 
success.

The experience had a profound impact on me. Growing 
up, my interests often diverged from those of my peers. I 
would rather watch The X-Files than MTV and much preferred 
to browse Scientific American than a copy of Seventeen 
magazine. At YPC, I was, for the first time, surrounded by 
people who shared my quirky interests.

Fifteen years after attending Perimeter’s physics summer 
school, astrophysicist and science writer Stephanie Keating 

takes a ride with a new group of teenage physics fans.

   29



30   

It was incredibly validating. It was also a whirlwind learning 
experience. We dove off the deep end into brain-bending 
topics such as relativity and quantum physics. By means of 
thought experiments and lively discussions, physics came to 
life. On the roller coasters at Canada’s Wonderland, physics 
became visceral. 

In 2015, I returned to Perimeter Institute, this time as an 
Outreach Scientist. A year later, I stepped into my current role 
as a Science Writer on the Publications team. I discovered 
that, after the inaugural program that put me on a bus to 
Wonderland, Perimeter had expanded the summer program 
to include 20 international students in addition to the 20 
Canadians (while still keeping gender parity). Rebranded 
as the “International Summer School for Young Physicists” 
(ISSYP), the program has been going strong ever since. 

The structure is much the same: for the first week, students 
attend lectures on topics including quantum mechanics, 
relativity, and cosmology. The next week, they break off into 
small groups to tackle current topics with a physics mentor. 
Lessons are interspersed with social activities, reflect-and-
review sessions, and field trips (including a once-in-a-lifetime 
visit to SNOLAB in Sudbury, arguably worth sacrificing a few 
roller coaster rides). 

This summer, I revisited my YPC experience when I joined the 
15th cohort of ISSYP on their trip to SNOLAB. Their experiences, 
I found, were remarkably like my own, years earlier. On the 
bus, I heard groups of students playing cards and other 
games. Others talked about school, some discussing the 

cultural differences in their education systems. Still others 
made physics jokes, talked sports, or debated politics. The 
emergent picture was one of students who, after just a week 
together, were already deeply bonded to one another. 

Once at SNOLAB, the group suited up in full mining gear and 
ventured two kilometres underground to learn firsthand about 
neutrino and dark matter experiments housed at the site of the 
former Sudbury Neutrino Observatory, home to research that 
won the 2015 Nobel Prize in Physics. 

No cellphones are allowed on the way down. In any other 
group of teens, that might incite an insurrection, but the 
excitement to visit the facility was palpable, and no one uttered 
a word of complaint. 

“I had never been underground – not that far, at least – and 
seeing how the experiments that are trying to discover dark 
matter are being realized is fantastic,” said ISSYP participant 
Pedro Henrique Teixeira Tavares, a 17-year-old from São 
Paolo, Brazil.

Teixeira Tavares appreciated that many participants came from 
abroad. “I believe that the collaboration between international 
students is something that is very enriching,” he said. “Some of 
the people that I met here are probably going to work in the 
future of physics, are probably going to do research with me.”

For many of the participants, ISSYP is – as it was for me – the 
first time they have been surrounded by peers who share their 
passion for science. 

ISSYP students underground at SNOLAB.
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“It’s like you’re seeing copies of yourself,” explained Vennisa 
Owusu-Barfi, from Accra, Ghana. “Because you hadn’t ever 
met any person like you, you’d think, ‘Oh, you’re one in 
a billion.’ But then you come here, and you see that other 
people, too, are very similar to you.” 

Taylor Walters, from Mill Bay, British Columbia, agreed. “I 
don’t share a common passion for this with my peers back 
home,” she said. “It’s always been kind of an independent 
thing for me.” 

But collaboration and teamwork are integral at ISSYP, much 
as they are in physics research communities. That is part of 
the program’s power, and its appeal. “It was so awesome 
to communicate with people who had their own ideas, and 
then I had my ideas which were equally heard,” Walters said. 
“Together, those ideas became better and really helped us 
solve the problem. The whole process was really rewarding.” 

