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n e i l ’ s  n o t e s

The Perimeter Opportunity
On February 11, 2016, the Perimeter community gathered in our 
Black Hole Bistro to witness one of the most dramatic and moving 
moments ever in science.

The LIGO collaboration announced that they had detected, for 
the first time, gravitational waves, faint ripples in spacetime, which 
originated at the merger of two black holes over a billion light 
years away. It was a scientific and technological feat of almost 
unimaginable precision, and a wonderful example of humankind’s 
ability to understand the universe on scales far beyond our 
everyday experience.

A new window on the cosmos has opened, allowing us to see 
phenomena of the deepest significance, which were previously 
hidden from view. As you’ll read in the pages ahead, the impact of 
this discovery will be enormous. We shall learn spectacular things 
about black holes, the structure of the universe, and even the big 
bang itself. Nobel Prizes are on the way for sure, but that is the 
least of it!

LIGO was a moonshot – difficult, risky, and hugely ambitious. And 
ultimately, a huge success for science, for spinoff technologies, and 
for raising humankind’s sights. Their wonderful discovery shows us 
all what is possible with vision, sustained effort, and committed 
government support.

Here at Perimeter, we are attempting something different, but 
equally ambitious. And here too, we are fortunate to have 
visionary government support. The confidence the governments 
of Canada and Ontario have expressed in Perimeter, by renewing 
our funding for a further five years, is a huge endorsement of 
our belief that basic physics advances will be crucial to our 
collective future. The people of Ontario and Canada, and their 
governments, share our conviction that major progress is possible 
when we reach for the stars.

The opportunity Perimeter represents is appreciated globally. Last 
fall, our external Scientific Advisory Committee, comprising nine 
eminent scientists from around the world, undertook an extensive 
review of the Institute. In a glowing report, they stated: “It is difficult 
to conceive of a research institute of similar scope and size that 
would generate as much visibility and impact for every dollar 
invested in it as does Perimeter Institute.… By lending its support to 
the Perimeter Institute, the Canadian government takes a lead role 
in promoting fundamental science as enabling future innovation.”

Physics discoveries drive progress. There are as many opportunities 
for discovery today as there have ever been. Quantum science is 
advancing rapidly, with the prospect of incredible new technologies 
for computing, sensing, measurement, and communication, which 
are likely to drive innovation and economic prosperity in the 
coming decades. Theoretical insights have driven these advances 
and they will continue to be vital to harnessing the quantum world.

For young people, basic physics presents an opportunity to acquire 
skills that can be wielded in innumerable ways. As you’ll see in a 
special section (starting on page 12), the curiosity, insight, and 
spirit of exploration that drive physicists can also help humanity 
fight illness, create art, understand ecology, and perhaps unlock 
mysteries of the brain.

Great discoveries – like the Higgs boson, or gravitational waves – 
open new windows on nature and new possibilities for the future. 
They inspire everyone to look beyond our immediate concerns and 
to think big.

Thinking big is the raison d’etre of Perimeter. We nurture new ideas 
by opening our doors to the world’s brightest talents, by giving 
them the maximum research freedom and opportunity, and by 
sharing our science with the world.

We have been given an incredible opportunity, by our supporters 
and by the universe. Let’s make the most of it.

– Neil Turok, Director, Perimeter Institute
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Premier Kathleen Wynne, pictured in a 2013 visit during 
Perimeter’s BrainSTEM science festival, likewise pledged $50 
million in Ontario’s budget to support research, training, and 

outreach at Perimeter over five years.

Prime Minister Justin Trudeau visited Perimeter in April, and spoke to an atrium 
packed with Perimeter researchers, students, staff, and supporters, reiterating 
the importance of fundamental research and announcing his government’s 

pledge of $50 million over five years to support Perimeter. 
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Into the Future
Provincial and federal governments renew support for Perimeter.

The Government of Canada and the Province of Ontario 
recently recognized Perimeter’s strategic value to the 
province and to the country, pledging a combined $100 
million to support the Institute for five years.

“On behalf of the entire Perimeter Institute community, may 
I express our deep gratitude to the Government of Canada 
and the Province of Ontario for their commitments of 
support for fundamental research, training, and educational 
outreach,” said Perimeter Director Neil Turok. 

“These pledges of investment, alongside Perimeter’s other 
public and private partners, will allow us to pursue the 
pioneering research and breakthrough discoveries that 
drive technological innovation and position Canada for 
success.

“By supporting Perimeter’s growth as a centre of scientific 
excellence, both governments are making a cost-effective, 
high-impact investment in our collective future.”

Visiting Perimeter to announce the federal commitment of 
$50 million over five years, Prime Minister Justin Trudeau 
said the investment will strengthen Perimeter’s position as a 
world-leading research centre and help advance Canada’s 
role as a leader in the global scientific community. 

“It’s extremely important to underline how essential the work 
being done here is, not just for Canada, but for the entire 
world,” he said.

“This investment will help drive the important work being 
done here at the Institute, and will securely place Canada 
among the forefront of the kind of cutting-edge research 
that we see, and that quite frankly the world needs.

“That work and research includes core work into theoretical 
physics, innovative training programs, and outreach 
programs designed to get students, teachers, and all 
Canadians excited about science.”

The Province of Ontario cited research and development as 
key strategic priorities. Perimeter was a leading factor, and 
was pledged $50 million over five years.

“Its research will help foster the next generation of 
information technology advancements in areas such as 
quantum computing,” the provincial budget states. 

The investment underscores both the strong position 
Perimeter has forged in the scientific community and its 
potential to rise even further.

“By supporting Perimeter’s growth as a centre of scientific 
excellence, Ontario and Canada are making cost-effective, 
high-impact investments in our collective future,” Turok said.

– Tenille Bonoguore
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RIPPLE EFFECTS
We have now directly detected gravitational waves. What does it 
mean for science?

Born in the maelstrom of two colliding black holes and flung 
outward with the energy of all the stars combined, the 
gravitational wave raced through the universe for 1.3 billion 

years.

On Earth, continents settled. Swamp forests grew, fell, and slowly 
turned into coal. Dinosaurs came, dinosaurs went. Mammals 
ascended. 

Then, in the span of just 100 years, humans not only worked out 
that gravitational waves could exist, but also developed incredibly 
sensitive instruments with which to detect them.

And during an engineering test, four days before the official 
launch of the Advanced Laser Interferometer Gravitational-Wave 
Observatory (aLIGO), the gravitational wave passed through the 
Earth – as it passes through everything – and continued on its way, 
impervious to the spacetime it so subtly distorts.

All it left behind on September 14, 2015, was a “chirp” recorded 
by LIGO’s two detectors, a host of exhilarated scientists, and the 
question: what next? 

For theoretical physicists, this is a thrilling and challenging 
proposition. “There is a completely new game,” said Perimeter 
cosmologist Latham Boyle. “From now on, for any astrophysical 
process, we have to ask: if gravitational waves were produced by 
such an event, how much more can we learn?”

Gravitational waves are ripples in the fabric of spacetime, created 
when two massive objects – like black holes or neutron stars – hurtle 
around each other at extremely high speeds and collide. The energy 

created is mind-bogglingly immense, but because gravity is such a 
weak force, the resulting gravitational waves are detectable only by 
extremely sensitive instruments.

The waves are a logical extension of Einstein’s general theory of 
relativity. But general relativity is known to be wrong somewhere, 
because it does not mesh well with quantum mechanics. 

Now, theorists like Perimeter Faculty member Luis Lehner are eyeing 
gravitational waves as a way to test general relativity in extreme 
circumstances, and potentially find its breaking points. “Eventually, 
when we get more and more data, we may actually get to see 
departures [from the theory], and that will guide us in the search for 
what replaces general relativity,” Lehner says.

LIGO scientists are ready to put the detection of gravitational waves 
to immediate use. Chad Hanna, a former Perimeter postdoctoral 
researcher who is now an assistant professor at Penn State and a 
member of the LIGO collaboration, says real-time notifications of 
gravitational wave detections could prove game-changing.

“With this knowledge, we can inform other astronomers who can 
point their telescopes in the direction of the event, in the hope that 
the gravitational wave will have an electromagnetic counterpart,” 
Hanna wrote in an article for www.theconversation.com. 

“Having information from both channels is a bit like having 
both sound and picture when watching a film.” Lehner says such 
capabilities could take a large dose of serendipity out of astronomy.

The impact of all this, according to Boyle, is set to be felt across 
many fields, not just the understanding of gravity in astrophysics. 
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“Before the development of radio astronomy, there was the general 
impression among astronomers that it wasn’t worth doing because 
there was nothing to see,” Boyle said. Instead, radio telescopes 
unleashed “a flood of all sorts of crazy discoveries,” from the cosmic 
microwave background to pulsars and quasars.

“Most people, including myself, think nowadays we more or less 
know what’s out there, and that the exciting things that LIGO will 
see will be ‘merely’ ginormous black holes merging to form other 
black holes,” Boyle said. “It’s just a historical fact that, often, you 
see wilder stuff.”

And that “wilder stuff” might just include the dark matter and dark 
energy that account for 94 percent of the universe. 

As the name suggests, we cannot see the dark universe, but 
its existence is inferred through its gravitational effects. Thus, 
it is a perfect candidate for exploration using gravitational wave 
astronomy.