For many of the participants, ISSYP happens at a critical 
juncture: right before they head off to university. Indeed, 
my experience at YPC was part of what inspired me to 
become a physicist, starting with an undergraduate degree 
in astrophysics, then a master’s in astronomy (both at the 
University of Western Ontario), and finally a PhD in astronomy 
and astrophysics at the University of Toronto. 

Teixeira Tavares says his experience at ISSYP has cemented 
his plan to pursue academia. “The experience here made me 
realize that it’s exactly what I want to do,” he said. 

Walters realized that it just might be possible to forge her 
own path, one that encompasses her interests in physics, 

cognitive science, and computer science. Before ISSYP, she 
wondered if such a goal was unrealistic. Discussions with 
Perimeter researchers, many of whom rely on interdisciplinary 
techniques, opened her eyes to new prospects. 

“I definitely think that finding my own intersection of my 
passions is really what’s going to drive me forward,” she said.

Owusu-Barfi was inspired by the vast possibilities that physics 
offers. “There are so many problems that you could explore in 
physics,” she said. “And, when you solve a problem, you never 
know – a hundred years later, it could benefit someone.” 

Doubtlessly, many of the students aspire to one day return 
to Perimeter; I know I did, when I was in their shoes. At the 
time, I dreamed it would be as a researcher, cracking the 
cases of longstanding cosmic mysteries. Instead, it was as a 
communicator, sharing the wonder, awe, and excitement of 
science – a different path, but one that is no less rewarding, 
and always fascinating.

– Stephanie Keating

The 2019 edition of ISSYP was made possible  
by the continued support of RBC Foundation,  

ISSYP’s Presenting Partner.  

Apply to ISSYP! The deadline to apply for the 
summer 2020 program is March 25, 2020.  

Find out more at issyp.ca 

New classroom resources  
Senior high school teachers and their students can explore a broader physics horizon thanks  

to two new inquiry-based educational resources from Perimeter. 

“FIELDS” 

Dedicated to establishing the reality of electric, magnetic, 
and gravitational fields, this resource is accompanied by a 
video featuring researchers who discuss the central role that 
fields play in modern physics. Students develop physical 
and mathematical models and can explore the real-life 
consequences of fields by investigating how auroras form. 

“CONTEMPORARY PHYSICS” 

Students can explore topics including the conservation 
of energy, the motion of charged particles in magnetic 
fields, relativistic effects such as time dilation, and 
Heisenberg’s uncertainty principle. Plus, students 
consider the challenges of space travel and learn about 
gravity assist manoeuvres and magnetic accelerators.

Visit resources.perimeterinstitute.ca to download Perimeter’s full suite 
of educational resources for middle school through high school.
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CORPORATE AND SPONSORSHIP PARTNERS ($100,000+)

Cenovus Energy, in support of the Distinguished Visiting Research Chair program

Maplesoft, Perimeter Educational Outreach Champion

Power Corporation of Canada, proud supporter of EinsteinPlus and Perimeter’s Teacher Network

RBC Financial Group, Presenting Partner, International Summer School for Young Physicists

Mike Serbinis and Laura Adams, in support of the Undergraduate Theoretical Physics Summer Program 

ENDOWMENT FUND

PERIMETER RESEARCH MAJOR GIFTS 
Centre for the Universe at Perimeter Institute ($5 million)*

Mike and Ophelia Lazaridis Niels Bohr Chair in Theoretical Physics ($4 million)

Krembil Galileo Galilei Chair in Theoretical Physics ($4 million)

Krembil William Rowan Hamilton Chair in Theoretical Physics ($4 million)

Gluskin Sheff / Onex Freeman Dyson Chair in Theoretical Physics ($2 million)
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Mike Lazaridis

GOVERNMENT PARTNERS 
Government of Canada

Government of Ontario

THANKS TO OUR SUPPORTERS
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An ever-growing group of both public and private donors has helped make 
Perimeter what it is today: a world-leading centre for fundamental research, 
scientific training, and educational outreach. We are deeply grateful to all 
our supporters.

$25M+

Doug Fregin

$10M+

Jim Balsillie

ACCELERATORS CIRCLE ($50,000+)

The Cowan Foundation

Robert and Pearl Radnitz**

Mac Van Wielingen, Viewpoint Foundation
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The Savvas Chamberlain Family Foundation Anaximandros Fellowship
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Brad and Kathy Marsland Honorary PSI Scholarship Award

Margaret and Larry Marsland Honorary PSI Scholarship Award
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EMMY NOETHER CIRCLE

** Supporter of Friends of Perimeter Institute Inc., a 501(c)(3) public charity in the United States dedicated to promoting and supporting education, 
research, and programs that expand the public knowledge and understanding of theoretical physics

This list reflects gifts received between August 1, 2018 and September 30, 2019 and multi-year commitments of $50,000 and more.

Charitable Registration number: 88981 4323 RR0001

To learn more about supporting Perimeter Institute, please contact Jacqueline Watty, Senior Relationship Manager, at 519-569-7600 ext. 5541 or 
jwatty@perimeterinstitute.ca.
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There was often an undercurrent of danger to Gebremedhin 
Dagnew’s playtime, and it was always of his own making. 
Growing up in Bahir Dar, Ethiopia, he would often take 
things apart to see how they worked (sometimes blowing the 
house’s power in the process). But it wasn’t enough to know 
that putting things together in the wrong configuration could 
cause an explosion – Dagnew needed to know why things 
exploded at all.

Physics was the only field that seemed to offer an outlet for 
Dagnew’s relentless curiosity.

“I want to pursue theoretical physics because that’s the area 
that really gets to ask the meaningful and deep questions,” he 
said. “I can get to ask ‘why?’ instead of ‘how?’ I can be the 
pioneer of an idea – whether it’s right or wrong.”

Now 23 years old and a student at Middlebury College in 
Vermont, Dagnew is on his way to doing just that. He was one 
of 20 students chosen to participate in the first Undergraduate 
Theoretical Physics Summer Program at Perimeter Institute, 
launched with funding support from Mike Serbinis and Laura 
Adams.

Designed to give budding physicists an opportunity to try out 
the research experience, the program invites students in their 
final year of an undergraduate degree to visit Perimeter for 
two weeks in May. They take in lectures from leading thinkers 
in theoretical physics and work together in small groups to 
grapple with real research problems. 

For 10 of the students, that invitation extends beyond the 
summer, enabling them to work as assistants with Perimeter 
researchers.

It was supposed to be a side journey for Alicia Lima, 22, who 
recently wrapped up a degree in physics and mathematics at 
Bowdoin College in Maine. But just one week into the summer 
program, Lima scrapped her plan to study at Cambridge and 
opted to stay for the Perimeter Scholars International master’s 
program. “It actually shaped my future for the whole year,” 
she said.

Lima was thrilled to find a place where she could dive deeply 
into her passion for mathematical physics. “The more I do 
mathematics and see how it played a big role in physics 
makes me see that that’s the path I want to take,” said Lima.

“The most interesting and unexpected thing was when Neil 
Turok came to give us a presentation. He told us to question 
the principles, and not just follow the physics that’s out there,” 
she said. “That’s not the advice I got from my previous 
mentors.”

The student projects spanned a broad cross-section of topics 
in physics, from the largest to the smallest scales.

“This is a really good program to learn about what you’re 
interested in and to get some hands-on experience,” said Anya 
Forestell, a 22-year-old from Fredericton, New Brunswick, who 
is currently studying physics and astronomy at the University of 
Waterloo. “There’s such a diversity of physics going on here.”

Forestell’s group took a journey through the history of 
the cosmos. “We decided to learn a bunch of stuff about 
cosmology and figure out, based on what we know, what 
are the valid questions that we can ask, and then how do we 
answer them?”

Inaugural program 
gives undergrads  
a glimpse of  
research life
This summer, 20 of the world’s top 
undergraduate students stepped 
out of the classroom and up to the 
chalkboards as part of the inaugural 
Undergraduate Theoretical Physics 
Summer Program at Perimeter Institute.
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What they discovered surprised her. “I never thought that you 
can just calculate the age of the universe in just a few simple 
lines,” she said. “Once you know the math, then it’s pretty 
easy to get pretty close answers to how old the universe is and 
how big it is.”