Astrophysicist Avery Broderick, an assistant professor at the 
University of Waterloo and Perimeter Associate Faculty member, is 
keenly interested in this new channel for exploration, and what it 
could reveal about both the visible and the dark universe.

“I would be shocked if, when we look with gravitational eyes, we 
don’t see the universe as totally different,” he said. “Having these 
sorts of efforts to try to connect the two is going to be absolutely 
critical to understanding how the dark universe and the light 
universe fit together.”

LIGO isn’t the only facility with its eye on the gravitational universe. 
A number of proposals – some in development, others still on 
the drawing board – aim to target different frequencies in the 
gravitational wave spectrum.

Earth-bound detectors, such as LIGO, VIRGO, and KAGRA, 
target high-frequency gravitational waves (those with a period of 
milliseconds), such as those created by the collision of two black 
holes.

A space-based interferometer called eLISA, planned by the 
European Space Agency, targets low-frequency waves with a period 
of minutes to hours, such as those predicted in the merging of 
supermassive black holes. (A precursor mission, the LISA Pathfinder, 
launched in December 2015.)

And a third experiment, called the Pulsar Timing Array, aims to 
detect very-low-frequency gravitational waves, with a period of 
years to decades, by using radio telescopes to monitor the highest 
precision clocks in the universe: millisecond pulsars. 

For early-career researchers, LIGO’s detection presents a tantalizing 
opportunity. Perimeter particle physicist Asimina Arvanitaki has 
already proposed novel probes for fundamental physics. For her, 
gravitational waves provide another tool that can be hacked by 
scientists looking for things other than the waves.

“It’s truly the opening of a new field,” she said. “The future is very 
bright. We don’t know what we’ll see. Every time we’ve looked at the 
universe at a different frequency and a different wave, we’ve found 
something new. Surprises are bound to come.”

– Tenille Bonoguore

FURTHER EXPLORATION:

Want to know more? Perimeter’s Slice of PI page has information 
sheets, videos, and a funky musical interpretation of the LIGO 
discovery. Find it all at www.perimeterinstitute.ca/news/slice-pi 

Watch “Ripple Effects: A Forum on Gravitational Waves” on 
Perimeter’s YouTube channel. www.youtube.com/PIOutreach

Attention teachers: Perimeter’s in-class resource about gravitational 
waves is free in our online store! www.store.perimeterinstitute.ca

For the technically minded, watch Huan Yang’s colloquium on 
future improvements on detector sensitivity and the possibilities for 
detecting new astrophysical exotica. www.pirsa.org/16030116

Science journalist Kate Lunau hosts  
“Ripple Effects: A Forum on Gravitational Waves”
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“We’ve been looking 
for gravitational waves 
for a long time. Einstein 
first predicted them in 
1917, just a year after he 
published the theory of 
general relativity. 

“For a decade, no one 
paid much attention, and 
by the ’30s even Einstein 
was having doubts, 
thinking perhaps the 

waves were just a trick of the math. It took 20 more years for people 
to believe that gravitational waves might be real.   

“In the 1950s, Joe Weber, a scientist at the University of Maryland, 
was involved in some of these discussions. He was a very good 
experimentalist, so he did what experimentalists do. He said: we 
should try to measure this. Weber built the first gravitational wave 
detectors, which took another 10 years. In 1969, Weber began to 
see things. 

“But then two things happened. First, theorists started to calculate 
how big the waves might be, and concluded that the things Weber 
was seeing were far too strong to be gravitational waves. At the 
same time, other good experimentalists tried to repeat and improve 
the experiment. They could not see Weber’s effects. Still, we owe 
Weber a huge debt, because it was through his work that the people 
who conceived of LIGO got started.   

“By the 1990s, we’d come to understand that it will take an 
extraordinarily violent event to produce gravitational waves large 
enough to detect on Earth. Theorists had made progress in 
predicting what their waves would look like, and experimentalists 
had made progress with the technology needed to measure them. 

“Armed with that knowledge, we built LIGO. This was a major 
international effort, involving hundreds of people and hundreds of 
millions of dollars of equipment. Yet even as we built it, we knew 
that it would probably not be able to see gravitational waves. It was 
built to prove that the technology could work. It was the equivalent 
of putting people in orbit before sending them to the moon. 

“We knew a second generation would be needed. So we built one.“

 – Interview by Erin Bow

“Instant” Success  
100 Years in the Making
Before the Advanced LIGO detector turned on last September, LIGO 
spokesperson Gabriela González gave Inside the Perimeter the scoop 
on this new eye on the sky. 

“Gravity is a very weak force – people have waxed poetic about 
how weak it is – therefore we know that gravitational effects are 
small. But how small is small? 

“Well, consider a garden variety binary neutron star. We can predict 
that the presence of such a binary in our galaxy would create a 
gravitational effect here on Earth creating gravitational waves that 
change my height by about 1/1,000th the width of a proton as they 
ripple through me.   

“LIGO does not look for neutron stars in our galaxy; it looks at 
neutron stars in nearby galaxies, 1,000 times further away. And 
we’re not looking for their effect on me; we’re looking for an effect 

in an instrument 1,000 times bigger than me. But it works out to 
about the same thing: we’re looking to measure a movement, a 
change in length, of about 1/1,000th to 1/10,000th of a proton.

“We cannot possibly do that without quantum mechanics. We need 
to use precision that is available to us only with instruments that use 
quantum effects – quantum optics and the like. 

“So what we’re doing is looking at gigantic classical systems, at 
stars and black holes, but their manifestations here on Earth are so 
small that they are quantum.“

– Interview by Tenille Bonoguore

The Quantum Effect of Cosmic Giants 
MIT professor Nergis Mavalvala, a leading researcher in quantum 
measurements who worked on LIGO’s instrument development and 
data analysis, explains the scale of gravitational waves.
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Inside the Perimeter: How did A Capella Science come to be?

Tim Blais: The germ of the idea came one night when I was working 
on my master’s in physics. I have an absolutely awful attention span, 
so time spent in my office was always about one-third work and 
two-thirds distraction. At one point, I was killing time watching a 
cappella YouTube videos, and thinking: “I could do this. I should do 
this!” It struck me that I had this unique body of science and music 
knowledge that I’d never seen combined the way I knew I could 
combine them. 

Of course, if you want to go all the way back, you’d probably have 
to start when I was three, which is when I joined my mom’s church 
choir and simultaneously discovered Bill Nye the Science Guy.

Inside: What is the process behind making a song and video?

TB: It starts with a good idea, which is a really hard thing to produce 
on command. I’m constantly researching, mulling over topics 
I’m interested in and songs I like, and once in a while something 
congeals out of the soup of possibilities and floats to the surface. 
Once I’ve got the hook of an idea, I start really researching the topic 
in depth, letting myself get a feel for the most important themes and 
concepts. Often good puns or singable lines will jump out at me 
during that process and I’ll pretty much just keep jotting them down 
until I’ve filled out the whole song. 

Then there’s the technical and performance aspects of actually 
making the thing, where I hide in my bedroom cum sound-and-
video studio for several weeks and my roommates hear a lot of 
weird noises coming through the walls. I won’t bore you with the 
production details, but it’s generally a couple hundred hours of 
work from start to finish.

Inside: You’ve mentioned that Perimeter Institute has influenced 
some of your work. How so?

TB: I got a chance to hang around Perimeter for a few days last 
summer for “Convergence“, and I loved it there! One thing that I’ve 
really missed, being out of academia these past three years, has 
been that connection with the leading edge of what’s going on in 
physics, and with people who are all banging their heads against 
the most exciting new concepts and discoveries. I think having 
fascinating conversations with smart people just makes your brain 
work better. I finished writing two songs while I was at Perimeter 
and neither of them were even about topics being discussed at the 
conference. And then, of course, I left with two or three brand new 

ideas as well. I love how easy Perimeter makes it to just run into 
people and start swapping ideas and learning what they’re puzzling 
over.

Inside: There’s plenty of hard science in your songs, but is there 
anything else you hope people learn from them?

TB: I always try to encourage people, especially young people, to 
let themselves be swept up by the things they find truly fascinating 
– whether or not it relates to your current job, degree, or eventual 
career. I’m always going to be a physics geek – I stayed up until 4 a.m. 
to watch the LHC Higgs announcement [in 2012], just as I dropped 
everything to watch LIGO’s gravitational wave announcement – but 
I’m also always going to be a musician, a performer, a songwriter, 
a punster. My life would be immensely less satisfying if I restricted 
myself to one of those parts of me, to the exclusion of all else. I know 
I’m lucky to be able to combine all those aspects of myself into a 
single job. After all, 10 years ago “YouTuber“ wasn’t a job people 
had; in another decade, the bit of yourself you thought would never 
be useful might be exactly what you need.

– Colin Hunter

 This interview has been edited and condensed for clarity.