Nicolas Valdes went in a different direction, studying physics 
on the tiniest scales. Valdes, a 22-year-old physics major 
at the University of Chile, chose a project that focused on 
the concept of coherence in quantum mechanics. “That’s a 
quantity that we care about because it’s useful for quantum 
computing,” he explained.

Valdes decided to apply to the inaugural program after three 
professors independently told him about it. He appreciated 
the opportunity to work on a project that could have real-
world applications in the near future. “It was just the perfect 
difficulty, I think, to attack it in a week,” he said.

But the best aspect was being able to collaborate and 
problem-solve as a team – a process that is integral to the 
scientific method.

“It was surprisingly efficient,” Valdes said. “When somebody 
got stuck on one problem, all the others were able to help, 
and then we could discuss. Everyone learned, I think, from 
every little question.”

Dagnew said his summer at Perimeter has not only broadened 
his knowledge within the field but also made his path clear.

“This is a place where people can actually think freely,” 
Dagnew said. “In my first week here, I got exposed to some 
quantum information, some numerical methods. I got exposed 
to path integrals – things I would never know right now.”

“It’s a validation for myself that I do want to pursue research, 
and that I want to continue my graduate studies in physics.”

– Stephanie Keating

Apply now! The deadline for the  
next summer program is January 6, 2020.  

Find out more at perimeterinstitute.ca/undergrad 
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Where did it come from?  

DIGITAL COMPUTING
Early computers were room-sized mechanical brains complete with wheels, shafts, 

and cranks. Then the playful and ingenious Claude Shannon came along.

If you look for the origin of our information age, you could 
be looking a long time. Information and the machines that 
process it surround us like the weather, and it’s hard to predict 
where this wind will blow next or trace that storm back to 
where it started. 

But there are a handful of people who are lightning strikes: 
brilliant, transformative, and singular. One of them was 
Claude Shannon. 

As a boy, Shannon was a tinkerer. Growing up in tiny Gaylord, 
Michigan, in the 1920s, he built an elevator in a barn and 
turned a barbed wire fence into a secret telegraph exchange. 
All his life he would think like this: practically and with his 
hands, building chess-playing computers and maze-solving 
mechanical mice. 

Unsurprisingly, given that he was someone who would later 
learn to juggle while riding a unicycle, Shannon declined 
to settle on a single course of study. Instead, he took a dual 
degree in mathematics and engineering. It was not part of a 
grand design, he would say later. It was only that he didn’t 
know which he liked best, the math or the machines. 

He finished his undergraduate degree in 1936, deep in the 
Great Depression, and the family furniture and coffin-making 
business attempted to draw him home. But fortunately for 
history, he spotted a postcard tacked to a bulletin board in the 
engineering department office, looking for assistants to work 
on “a mechanical brain” at MIT. 

“I pushed hard for that job, and I got it,” he would say later. “It 
was one of the luckiest things of my life.” 
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MIT in the analog age
At MIT, Shannon was put to work on (and in) the mechanical 
brain, a room-sized contraption invented and overseen by 
the famous Vannevar Bush. Called the differential analyzer, 
it was a computer – but not the kind we know now. When 
Bush taught students about it, he’d start with the idea of 
Newton’s apple plummeting from its tree. If the apple were in 
a vacuum, it would simply be accelerating at a constant rate 
and its speed at any second could be calculated with a single, 
simple equation, in seconds. But in fact, the apple is falling 
through air, which creates a drag that grows as the apple 
speeds up. The actual speed of the apple, then, is governed 
by two interlinked equations. Add a tumble that changes the 
drag and there are even more equations to consider. In the 
real world, even a simple problem like a falling apple can 
rapidly become too cumbersome for chalkboards. 

Better, said Bush, to automate those calculations. To do 
that, one could build a machine. Perhaps one turning shaft 
could represent the acceleration due to gravity and another 
could represent the drag from the air. These could be 
connected to wheels and gears that would, both literally and 

mathematically, integrate the two accelerations into one. The 
machine embodied the problem, in that it obeyed the same set 
of differential equations as the falling apple. This analogous 
behaviour is what we refer to when we say the early computers 
were analog. 

Analog computing was a successful approach: the differential 
analyzer was used to bring complex problems like electron 
scattering and power-grid load into the reach of calculations 
for the first time. But by the time Shannon arrived, the machine 
had hit a wall: it had to be rebuilt every time the problem 
changed, and that rebuilding was taking too long. 

Most of the brain work, Shannon would quickly learn, went 
into changing the configuration of a box full of 100 switches, 
which in turn changed which shafts were spinning and how they 
were geared together. The configuration of those switches was 
done by trial and error – mostly error. Any modern engineer 
would recognize that laying out switches and the connections 
between them is the essence of circuit design, but in those 
days, circuit design was more art than science.

Shannon made it into science. In fact, he made it into math. 

The switch to  
zeros and ones 
In his undergraduate days, Shannon 
had come across the work of 19th 
century thinker George Boole, who 
developed a system for figuring out 
whether logical statements were true 
or false. Boole took the arguments 
of Aristotelian logic (of the “all 
men are mortal; Socrates is a man; 
therefore Socrates is mortal” flavour) 
and created an algebraic system 
for evaluating them. He let one and 
zero stand for true and false, and 
introduced the operators AND, OR, 
NOT, and IF, by now familiar to 
anyone who’s ever written a single 
line of code. Boolean algebra put 
pure logic firmly in the realm of pure 
mathematics. 

Ninety years passed, during which no 
one did anything much with Boolean 
algebra. But as Shannon struggled to 
make sense of which switches should 
be thrown to reconfigure Bush’s 
computer, something twigged. Later, 
he tried to put his finger on what. It 
wasn’t quite that the open/close of 
a switch could also be a Boolean 
zero/one, though that was part of it. 
It was more, he told a journalist, the 
realization that two switches in a series 
were equivalent to AND, because they 

Claude Shannon. Credit Alfred Eisenstaedt LIFE Picture Collection/Getty Images
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both had to be closed to let current flow through, and two 
switches in parallel were equivalent to OR, because current 
would flow if either or both were closed. He realized that the 
design of circuits could be governed not by trial and error, 
but by the rules of Boolean algebra. Vannevar Bush’s great 
machine could be rebuilt – reprogrammed – with a bit of 
thought and a pen and paper, almost on the fly. 

What’s more, once switches were reduced to ones and zeros, 
switches themselves left the picture. Anything could take their 
place, and soon would, starting with vacuum tubes, then 
transistors. Computer technology leapt forward. The year was 
1937 and Shannon was 21 years old. 

There was probably no one else in the world who could have 
made Shannon’s breakthrough. He was the only man in a 
room full of engineers puzzling over switches who knew about 
the mathematics of formal logic. And he was also probably 
the only man with a background in formal logic who ever had 
to engineer a system of switches. 

A genius on a unicycle
He wasn’t done contributing to computer science, not nearly. 
During the war, he worked on cryptography, but moonlighted 
on a secret project of his own. Afterwards, he was hired at 
Bell Labs, that hothouse of scientific and technical invention 
that gave the world the transistor, the laser, and the solar cell. 
At Bell Labs, he was a genius among geniuses, cruising the 
narrow hallways on his unicycle. Even so, when he finally 
revealed the results of his secret project, it came as a dazzling 
bolt from the blue. 

The bolt took the form of a 1948 paper called “A Mathematical 
Theory of Communication.” Scientific American would one 
day call it “the Magna Carta of information theory”: the 
document that founded an entire field. Among other things, 
it gave us the binary digit – the bit – and the idea that any 
piece of information could be encoded as the zeros and ones 
that Shannon had assigned to those switches. When we say 
today’s computers are digital, the zeros and ones are the 
digits we have in mind. If we live in a digital age, then this is 
the moment it started. 