FURTHER EXPLORATION

You can watch all of Tim Blais’ A Capella Science videos and find 
out how to support his next videos on his YouTube channel  
www.youtube.com/user/acapellascience

For Tim Blais, the mastermind and versatile voice behind popular YouTube channel A Capella 
Science, the discovery of gravitational waves wasn’t only amazing science. It was also an 
invitation to get creative. Perimeter Institute partnered with Blais to create “LIGO Feel That 
Space,” sung to the tune of The Weeknd’s smash hit “Can’t Feel My Face.” Blais spoke with 
Inside the Perimeter about music, science, and his boppy union of the two.
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Five of Canada’s leading science outreach organizations are 
combining their strengths to deliver Innovation150, a cross-country 

celebration of Canadian ingenuity, throughout 2017.

Canada has plenty of national icons, from beavers and 
geese to Bublé and Gretzky. But if you wanted to choose a 
mindset that defines the nation – one common approach 

that infuses the Canadian identity – it would be hard to go past 
innovation. 

In 2017, as Canada celebrates its 150th birthday, Perimeter will 
lead a year-long program to celebrate the innovations that shaped 
Canada’s past and to help inspire the advances that will define the 
nation’s future.

Featuring travelling science exhibitions, a pop-up MakerMobile, 
city-wide festivals, and dynamic online experiences, Innovation150 
will offer opportunities for youth, families, and entire communities 
to both learn about our creative past and to get hands-on with 
cutting-edge ideas.

“Canada’s greatest resource has always been the ingenuity of its 
people,” said Neil Turok, Director of Perimeter Institute. 

“Innovation and the brave pursuit of opportunities have always 
characterized us, from Indigenous peoples’ deeply rooted 
knowledge of this harsh, beautiful landscape to today’s increasingly 
urban, diverse, and progressive society. 

“Through Innovation150, we will honour all the dreamers and 
doers that have made Canada innovative, and encourage future 
innovators – especially youth – to pursue ideas, inventions, and 
initiatives which will solve big problems and open new pathways 
for the world.”

Innovation150 is one of several signature initiatives of Canada 
150, the Government of Canada’s sesquicentennial celebrations. 

Perimeter Institute is leading a partnership of several of Canada’s top 
science outreach organizations to bring the diverse programming 
to life. The other partners are Actua, the Institute for Quantum 
Computing at the University of Waterloo, the Canadian Association 
of Science Centres, and the Canada Science and Technology 
Museums Corporation.

“The Innovation150 project will highlight the innovation and 
creativity that represent us so well, and I am sure it will be able to 
inspire a whole generation of young Canadians,” said Minister of 
Canadian Heritage Mélanie Joly when she launched the initiative 
in March.
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What to look for in 2017

Art McDonald, winner of the 2015 Nobel Prize in 
Physics and Perimeter Institute Board member, 
served as an official Canada 150 Champion 
at the launch. McDonald said he hopes 
Innovation150 will show youth that, “Canada 
can do things that will really have an impact 
on the world stage in innovation, science, 
and technology.”

Greg Dick, Director of Educational 
Outreach at Perimeter Institute, echoes 
McDonald’s sentiments. As a former 
science teacher, he knows how hard – 
and how rewarding – it is to get young 
people deeply engaged with science.

“Innovation150 is about showing 
Canadian youth that they have the ability 
to create the world they want to live in,” 
said Dick. “Our goal is to spark their 
curiosity and let them learn science and 
innovation skills in an authentic way. After 
that, the future is theirs for the making.”

– Colin Hunter

Here are the highlights of Innovation150, which starts in Waterloo 
Region, Ontario, in October 2016 and then travels across Canada 
throughout 2017:

Power of Ideas National Tour – A travelling interactive 
science exhibit from Perimeter Institute will invite youth to explore the 
incredible power of the human mind, supported by a speaker series, 
a MakerMobile, and in-classroom resources – brought directly to 
80 communities coast to coast to coast.

MakerMobile – A pop-up makerspace on wheels, this travelling 
feature produced by Actua will be full of exciting technology like 3D 
printers for hands-on learning and fun innovation. The MakerMobile 
will be focused on visiting remote and Indigenous communities 
and engaging youth that would otherwise not have access to these 
experiences.

Quantum: The Exhibition – This bilingual and interactive 
travelling exhibition will usher people inside the quantum world to 
explore the emerging quantum technologies that will shape our 
future. Visit www.quantumexhibit.ca for a sneak peek, and look for 
the exhibit as it visits science centres across Canada.

Innovation Celebration Festivals – Bringing together all 
travelling components, the Innovation150 Festivals will be hosted 
by the nation’s leading science centres. The festivals are designed 
to ignite curiosity and inspire innovation across entire communities.  

Innovation150 Digital Hub – This digital showcase about 
Canadian thinkers and new concepts will be the online home for 
Innovation150 activities. Explore stories of innovation, share new 
ideas for a brighter future, and participate in exciting contests to 
experience Canadian innovation firsthand.
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The Honourable Mélanie Joly,  
Minister of Canadian Heritage, 
announces the launch of Innovation150 
at the Discovery Centre in Halifax.
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Turning the page 
Rowan Thomson did her doctoral work in string theory.  Now 
she’s studying cancer treatment. It’s less a leap than a new 
chapter, she says.

Thomson began her university degree in biochemistry, then 
switched to physics. Unlike in high school, where physics was 
about applying equations, in university she saw the narrative 
thread. “Physics is like a book that just gets better and better,” 
she says.  

That curiosity-driven, broad-minded approach gave Thomson 
the grounding and flexibility to make the leap from a PhD in 
string theory to a postdoctoral fellowship in medical physics.  

Today, she’s an associate professor at Carleton University 
and a Canada Research Chair. She’s interested in theoretical 
questions about the interaction of matter and radiation, and 
ways to improve radiation therapy treatments for cancer.  

Much of Thomson’s work is computational: she uses Monte 
Carlo techniques, for example, to build simulations of 
radiation transport and energy deposition on cellular and 
subcellular levels. 

Her research team developed BrachyDose, a fast Monte Carlo 
simulation package for brachytherapy (radiation therapy where 
the radioactive source is implanted inside the body, at or near 
the tumour site). It is being deployed at cancer centres for 
treatment planning and evaluation, in addition to being used 
for dosimetry studies for ocular, breast, lung, and prostate 
cancer treatments.

The fact that her work could lead to more effective cancer 
treatments is wonderful, but Thomson says that, in itself, is not 
what drives her. She is, first and foremost, a physicist, curious 
to understand how nature works. “Physics is good training for 
your brain, no matter what you do with it,” she says. 

Habits of mind
Ken Neerhold is an apprentice 
pastry chef with a master’s 
degree in high energy particle 
physics. “Behold how far I’ve 
strayed from the true church of 
science!” he says, confectioner’s 
sugar puffing up in clouds 
around him. “But really, it’s not as far as you’d think.”

Cooking and baking are scientific – take physics and chemistry, 
mix with a dash of biology, and apply a lot of experimental 
technique – but that’s not what Neerhold means.  

“All my best habits of mind are things I learned at particle 
accelerators,” he says. “Some of the problem solving stuff I still 
use every day. How to tweak, how to control variables, how to 
chase down problems and dial in on results. I used to do it with 
cable trays and now I mostly do it with silicone molds.” 

He details some problems he’s having with candies sticking to 
intricate forms. “The persistence, the focus on the big picture, 
the drive toward mastery even though mastery can take years – 
that’s what physics gave me.”  

Physicists: they walk among us. That’s obviously true at Perimeter, but what many people don’t realize is 
that people with degrees in physics go on to do a vast array of things.  

Some of their pursuits are fairly obvious. Wall Street and Bay Street are liberally sprinkled with ex-
physicists, as are computer science start-ups, and big data firms looking for ways to distill signal from 
noise often look no further than physics graduate programs. Add a physicist’s mathematical chops 
to technical skills like data analysis or computer programming and you can have a powerhouse 
combination that is highly valuable where problems are tough and the tools are technological.

But what is more rarely recognized is that physics, as a discipline, demands and teaches things like 
abstract thinking, persistence, and creativity. This may explain the success of physicists in endeavours as 
diverse as politics (Angela Merkel did her doctoral work in quantum chemistry), medicine, and the arts.  

Like a six-shooter in Old West fiction, physics is a multi-chambered, long-distance problem solver. It’s 
no wonder that some physicists travel far. Here are six young adventurers who are glad to have physics 
in their holster. 

HAVE PHYSICS, WILL TRAVEL
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Breaking down the problem
The road from general relativity to 
writing children’s books was, says 
Kevin Sands, “long and circuitous.”

It started with a disenchantment 
with academia, took a tour through 
business consulting, then made a stop 
at online poker before alighting at 
writing. Sands initially supported his 
writing habit with part-time teaching, 
but since his debut novel, The 

Blackthorn Key, launched big with Simon & Schuster last year, 
he’s been writing full time.  

So how does a background in physics contribute to work as a 
novelist? “It rarely comes up in a direct way,” says Sands, noting 
that there’s not much call for tensor mathematics in children’s 
adventure stories. “But you’d be surprised – it definitely informs 
my process.”  

When he started writing, he turned to other writers and 
guidebooks for advice, and sought critiques. “I learned a lot 
that way, but what I really did, and still do, is what a physicist 
does: I break novels down very much as one would break 
down a theorem in mathematics.”

Degrees in physics and mathematics are “ultimately degrees 
in problem solving,” he says. Physicists divide problems into 
a number of smaller problems, carefully define what’s known 
and what’s not known, and identify where things might be 
going wrong. “If I’m trying to learn about pacing, I look for 
books with great pacing. Which writers are effective at this? 
Why are they effective? How did they do it? Which pieces can 
I use?” 