Claude Shannon was in love with the deep particulars of the 
world. He would master them only to leap beyond them into 
a realm of pure abstraction, and then translate that back into 
machines. He would master juggling, then develop the first 
mathematical theory of juggling, then build a juggling robot. 
He played chess, redefined the mathematics of chess, and 
then wrote the defining paper on programming computers 
to play chess. He was silly: he once built a flame-throwing 
trumpet and invented a computer that did calculations using 
Roman numerals. He never sought publicity and rarely sought 
collaboration. He was very kind and very shy. Inside information 
theory, he is a god. Outside it, he is nearly forgotten. 

The father of information theory died of complications from 
Alzheimer’s in 2001. 

– Erin Bow

FURTHER EXPLORATION:

 Inside the Perimeter recommends the book A Mind At Play: 
How Claude Shannon Invented the Information Age,  

by Jimmy Soni and Rob Goodman.
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Shannon’s diagram of a general 
communications system, which shows the 
process that produces a message
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Perimeter cultural and Bistro events are ancillary activities made 

possible through paid ticketing, private donors, and sponsorships.

Supported
by:
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P E R I M E T E R I N S T I T U T E . C A / T I C K E T S
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& RAFAŁ BLECHACZ ,  P IANO
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CONCERTO ITALIANO
THUR. ,  JAN. 16 ,  2020   I   7 :30 PM
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Perimeter welcomes three new associates
Three new associate faculty have joined Perimeter, bolstering the Institute’s efforts in 
quantum information and astrophysics.

Debbie Leung studies the fundamental properties of quantum information, from properties 
of entanglement and applications of quantum error correcting codes, to how privacy arises 
in quantum mechanics. She also has a keen interest in understanding quantum theory in 
the context of black hole dynamics, as well as other potential nonlinearities. Leung is cross-
appointed with the Department of Combinatorics and Optimization and the Institute for 
Quantum Computing (IQC) at the University of Waterloo.

Christine Muschik works on developing novel methods for quantum information processing 
and on quantum simulations of problems from high energy physics, seeking to understand 
the fundamental building blocks of nature. At Perimeter, she aims to develop new quantum 
simulation methods that can address many open questions in physics, from the prevalence 
of matter over antimatter to what happens inside a neutron star. Muschik is cross-appointed 
with IQC at the University of Waterloo, where she leads the quantum optics theory group.

Daniel Siegel looks at the tiny inside the huge, using supercomputers to simulate violent 
cosmic events like the collision of two neutron stars, paying particular attention to subatomic 
processes. Modelling the particle physics inside astrophysics gives Siegel new insight into 
how the universe is assembled. (For instance, this year Siegel and collaborators proposed 
that most of the gold in the universe comes not from neutron star mergers, but from whirling, 
dying stars called collapsars. The research was published in the journal Nature.) Siegel is 
cross-appointed with the University of Guelph.

Another Canadian Nobel
Canadian cosmologist James Peebles 
has won half of this year’s Nobel Prize 
in Physics for his theoretical discoveries 
about the evolution of our universe. 
The win makes him the third Canadian 
in five years to be honoured by the 
Nobel committee, joining Queen’s 
University Professor Emeritus and former 
Perimeter Institute Board member Art 
McDonald and University of Waterloo 
Professor Donna Strickland as Nobel 
laureates in physics. Peebles, who has 
a research chair and a postdoctoral 
fellowship named after him at Perimeter 
Institute, was recognized for “theoretical 
discoveries in physical cosmology.” 
His groundbreaking insights into the 
radiation left over from the big bang laid 
the foundation for the transformation of 
cosmology from speculation to science.

EU grant for Perimeter 
postdoc
Perimeter postdoctoral fellow Sebastian 
Steinhaus has been awarded a 
prestigious €1 million research grant 
from the German Research Foundation’s 
Emmy Noether Programme. Steinhaus, 
who specializes in a form of loop 
quantum gravity called “spin foam 
models,” will start his own junior research 
group at the Institute for Theoretical 
Physics at the University of Jena in 2020. 
“I want to describe physics at the smallest 
scales with these spin foam models, and 
then make connections to the large 
scales that we see today,” he said. “Spin 
foam models, you can imagine like 
having building blocks of geometry. The 
question is, what happens when you put 
many of those building blocks together? 
How do they behave collectively?”

Working with Canadian 
Consul Generals

The Consul General of Canada in 
Los Angeles, Zaib Shaikh, visited in 
September to learn about Perimeter 
operations. Physicists Roger Melko 
and Anna Golubeva chatted with 
Shaikh about research at the forefront 
of quantum science and artificial 
intelligence. Many Canadian Consul 
Generals around the world actively 
champion the Institute’s activities and 
partnerships.
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Kevin Costello wins 
Eisenbud Prize
Perimeter Faculty member Kevin Costello 
has been awarded the 2020 Leonard 
Eisenbud Prize for Mathematics and 
Physics from the American Mathematical 
Society. Costello, who holds the Krembil 
William Rowan Hamilton Chair, was 
recognized for his contributions to the 
mathematical foundations of quantum 
field theory. “Kevin Costello ... plays a 
unique role in breaking new and fertile 
ground on which the two communities 
can jointly develop directions of 
research, even while coming to a fuller 
understanding of important known 
phenomena,” the citation states.

For Costello, the award is just as much 
about his collaborators and Perimeter’s 
unique environment. “It’s something 
that Perimeter does really well, this 
interdisciplinary research between math 
and physics,” Costello said. “I think 
it’s wonderful the AMS is interested in 
recognizing such interdisciplinary work.”

One amazing visit
The Amazing Race Canada came to 
Perimeter Institute and ran contestants 
through a challenge that required equal 
parts brains and brawn. Using a tennis 
ball, stopwatch, chalk, calculator, and 
one mathematical equation, the teams 
had to work out the distance between 
a fourth-floor balcony and the floor. 
The episode, which aired in August, 
also included visits to the University of 
Waterloo robotics lab, a local cooking 
studio, and downtown Kitchener. 

Founder of the internet 
visits Perimeter

Sir Tim Berners-Lee, who is credited with 
inventing the World Wide Web, toured 
Perimeter in June with Chief Operating 
Officer Michael Duschenes. Joining 
the visit were Lady Rosemary Leith, of 
the Berkman Klein Center at Harvard, 
and Jennifer Smith, who is Senior Vice-
President, Technology and Operations, 
with Cineplex Digital Media. Berners-
Lee, Leith, Smith, and other tech leaders 
were in Waterloo to attend the True North 
“tech for good” global conference, of 
which Perimeter is a partner.

Forging international 
understanding

Takako Ito, the Consul General of Japan 
in Toronto, met with External Relations 
Director John Matlock and Postdoctoral 
Researcher Naritaka Oshita at Perimeter 
this fall to discuss the Institute’s research, 
training, and outreach operations at 
home and abroad, including linkages 
to Japan.

Honorary doctorate 
for long-time Perimeter 
advocate
Prominent entrepreneur and committed 
Perimeter supporter Sherry Shannon-
Vanstone was awarded an honorary 
Doctor of Laws by Brescia University 
College at Western University in June. 
The cryptologic mathematician was 
recognized for her own exemplary work 
and for her efforts to support and promote 
women in science as the co-chair of 
Perimeter’s Emmy Noether Council. “At 
the Perimeter Institute, we believe, as 
does Brescia, clearly, that curiosity does 
not have a gender,” Shannon-Vanstone 
told the graduating class. “I would add, 
neither does the capacity for impact.”

Award-winning PhD thesis
Former Perimeter PhD student Giacomo 
Torlai has won the Nicholas Metropolis 
Award for Outstanding Doctoral Thesis 
Work in Computational Physics for his 
thesis titled “Augmenting Quantum 
Mechanics with Artificial Intelligence.” 
The American Physical Society lauded 
Torlai “for his pioneering achievements in 
adopting machine learning technology, 
especially restricted Boltzmann machines, 
into the field of condensed matter and 
quantum information physics.” Now 
a postdoctoral research fellow at the 
Flatiron Institute in New York, Torlai 
completed his PhD under the supervision 
of Perimeter Associate Faculty member 
Roger Melko.