He shrugs. “I described this to someone at a dinner once 
and he said ‘That’s a very science-minded approach.’ I was 
surprised – I’d never thought about it that way. But of course he 
was exactly right.”

A quantum leap into the future
Gus Gutoski was a computer science undergraduate student 
at the University of Waterloo when he heard that, one day, a 
quantum computer could “break the Internet.”

That glimpse into a future world, with the equally frightening 
and beautiful potential of a quantum computer, is what drew 
Gutoski into postdoctoral research in quantum information 
theory and cryptography at Perimeter Institute and the University 
of Waterloo.

Now, he’s preparing organizations for that quantum future 
through his work at Isara Corp., a Waterloo start-up that is 
helping consumers, enterprises, and governments protect 
today’s information with quantum-resistant cryptographic 
systems. “Our goal is to allow people to enjoy the benefits 
of quantum computers without being threatened by them,” 
Gutoski says.

That might sound premature, given that a quantum computer 
that can break today’s encryption might be decades away. 
But “you would be surprised at how long it takes to transition 
cryptographic systems,” Gutoski says. Many government 
departments and agencies, not to mention financial institutions, 
have information in their computers that they need to make 
sure will stay encrypted even 30 years from now, he adds. 

He’s using his physics background to solve practical problems 
like: how many queries would a quantum computer have to 
make before it can crack that black box of information?  

It’s a fascinating field, says Gutoski, with the added bonus that 
the future is full of interesting questions. And physics can be 
useful for all of it. “If you are passionate about physics, it’s all 
very applicable, so just do it.” 

Explaining the world

What happens when you combine the extraordinary power 
of physics to explain the world with the power of video to 
take those explanations to the public? If you do it right, 
you get a mass audience with hundreds of thousands of 
interested viewers. 

In short, you become Henry Reich, the creator of MinutePhysics.

Reich combines hand-drawn sketches, humour, and voice-over 
narration to create short, powerful, and educational blasts of 
physics. 

His videos range from ”Why is the Solar System Flat?”, a 
video that has so far garnered over 4.5 million views, to 
”Concrete Does Not Dry Out”, with more than 700,000 
views and counting. MinutePhysics became one of the 200 
most popular channels in the early days of YouTube. It’s still 
in the top 500 in the much-expanded realm of the world’s 
largest video sharing website.

Reich was always fascinated with physics in school. It is 
“a logical way to explain the world,” he says. But he also 
had creative interests. A graduate of the Perimeter Scholars 
International inaugural class in 2009, he later came back to 
Perimeter as the Institute’s first film and digital media Artist-
in-Residence.
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When physics goes wrong, it can still end up fabulously right
It was a flawed understanding of the universe that gave science 
the tool it needed to detect gravitational waves.

In 1881, physicist Albert A. Michelson wanted to measure the 
Earth’s velocity as it travelled through the “aether,” a hypothetical 
medium through which it was believed electromagnetic waves 
propagated.

To do so, he invented the interferometer. With this new 
instrument, a beam of light was split through a half-silvered 
mirror into uniform waves, which were routed through 
different channels and then recombined. Any difference in 
the distance travelled would be revealed by the light waves 
going out of phase. 

In 1887, he developed a higher-accuracy instrument with 
Edward Morley. To almost everyone’s surprise, the experiment 

failed. Despite repeated experiments over the following 
decades, the instrument showed no evidence of aether. It 
became known as the most famous failed experiment in history 
– but there’s an upshot. 

Almost 125 years later, interferometry has become essential 
not only to astronomy, quantum mechanics, nuclear 
and particle physics, and more; it also made the Laser 
Interferometer Gravitational-Wave Observatory’s first detection 
of gravitational waves possible.

As for Michelson, he went on to win the 1907 Nobel Prize 
in Physics for his development of optical precision instruments 
and the measurements made with them.

 – Tenille Bonoguore

When he started MinutePhysics, few people thought of YouTube 
as much more than an entertainment channel. Now, Reich, 
who lives in Montana, is helping show that entertainment can 
still include strong, sound science. 

“I work really hard to make the videos as accessible as possible 
without sacrificing any of the truth of the science,” Reich says. 
“My goal is to always make a video that a researcher at 
Perimeter would be proud to share and to say ‘that is a really 
clever way to explain that topic.’”

Through MinutePhysics and his other channel, MinuteEarth, 
which is made by a team of science writers and illustrators, 
Reich can be boundlessly curious. “There are so many different 
things to talk about and so many things that I haven’t even 
scratched the surface of yet,” he says.

The power of abstraction –  
and mathematics
Matteo Smerlak is a Perimeter postdoctoral fellow working on 
(among other things) the thermodynamics of black holes. But 
one of his last published papers – in the prestigious journal 
Science, no less – strayed far from theoretical astrophysics. 
Smerlak helped a team of biologists uncover and formulate the 
mathematical relationship between predators and prey. 

Their work revealed that, when there is a great rise in the 
number of prey animals in an ecosystem, the number of 
predators increases too, but not at nearly as rapid a rate.

What’s a physicist doing that far afield? “There’s no grand 
strategy. Once something’s interesting, I make it part of my 
research,” he says. “So far, that’s included macroeconomics, 
evolutionary biology, and now ecology, on top of my usual 
work probing gravitational physics.” 

Many of Smerlak’s wilder collaborations were born at the Santa 
Fe Complex Systems Summer School in 2013, where scientists 
from different disciplines grappled with thorny problems. “It 
quickly became apparent that theoretical physicists were the 
most flexible. They could jump from group to group, and make 
real contributions,” he says.

Why? Smerlak cites two reasons. “The physicist’s ability and 
tendency to simplify helps. We’ve learned to take a problem 
that’s complex, throw it away, and work on a simple problem. 
It’s an attitude, as much as a set of skills. It can come across as 
arrogance, but it can also be very useful.”   

And then, of course, there is the math. It is, says Smerlak, a 
skill with carry over. “Math is an abstract language, and by 
virtue of its abstractness it can be used and applied in different 
contexts. Ideas feed into one another, and I go where curiosity 
takes me.”

14   
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Imogen Wright: 
Bioinformatics 
by Way of 
Physics
Perimeter Scholars 
International’s first 
valedictorian still draws on 
methods she learned at 
Perimeter in her genetic testing 
work for HIV treatment.
When Imogen Wright stepped to the microphone to give 
the first valedictory speech of a nascent Perimeter Scholars 
International (PSI) program in 2010, she was mostly speaking 
to an incredibly tight-knit group of her peers.

The program’s first 28 graduates, who had come to Waterloo 
from 17 countries spanning six continents, had toiled together 
at all hours of day and night, earning enough credits for 
the equivalent of 3.5 master’s degrees in just 10 months. In 
Wright’s own loving words, that first PSI class was a “crazy 
cabal” that showed her the unifying power of studying physics.

“I gave this rousing valedictory address about the great 
importance of theoretical physics – and then definitely went 
and did something else immediately,” she says.

Most of her classmates went on to PhDs at world-class 
institutions. Wright went into software development. Six years 
later, she has co-founded a bioinformatics start-up tackling HIV 
and other serious diseases. It was by no means a direct route.

Following PSI, Wright began working as a software developer, 
first with www.amazon.com and then for Skimlinks, a small start-
up in the UK. Life was good, but she found herself searching 
for a deeper sense of satisfaction. She also wanted to return to 
her native South Africa.

While in London, Wright began poking around the Internet in 
much the same fashion that had led her to discover PSI back 
in 2009. 

In her online wanderings, she found a research group at the 
University of the Western Cape doing computational work tied 
to HIV. Despite having no biology background, she emailed the 

group leader, Simon Travers, and asked for a job. She figured 
her math, statistics, and computer science skills might be of 
use. He agreed.

From 2012 to 2014, Wright completed a PhD at the South 
African National Bioinformatics Institute at the University of the 
Western Cape and, with Travers and two other colleagues, co-
founded Hyrax Biosciences, a social entrepreneurship venture 
that develops cost-effective ways to do complex genetic testing.

“The World Health Organization recommends that every single 
person who is HIV-positive should be on antiretroviral drugs, 
and that every single one of those persons should get a drug-
resistance test before they go on any drugs,” explains Wright.

There are parts of the world where that generally happens. 
Sub-Saharan Africa is not one of them.

“They probably do a few thousand of these tests a year and we 
have 25 million HIV-positive people,” says Wright. “There’s a 
massive gap that we’ve got to fill, and we’re trying very hard to 
provide the things that can help fill that gap.”

At Hyrax, they’re essentially doing statistical analysis on really 
noisy data – Wright describes it as “the cosmic microwave 
background of biology” – and cutting the costs associated with 
the drug-resistance testing in question by at least a factor of 10. 
The South African Department of Health has expressed interest 
in their work, and they’re now trying to get it into the hands of 
other governments, as well as public and private labs. They’re 
also hoping to launch similar products addressing tuberculosis 
and hospital-acquired infections in the next year or two.

It may seem like Wright is a long way from physics, but she 
credits PSI with enhancing key skills that she still uses today.