Perimeter science writer 
wins Governor General’s 
Literary Award

Perimeter senior science writer Erin Bow is 
many things: a particle physicist, a poet, 
an author. Now, Bow is also the winner 
of one of Canada’s oldest and most 
prestigious writing prizes: the Governor 
General’s Literary Award. Her novel 
Stand on the Sky won this year’s award in 
the “young people’s literature” category. 
Bow travelled to Mongolia on a research 
trip for her novel about a young girl who 
– against cultural traditions – wants to 
be an eagle trainer. She will receive the 
award in Ottawa this December.

The value of collaboration

Alejandro Adem, the new president 
of Natural Sciences and Engineering 
Research Council of Canada (NSERC), 
visited Perimeter in November, where 
he met with Director Robert Myers and 
senior staff to discuss the importance 
of research, training, and outreach 
for Canada – particularly through 
partnerships and collaborations.
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If you think about small things, you 
might imagine ants or fruit flies, 
seeds, grains of sand, or specks 
of dust. But even those pretty puny 
things are positively giant when 

compared with the tiniest things we know. 

Because the smallest things are so very, 
very much smaller than things we are 
familiar with, it helps to get a sense of 
scale by thinking about sizes in powers of 
10. 

Let’s start with a child, who we’ll call 
Alice. Alice stands about one metre tall, 
which is 10 times taller than a small 
smartphone (about 10 centimetres long), 
or one “power of 10” bigger. The phone 
is about 10 times taller than a marble 
(roughly one centimetre high), which in 
turn is 10 times taller than a grain of sand 
(one millimetre across). If we compare the 
grain of sand with Alice, we see that Alice 
is three “powers of 10,” or 1,000 times, 
bigger than the grain of sand. 

Scientists use a method called scientific 
notation to concisely write down powers 
of 10. This comes in handy when there 
are so many zeros at the end of a number 
that it gets difficult to write. To do this, 
they represent the number of powers of 

10 as an exponent – that is, they add a 
little number to the top-right of the main 
number as a kind of shorthand. Three 
powers of 10 (which, remember, is 1,000) 
is written as 103, while six powers of 10 
(or 1 million) is written as 106. 

The keenest human eyes can only resolve 
things that are about 10 times smaller 
than the width of a strand of Alice’s 
hair. To go smaller than that, we must 
use other methods of observation, such 
as a scanning tunnelling microscope, 
which takes advantage of some quirks 
of quantum physics (the fascinating rules 
that govern the realm of the tiny). It can 
help us view atoms: small bits of matter 
that make up the elements that we know 
(like carbon and oxygen and gold). 

The ancient Greeks originally thought 
atoms were indivisible, but we now know 
that atoms are made up of still smaller 
things. Protons and neutrons make up 
the core, or nucleus, while teeny electrons 
cloud about the nucleus. Protons and 
neutrons can be further broken down: 
they’re both made up of things called 
“quarks.”

As far as we can tell, quarks can’t be 
broken down into smaller components, 

making them the smallest things we know 
of. In fact, they’re so small that scientists 
aren’t sure they even have a size: they 
could be immeasurably small! We do 
know that they’re at least 1018 (or one 
quintillion) times smaller than Alice.

Quarks might be the smallest things we 
know of, but is there a limit on how small 
things can be? Our current theories break 
down at a scale called the Planck length, 
which is 100 quintillion times smaller than 
the size of a proton, or 1034 times smaller 
than Alice! To go smaller than this, we’d 
need entirely different physics theories. 
While it’s not possible to “see” anything at 
this limit using our eyes or microscopes or 
any other method, physicists are exploring 
this tiny edge using lots of mathematical 
tools. 

Want to see all of this for yourself? 
Perimeter Institute’s interactive website 
QuantumToCosmos.ca lets you explore 
all the sizes we know of in the universe. 
You can zoom right in to the Planck 
length or right out to the entire observable 
universe. Oh, and you’ll find where Alice 
(and you) fit into all this, too. You might 
be surprised!

– Stephanie Keating

Short answer: Quarks. We think.
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