“I draw massively on the method of abstract thinking that 
doing a lot of theoretical physics teaches you,” she says. “If 
the average computer scientist can go to three or four levels 
of abstraction from whatever the underlying data is that they’re 
looking at, by the end of PSI, I could go to seven or eight.

“It’s still really up there on the list of the most extraordinary 
things I’ve ever done,” she adds.

If the beginning of Wright’s young career is any indication, 
that’s soon going to be a very crowded list.

– Mike Brown

“Our commitment to physics  
– to discovering the laws of the 
universe – unites us against a 

common enemy of ignorance. When 
we place that at the centre of our 

struggle, we turn the scientific quest 
into a universal language and a 

powerful uniting force.” 
– Imogen Wright, PSI valedictory address, 2010
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It was 1986. Top Gun and Ferris Bueller’s Day Off were playing 
the big screen, while “Papa Don’t Preach” and “The Final 
Countdown” ruled the airwaves. 

In Illinois, 26-year-old quantum scientist Matthew Fisher was 
finishing his PhD. With a postdoc already secured and a 
summer wedding on the horizon, he went to bed one February 
night with the world at his feet. The next morning, he woke in 
a mental fog so thick he could barely speak. His limbs moved 
as if through molasses. Everything hurt. Nothing made sense. 

In one swift, brutal transition, he descended into severe 
depression. The illness would both drive and plague him for 
years to come: through an exceptional career, fatherhood, a 
failed marriage, prestigious awards, remarriage, and a brief 
sojourn in a psychiatric ward. 

Now, the yin and the yang of his life – quantum science and 
mental illness – have come together in an intensely personal 
research project. Fisher suspects that the human brain could 
be exploiting quantum processing, and he has proposed a 
mechanism through which that might be possible. 

The work has ushered him into the hot, and hotly contested, 
emerging field of quantum biology.

*

Quantum mechanics describes things at their most fundamental 
level, but it was long assumed that living things were too warm, 
wet, and messy for quantum effects to be sustained there.

In the last 10 years, that viewpoint has been challenged by a 

new field called quantum biology. From photosynthesis to bird 
navigation to human smell and beyond, evidence is mounting 
that “exotic” quantum processes like spin and entanglement 
are being used in nature.

But many scientists remain skeptical of the field’s validity. 
A significant stumbling block is that quantum processing, 
as practiced in a lab, isolates tiny and fragile particles from 
their noisy surroundings in order to harness and control their 
quantum properties. To suggest that such properties could exist 
and persist in biological systems under ordinary circumstances 
goes against what is known about quantum materials.

More contentious still is a nascent subfield, quantum 
neuroscience, which theorizes quantum processing occurring 
in the brain.

In the late 1980s, eminent physicist Roger Penrose posited 
“microtubules” as a biological analogue of quantum 
computation in his book The Emperor’s New Mind. After an 
initial flurry of interest from cross-disciplinarians, the idea was 
discounted by much of the scientific community.

Fisher, who is now a condensed matter researcher at the Kavli 
Institute for Theoretical Physics and a Perimeter Distinguished 
Visiting Research Chair (DVRC) specializing in quantum phase 
transitions and superconductivity, is aiming to resuscitate the 
idea, but by a vastly different biological process. 

In the paper “Quantum Cognition: The possibility of 
processing with nuclear spins in the brain,” published in the 
Annals of Physics in November 2015, Fisher outlines a process 
through which neural quantum processing could be occurring 

Is Quantum 
Processing 
Operative  
in the Brain?
Condensed matter researcher and 
Perimeter DVRC Matthew Fisher’s 
latest work has ushered him into 
the emerging field of quantum 
biology and the nascent area of 
“quantum neuroscience.”
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in humans, using phosphorus nuclear spins as the quantum 
bits, or qubits. He also identifies specific biological molecules 
and mechanisms that might induce long-term quantum 
entanglement.

If the hypothesis – outlined on page 18 – is right, it could 
rewrite what we know about our brains.

*

The earliest recorded reference to studies of the human brain 
is written in an ancient Egyptian medical text from around 
1600 BCE, but it wasn’t until the 20th century that neuroscience 
became a discipline of its own. 

Humans have made huge advances in understanding the inner 
structure and workings of the brain, yet it remains one of the 
most complex systems in the universe – and one of the most 
mysterious.

Fisher’s quest to untangle part of the puzzle is rooted in his 
personal history. Mental illness is present throughout his 
extended family, but is expressed in different ways – a situation 
that is not unusual. (Professional boundary-hopping runs in the 
family, too: his father and brother are both physicists exploring 
biology.)

In 1988, two years after the onset of his illness, he sought an 
official diagnosis and treatment. It took another three weeks 
for the antidepressants to kick in. When they did, he says, 
it felt like a miracle. “Little gaps in the cloud opened, and I 
started swimming towards the light, slowly re-emerging as a 
functioning and feeling human.” 

The transformation fascinated and mystified him; for 
decades, he harboured a largely latent desire to understand 
it scientifically. Three years ago, he finally launched an intense 
research effort that he kept largely under wraps. “A reputation 
to protect, after all,” he quips.

He started by learning everything he could about lithium. First 
used to treat mania and depression in the 1880s, lithium has 
been in widespread clinical use since the 1960s. As just one 
atom, it is the simplest of drugs, but its impact on cognition can 
be profound. For a physicist used to boiling problems down to 
their simplest state, it seemed the best place to begin.

He spent hours each night immersed in biology, chemistry, 
neuroscience, and more. Eventually, he pieced together an 
idea for an experiment to test different isotopes of lithium on 
rats.

But someone had beaten him to it. In 1986 – the same year 
that Fisher’s illness asserted itself – a group of scientists at 
Cornell University had examined how different lithium isotopes 
impact the maternal behaviour of rodents. 

The resulting paper blew Fisher away. Normal rats who had 
received lithium-7 (the most common naturally occurring 
isotope) during pregnancy exhibited the hallmarks of 
depression as mothers. Pregnant rats given the rarer lithium-6 
became supermoms, building bigger nests and performing 
more grooming, feeding, and nurturing of their babies than 
the placebo group. 

Isotopes are different forms of the same element: the nuclei 
contain the same number of protons but different numbers 
of neutrons. That means lithium-6 and lithium-7 have slightly 
different masses. But in water, lithium polarizes the molecules 
around it to create a hydration shell so large that this difference 
in mass is rendered moot. 

The only other differentiator 
between the lithium 
isotopes is nuclear spin. 
Lithium-7 has a spin of 3/2. 
In a biochemical setting, 
it cannot stay isolated 
from its environment for 
long. In quantum terms, it 
“decoheres.”  

Lithium-6 has a spin of 1, 
but is dubbed an “honorary 
spin ½” because it is 
largely unaffected by 
electric fields or charges. 
Indeed, the lithium-6 
nuclear spin can withstand 
interference – or “remain 
coherent” – in water for up 
to five minutes, which is an 
astoundingly long time for 
the quantum realm.

Fisher was confronted with 
a remarkable possibility: 
nuclear spins might 
be operative in neural 
processing. (He has 
since patented the use 
of lithium-6 as a mental 
illness treatment and, at the 
end of 2015, he spent a sabbatical at Stanford to reproduce 
the rat experiment.) 

But lithium is a trace element, only present at very low 
concentrations in the body when not taken as a medication. 
If nuclear spin did play a role in cognition in general, Fisher 
realized it had to be via another, more commonly occurring 
element.
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He set out to find common biological elements with a nuclear 
spin of ½. Besides hydrogen, he found only one: phosphorus, 
which, in the form of the phosphate ion, is central to body 
metabolism (the storage, transport, and release of energy 
fuelling biochemical reactions). 

As outlined in the sidebar below, Fisher identifies how 
phosphorus could be a “neural qubit,” with phosphate ions as 
the possible qubit-transporter. If two entangled phosphate ions 
are taken up by different molecules – specifically, a kind called 
Posner molecules – this could function as a “qubit memory.” 

The process could create, and potentially sustain, long-term 
quantum entanglement in the brain. 

*

Long-time friend and colleague Senthil Todadri has been aware 
of Fisher’s sideline interest for some time. In the 1990s, Roger 
Penrose visited Santa Barbara to give a lecture on quantum 
cognition. “As far as I could tell, there were only two people in 
the room who thought Penrose was not crazy: one was Penrose 
himself, and the other was Matthew,” says Todadri, who is now 
a condensed matter professor at MIT and a Perimeter DVRC.

Todadri was skeptical, and for years shut down discussions 
about the topic. “I didn’t think there was anything to it. I had 
my biases.”

It wasn’t until 2015 that 
he finally agreed to sit 
down and work through 
Fisher’s ideas. They 
were both attending the 
“Convergence“ conference 
at Perimeter, and felt that the 
Institute, where venturing 
off the beaten path is 
considered good practice, 
was probably the best place 
for their long-deferred 
conversation.

“I was surprised. I expected 
something wild, but this is 
serious science,” he says.

A few months later, John Preskill, professor at Caltech, hosted 
Fisher for a seminar and dinner-group discussion. Afterwards, 
Preskill wrote on his blog Quantum Frontiers: “These are 
definitely scientific questions inviting further investigation and 
experimental exploration. … It’s going to be great fun to see 
where it leads. If you are a young and ambitious scientist, you 
may be contemplating the dilemma: should I pursue quantum 
physics or neuroscience? Maybe, just maybe, the right answer 
is: both.”

Fisher now hopes to put aspects of his hypothesis 
to the test, and is seeking funding for further lab 
experiments to help prove, or disprove, his ideas.

Todadri still isn’t entirely convinced – Fisher’s 
hypothesis challenges most of what we expect 
from quantum mechanics – but he says that 
doesn’t mean the questions shouldn’t be pursued.

“Being skeptical does not mean you can’t ask 
very specific questions,” he says. “There’s a big 
difference between [quantum cognition] being 
very unlikely and being established that it hasn’t 
occurred. It would be so exciting that it’s worth 
looking at with a lot of hard-nosed skepticism.”

Fisher hopes his research will stimulate new 
enquiry into both the brain’s function, and 
treatment for mental illness. He also hopes that 
sharing his personal story will help dismantle 
some of the prejudice around mental illness. 

Finally, the yin and yang of Fisher’s life are in 
the open, and they are pushing him in the same 
direction. Where it takes him – like the field 
of quantum biology itself – remains an open 
question. 

“It’s about as multidisciplinary as you can 
imagine,” he says. “It goes from nuclear spins 
and organic chemistry to quantum physics and 
neuroscience. It’s the whole gamut, and that’s 
good. Maybe something exciting is going to 
come out.”

– Tenille Bonoguore
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Inside: How unusual was it for a theoretical physicist to be 
playing with this stuff?

AB: It was very non-standard. Jaron was curious if someone 
who does kind of strange theoretical physics, which I do 
because I do quantum gravity, could take those ideas and put 
them into something more concrete. All the other people at 
Microsoft were computer scientists, and they were saying, “No, 
he’s a theoretical physicist. He doesn’t do anything with his 
hands. This is going to go horribly.”  

Inside: What skills of yours helped win over the selection 
committee?

AB: It was programming. Theoretical physicists get very wide 
training, both in analytical thinking and in computational skills, 
and you have to learn how to program. I had to re-educate 
myself a little bit, but picking up a technical subject in a different 
field, which is also mathematical, is very doable. 

Inside: Who else got invited?

AB: There were some computer scientists, but most of them 
were electrical engineers. Before I took part in this, I had a 
feeling that electrical engineers were somehow inferior to 
theoretical physicists in their breadth of skills, but I’ve changed 
my mind. Engineers have to go through a very wide range 
of subjects in their education, and are more practical than 
theoretical physicists. It was great collaborating with them.

Inside: What did you work on at first?

AB: I tried to come up with a system through which virtual 
objects could interact with physical objects, but it turned 
out to be a huge amount of work, and I had to scrap it. I 
also did a virtual realization of a hypercube. It’s the easiest 
higher-dimensional geometric object that you can create. For 
physicists, it’s an obvious thing, but for people from outside 
theoretical physics who are not used to thinking in higher 
dimensions, the hypercube was a really great adventure. 
Having the four-dimensional cube in front of you, where you 
could turn it around and play with it, was interesting. 

But there is a difference between cool, and useful-cool. In week 
five or six, I thought, “Yes, I could do some kind of visualization, 
but that’s not technically useful.” That’s where this idea of 
setting up a mixed-reality platform for doing mathematical 
research came from. It’s not very novel – Mathematica exists 
and is widely used, for example – but I’m trying to do it in a new 
way. That’s how I would imagine physics working in the world 
of Star Trek. They would go into the holodeck and see the math 
around them, and work with it.

Inside: How far down that path did you actually get?

AB: I managed to get some kind of prototype in which you 
could create and plot mathematical objects and put them 
together – for example, multiply functions or divide them 
– with your hand gestures or voice. I tried at the beginning 
doing it with just voice, but it turns out that, when we speak 
mathematics, it’s very ambiguous. It just couldn’t work without 
your hands doing stuff.

Inside: What is it like to see and play with math? Does it change 
how you think about it?

AB: I think it could. The fact you can spread your equations 
around you, or your mathematical objects around you, and 
can interact with them, not just with your mind but with your 
hands… It’s like when I play a piano: if I stop to think about 
it, I lose myself. The hands know what to do. Maybe there is 
going to be some potential for using a different part of the 
brain that we normally don’t use to do math and physics. I think 
this interactive way of doing physics with technology might turn 
out to be very useful.

Inside: Has the Microsoft Research experience affected how 
you do, or think about, physics now?

AB: Definitely. I found that cross-disciplinary discussion is very, 
very useful. If you’re doing theoretical physics in the sense that 
I do it, and there’s not much hope to have it testable within 
our lifetimes, it’s a strange thing. Doing quantum gravity, and 
at the same time doing something that’s useful for everyone, 
somehow makes me more motivated.

– Interview by Tenille Bonoguore

 This interview has been edited and condensed for clarity.

FURTHER EXPLORATION:
Be sure to check out Jaron Lanier’s colloquium at Perimeter 
discussing virtual reality, fundamental physics, and how VR 
systems could change collaborative science.  
www.pirsa.org/15110061

Bringing Math to Life
In January 2015, Microsoft Research issued a global call for doctoral students to spend a summer 
working with virtual reality pioneer Jaron Lanier in an effort to create multi-person mixed-reality. 

One of the eight researchers to make the cut was Perimeter Institute PhD student Andrzej Banburski. 
Inside the Perimeter spoke with Banburski about reimagining mathematics, the usefulness of physics, 
and the importance of pushing your own boundaries.
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Understanding the Mysterious 
‘and’ of Emergence
Perimeter welcomes its newest faculty member, condensed matter 
physicist Max Metlitski.

In physics, as in life, the whole is often more than the sum of 
its parts – and that’s what fascinates researcher Max Metlitski 
about condensed matter.

Just as a symphony becomes more than the notes of each instrument, 
so it is with electrons.

“The collective behaviour of the electrons can be very different 
from the properties that each individual electron exhibits by itself,” 
Metlitski says. This principle of “collective is different” is called 
emergence, and it is everywhere. Consider even a drop of water: it 
is only when you put trillions of its tiny v-shaped molecules together 
that you get phenomena like liquidness and surface tension, and 
objects like a drop of dew. 

Exactly how this happens, even in the case of dew drops, is still 
poorly understood. As early-20th-century British physicist Arthur 
Eddington put it, “We used to think that if we know one, we knew 
two, because one and one are two. We are finding that we must 
learn a great deal more about ‘and.’”

The mysterious “and” – the emergent behaviour of a system – is 
what Metlitski is seeking to shed some light on. “I was fascinated 
by this idea of emergence – that in systems described by simple 
physical laws, you can have very complicated emergent behaviour.”

This goes well beyond dew drops. Condensed matter incorporates 
systems that do things like resisting magnetic fields or conducting 

electricity with no resistance. “It’s a challenging field with many 
open questions,” Metlitski says. 

Metlitski’s parents came to Canada from Russia and settled in 
Vancouver when he was a teenager. He was and is fascinated 
by literature, especially Russian poetry, but in high school he was 
selected to attend a physics olympiad event that included a week of 
intense physics lectures. He loved it, and the experience pointed him 
toward his future career. 

Even so, the path to the condensed matter subfield was not exactly 
straight. 

In university, Metlitski started studying high energy physics and turned 
his attention to what happens in the extreme conditions of neutron 
stars (extremely dense, rapidly spinning remains of stars that have 
gone supernova and shed their outer layers). These stellar cores 
have collapsed to the point where neutrons and protons are jam-
packed together. The particles pair up as they cool, leading them to 
exhibit emergent properties like superfluidity and superconductivity. 

“I was studying superconductors inside of neutron stars,” 
Metlitski remembers, “and then somebody said, ‘Why not study 
superconductors which are here on Earth?’” So he did. 

Condensed matter physics is almost a reverse of high energy physics, 
Metlitski says. High energy physics, as a field, is on a quest to take 
nature apart to discover its basic building blocks. Condensed matter 
takes the known basic building blocks and tries to understand 
what happens when you put many of them together. Even forces, 
which particle physics treat as fundamental rules, can be emergent 
phenomena when viewed through a condensed matter lens. 

Metlitski did his doctoral work at Harvard under the supervision 
of Subir Sachdev, a pioneering condensed matter physicist who 
has since been named Perimeter’s Cenovus Energy James Clerk 
Maxwell Chair (Visiting). After his PhD, Metlitski took a postdoctoral 
fellowship at the Kavli Institute for Theoretical Physics at the 
University of California, Santa Barbara. Along the way, his work on 
superconductors earned him the 2014 William L. McMillan Award, 
which recognizes outstanding contributions by a young condensed 
matter physicist.

In October 2015, Metlitski became Perimeter’s newest faculty 
member, strengthening the Institute’s rapidly growing condensed 
matter team. 

Perimeter is, he says, a “very prestigious place to be.” He adds that 
it allows him the freedom to focus on his research, as well as the 
ability to work with “great colleagues.”
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The research program Metlitski is building at PI goes beyond 
superconductors to incorporate all the highly coherent states of 
matter where there are strong interactions and correlations between 
particles. That includes, for example, the Bose-Einstein condensates 
in which atoms share a single quantum state near absolute zero, 
and exhibit strange properties such as being able to slow down 
light.

It also involves trying to understand the “strange metal” regime in 
high-temperature superconductors like cuprates, which are copper-
oxide ceramics that have been altered to add or remove electrons 
in a process known as doping.

Above a certain temperature, typically a few degrees Kelvin, most 
superconductors (like mercury, lead, and aluminum) lose their 
superconducting abilities and become conventional metals with 
well-understood properties. 

A few “high-temperature” superconductors can superconduct 
at temperatures of up to 138K (which is still very cold). Stranger 
and more intriguing still are the cuprates: even after they cease 
to be superconducting, they turn into very unusual metals whose 
properties are difficult to explain theoretically. 

Metlitski grapples with that strangeness. “We don’t even understand 
the normal state of these materials very well,” he says. “If we could 
understand the normal state, then maybe in the long run we could 
design materials that would be room-temperature superconductors.” 
That would have all sorts of applications, from super-efficient 
electrical grids to better magnetic technologies. “Your MRIs could 
be a lot cheaper,” he adds.

Equally intriguing to Metlitski are quantum spin liquids, in which 
quantum effects can cause the internal “spin state” of particles in 
a crystal to become liquid-like and to exist in a state of flux. This 
phenomenon could be exploited to create “topological quantum 
computing,” a more stable form of quantum computing.

But though the potential payoff of condensed matter physics is 
obvious, that’s not what Metlitski finds motivating. He is all about 
the mysterious “and.” 

− Rose Simone and Erin Bow
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Life of PI
Science doesn’t happen in a vacuum. It takes a special mix of curious people in an invigorating place to uncover the deep mysteries of 
nature. Join Perimeter on social media to get a glimpse of life behind the equations.
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www.twitter.com/perimeter

www.facebook.com/pioutreach

www.instagram.com/perimeterinstitute

www.youtube.com/pioutreach
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For a large chunk of my childhood, I would sit down each 
week with my mom to watch the sci-fi series Stargate SG-1. 
I was fascinated by the idea of travelling through a gate to 

other worlds, and I idolized a lead character named Samantha 
Carter. 

Carter was a bold and brilliant United States Air Force captain 
with a PhD in theoretical astrophysics. Despite being a fictional 
character, she reminded me on a weekly basis that becoming a 
female scientist, engineer, or even a pilot was within the realm of 
possibility. It made me believe that my own audacious plans of 
space travel – of seeing other worlds – were achievable. 

Despite having relatively few real-life role models in science and 
engineering during my formative years, I navigated through degrees 
in both mechanical and aerospace engineering and pursued many 
“non-traditional” opportunities. I helped design and build a solar-
powered car that I raced across North America (I was the first female 
driver of the University of Calgary’s solar vehicle). I got my pilot’s 
licence. In grad school, I built hardware to study how flames burn 
in simulated microgravity. I even worked on planning a mission to 
Mars while interning at NASA. 

Now, I help build and design space robots with a team of other 
engineers and scientists. It’s difficult work – sometimes I succeed, 
sometimes I fail – but the difficulty makes it all the more rewarding. 
This is the mindset I try to share when speaking to others, particularly 

young women. Any goal is attainable if you’re willing to learn from 
failure, persevere, adapt, and push beyond your comfort zone. 

I now have some great stories to tell – whether driving an 
experimental test vehicle across the Canada-US border, piloting my 
first airplane, or commanding robots for executives at NASA and 
SpaceX. These true stories are, I think, the most powerful way to 
empower the next generation of women (more powerful, dare I say, 
than Stargate SG-1). 

My hope is that these stories will contradict old stereotypes about 
women in STEM (science, technology, engineering, and math), and 
inspire young women to pursue their own ambitious careers. I hope 
I can help young women realize that the sky is not the limit. 

– Natalie Panek

FURTHER EXPLORATION:
Natalie Panek was a featured speaker at this year’s “Inspiring 
Future Women in Science“ conference, on April 15. The event 
is just one of Perimeter’s Emmy Noether Initiatives to encourage 
and support women in science at all ages. Watch the keynote 
presentations and panel discussion at  
www.perimeterinstitute.ca/womeninscience. 
Follow Natalie’s science adventures on Twitter @nmpanek.

Turning Fiction 
Into Fact

Inspired by the 
characters she saw 
on television, Natalie 
Panek became a leading 
young Canadian 
scientist – and now she’s 
fuelling the dreams of a 
new generation.
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A Cosmological Quest  
Inspired by Beauty in Nature
Winner of the Honorary Emmy Noether Circle PSI Scholarship is 
intrigued by the big challenges of the cosmos.

Growing up in a beautiful 
part of China, not far from 
the sea, Qingwen Wang 

developed a deep appreciation of 
nature, as well as a curiosity about 
the world around her.

In school, she realized that the 
language of physics and mathematics 
could be used to discover new insights 
into that world. “It was magical,” she 
says. “Physics might be one way that I 
can get closer to nature.”

That insight launched her on a journey 
from the town of Huabu, near the city 
of Quzhou in China, to Perimeter 
Scholars International (PSI), the 
one-year master’s degree program 
offered by Perimeter Institute and the 
University of Waterloo. 

Wang says she was drawn to PSI 
because it gives students the chance to 
study many different areas of physics, 
while learning from, and working 
alongside, renowned researchers.

Wang is particularly interested in 
cosmology, the study of the origins 
and evolution of the universe. She 
is intrigued by the big challenges of 
the field, including the black hole 
information paradox, which Stephen Hawking famously illuminated 
in the 1970s, and which still drives much of cosmology research 
today. Another open problem is the singularity at the heart of the 
black hole, where spacetime curvature is infinite and the laws of 
physics break down.

Under the supervision of Niayesh Afshordi, an astrophysicist jointly 
appointed to the faculty at Perimeter and the University of Waterloo, 
Wang is currently working on what’s known as the fuzzball approach 
to black holes. Fuzzball theory replaces the entire inside of a black 
hole with a ball of string-theory strings. It could resolve the black 
hole information paradox and avoid the singularity altogether.

“Those of us who are in research like puzzles,” Wang says. Things 
that researchers don’t understand are not problems, but, as Wang 
puts it, “a door to the future of physics.”   

While she hasn’t chosen a research approach to focus on for her 
PhD, Wang is sure she wants to continue to learn the language of 
the universe and use it to ask big questions.  “I want to get closer to 
the reality or truth in nature,” she says.

– Rose Simone

To ensure we get the best students – not just those who can afford 
to come – Perimeter covers the costs of each PSI student. PSI gives 
equal consideration to students from all countries, and to women, 
who make up about a third of each class.  

Contributors to Emmy Noether Honorary Scholarships help fund this 
advanced training for exceptional young women. To find out how 
you can join this effort and become part of the Emmy Noether Circle, 
please contact Perimeter Director of Major Gifts Andrea Grimm at 
agrimm@perimeterinstitute.ca. 
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Dark matter is some of the most abundant, yet most elusive, 
stuff in the universe.

Though scientists are confident it is out there (thanks to the 
gravitational effects it has on its surroundings), the search to identify 
it has thus far come up empty. 

As its name implies, dark matter neither emits nor absorbs light – 
nor any other electromagnetic radiation that present-day telescopes 
can detect. But perhaps looking for dark matter isn’t the only way to 
find it. Perhaps we can, in a sense, listen. 

Research by Asimina Arvanitaki, a theoretical particle physicist at 
Perimeter Institute, and collaborators, published recently in Physical 
Review Letters, explores whether dark matter could be a type of 
wave that resonates, like a guitar string, at a frequency within the 
range of human hearing. 

“Call it the sound of dark matter,” says Arvanitaki. “It would be a 
very boring, monotonous tone.” She demonstrates with a baritone 
“Oooooo.”  

Despite making up the vast majority of stuff in our universe, dark 
matter remains invisible. But perhaps it’s not inaudible.

The Sound of Dark Matter

26   
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Arvanitaki is not suggesting we could merely hear the hidden matter 
of the universe humming away on an otherwise quiet night. Rather, 
she and her collaborators have explored the possibility that dark 
matter might take the form of a wave that resonates in the kilohertz 
range – the frequency audible to us.

It’s also possible that the wave could resonate at higher or lower 
frequencies, such as those audible to dogs or elephants, or not 
audible to any known ears. 

The idea behind the “sound” of dark matter is one that can be 
tested with existing experimental apparatus at low cost, and could 
yield illuminating insights into one of the universe’s most profound 
puzzles.

To explore this idea requires reimagining dark matter not as a 
particle – the most common conception of it – but as a wave. Or 
a bit of both. If you pack enough particles – bosons, to be exact 
– into a given space, they will overlap one another and begin to 
behave like a classical wave. If you posit a dark matter wave, its 
amplitude (the distance between its peaks and troughs) is set by the 
dark matter’s density, and its frequency (the number of peaks over a 
given time) is set by its mass. 

The question then becomes how to detect it. Waves come in a huge 
variety of sizes, from low-frequency radio waves the length of a 
football field to gamma rays with frequencies the width of atoms. 
Dark matter waves could conceivably have a frequency anywhere 
along this enormous spectrum, since we don’t know its mass. 

There’s also the possibility that dark matter is not detectable 
at all, since the only interaction dark matter is known to have is 
gravitational; it is under no obligation to interact with us in other 
ways we can measure.

But in most current models of physics, matter rarely interacts with its 
environment in just one way. It seems likely that dark matter mingles 
with its surroundings in at least one way other than gravitationally.

Conveniently, Arvanitaki says, experiments around the world are 
making measurements that could bear telltale signs of dark matter 
interactions, even if such experiments were not specifically designed 
for the dark matter search. 

“That’s the cool thing about this,” she says. “We don’t need to prove 
any new technology. Most of the technologies are there already, and 
it’s taking advantage of the tools developed for another purpose.”

For example, the team obtained data recorded by AURIGA, a 
resonant bar gravitational wave detector in Italy, and looked for 
evidence of dark matter waves within the kilohertz range. Though 
the AURIGA experiment was not designed to seek dark matter, the 
data it collected could, like snippets of a movie lying on the cutting-
room floor, reveal a previously hidden narrative. 

Perhaps, Arvanitaki and collaborators suggested, the tiny oscillations 
measured by the experiment can be affected by dark matter waves. 
In theory, the frequency of those oscillations would be amplified if 
they were in sync with the frequency of dark matter. 

Similar effects can happen at everyday scales, such as when 
London’s Millennium Bridge opened in June 2000. It began to 
sway from side to side “as many pedestrians fell spontaneously into 
step with the bridge’s vibrations, inadvertently amplifying them,“ 
according to a paper in Nature. 

Arvanitaki and collaborators also explored whether the frequency of 
oscillations in atomic clocks – the world’s most precise timekeepers 
– could similarly be used to detect gravitational waves. In this 
scenario, the oscillation of the dark matter wave would cause a 
measurable oscillation in the energy levels in the atomic clock. 

In their initial investigations, the team saw no evidence in the data. 
They have only scratched the surface, however, in using these tools 
to search for dark matter. Experimentalists are currently looking at 
the AURIGA data for telltale patterns, and atomic clocks can be 
tuned to cover wider swaths of the parameter space where dark 
matter may reside (into the one hertz range and below). 

While dark matter remains, for now at least, both invisible and 
silent, Arvanitaki says this new method of hunting for it has made 
an important step in the process of elimination – another suspect 
removed from the lineup of dark matter candidates – with more 
investigation to be done.  

The likelihood of finding evidence of dark matter in a very narrow 
kilohertz range was low – like trying to catch one specific fish in an 
ocean teeming with life. The big catch is still out there, though, with 
a vast sea of wave frequencies yet to explore. 

“This is the story of experiment,” says Arvanitaki. “You just have to 
look. Even if you don’t find anything, that doesn’t mean you stop. If 
you don’t look, you don’t know.”

– Colin Hunter

Asimina Arvanitaki is the Stavros Niarchos Foundation Aristarchus Chair  
in Theoretical Physics at Perimeter Institute.
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It was the boldness of the vision that drew in Patrice 
Merrin and Joanne Cuthbertson. At separate dinners 
in different cities, one in Calgary and the other in 

Toronto, they each had their first brush with Perimeter.

And they were hooked.

Merrin, a business leader in the natural resources and medical 
technology sectors with a long-held interest in fostering the potential 
of women in science, was sharing a table at a Toronto dinner with 
Perimeter Founder Mike Lazaridis and Director Neil Turok.

As they explained Perimeter’s origins and its ambitions, she became 
increasingly enthralled. “I was absolutely taken with what was 
happening at Perimeter, and with what I felt emanated as its culture, 
values, ambition, and curiosity,” she says. 

In 2013, Merrin joined the Emmy Noether Council, which supports 
initiatives to encourage women to pursue physics at Perimeter. “We 
want to be able to benefit from the full potential of individuals who 
are obviously talented,” she says.

For Cuthbertson, it was at a dinner with Steve MacLean, a former 
astronaut and President of the Canadian Space Agency who was 
on Perimeter’s Board of Directors at the time, that she came into 
Perimeter’s orbit. 

“I just loved the optimism and the great big vision,” says 
Cuthbertson, a long-time philanthropist, education champion, and 
former chancellor of the University of Calgary. Cuthbertson joined 
the Perimeter board in 2013. She and her husband, retired energy 

industry executive Charlie 
Fischer, also became Directors 
Circle donors.

Now, Cuthbertson and Merrin 
have been named co-chairs 
of Perimeter’s Leadership 
Council, a group of prominent 
individuals who offer strategic 
advice and act as volunteer 
ambassadors for the Institute in 
the business and philanthropic 
communities.

They are taking the reins 
from Lazaridis, who remains 
Perimeter Board chair, and 
Cosimo Fiorenza, the Board’s 
vice-chair. 

Lazaridis and Fiorenza had 
decided it was time for the 
Council to soar with fresh 
leadership, people who could 
work with the other council 

members located across Canada and in key international locations. 
Cuthbertson and Merrin seemed perfect for the role. 

The Leadership Council works closely with Perimeter’s Advancement 
team, supporting its fundraising efforts and building strong 
relationships with business and community leaders. “It engages 
people who are known in their communities, have made 
contributions, and who are highly regarded,” Cuthbertson says.

As co-chairs, Merrin and Cuthbertson hope to carry forward, 
nationally, the hope and promise they see embodied in Perimeter.

“We are taking the commitments and interests of those people 
who are engaged and we are putting an exponent on that, so 
that we can gain more friends, more participants, more support, 
more recognition, and more energy and ability to draw the best to 
Perimeter,” Merrin says.

Cuthbertson sees Perimeter’s success having rippling impacts 
for Canada and beyond. Innovation happens through discovery, 
breakthroughs, and greater understanding of how the world works. 
That, she says, is ultimately good for the economy, for Canada, and 
for the world.

But building relationships to support those developments takes time, 
she adds. “It doesn’t happen overnight,” she says. “The awareness 
is growing.”

Cuthbertson has organized a number events to boost Perimeter’s 
profile, including a recent dinner in Calgary featuring Art McDonald, 
the Nobel Prize-winning astrophysicist from the Sudbury Neutrino 
Observatory, who is also a Perimeter Board member.

The event showcased the importance of fundamental research and 
the role Perimeter plays in that. “It gave our guests the opportunity to 
think about how research leads to breakthroughs and discoveries, 
and how those discoveries are then implemented in all kinds of ways 
that will change our lives,” Cuthbertson said. 

For both Cuthbertson and Merrin, this new role enmeshes them 
in an organization whose potential, they believe, is huge. “It is 
something so much bigger than ourselves, and more hopeful and 
potentially more productive than almost anything else we can be 
involved in,” Merrin says.

− Rose Simone

For more information about the Directors Circle and other ways 
to support Perimeter Institute, please contact Perimeter Director of 
Major Gifts Andrea Grimm at agrimm@perimeterinstitute.ca.

Widening 
the Circle
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From the outer limits of the universe to the inner workings of matter, the Perimeter Institute Recorded Seminar 
Archive (PIRSA) offers a unique portal to frontier science. With more than 10,000 online talks and lectures, 
it’s a treasure trove of science, all free to explore beyond the humble www.pirsa.org homepage.

For scientists, seminars given by Perimeter researchers and visitors probe challenging topics on the cutting 
edge. Regular colloquia cater to serious students of physics. And the entire Perimeter Scholars International 
master’s program – all seven years of it – is online, taught by leading minds in contemporary physics such as 
Nima Arkani-Hamed, Raymond Laflamme, Ruth Gregory, and Freddy Cachazo, to name just a few. 

Not a scientist? No worries. The Perimeter Public Lecture Series is created for a general audience, and 
features speakers from across the spectrum of science. Lectures are broadcast live and available on demand 
at www.perimeterinstitute.ca/outreach and on Perimeter’s YouTube channel. Here is a selection of some 
recent additions to the collection:

Perimeter Colloquia
The Hunt for Radio Pulsars and Fast Radio Bursts

Radio pulsars are nature’s most perfect clock, making them useful 
for precision work on a wide variety of physical and astrophysical 
topics. Victoria Kaspi (McGill University) describes current ongoing 
surveys for radio pulsars using the two largest radio telescopes in 
the world, and how these surveys are also valuable for searching for 
fast radio bursts, a newly recognized astrophysical phenomenon of 
unknown origin.
www.pirsa.org/16020100

Tests of Gravity and Quantum Mechanics using Atom Interferometry

Precision atom interferometry is poised to become a powerful 
tool for discovery in fundamental physics. Jason Hogan (Stanford 
University) describes recent experiments performed in a 10-metre 
drop tower that demonstrate long-lived quantum superposition 
states with macroscopic spatial separations. He explores the 
potential impact of this type of sensor, from lab tests of general 
relativity and searches for dark matter, to probes of quantum 
mechanics and the detection of gravitational waves.
www.pirsa.org/16020094

PSI Courses 2015/16 
Relativity: Renowned cosmologist Neil Turok (Perimeter Institute) 
explores Einstein’s relativity equations and their applications.  
www.pirsa.org/C15059

Gravitational physics: Building on the foundation of relativity, Ruth 
Gregory (Durham University) continues into the mathematical 
concepts behind general relativity before venturing into 
quantum fields in gravity, black holes, and frontier science.  
www.pirsa.org/C15079

Condensed matter: Alioscia Hamma (Tsinghua University) takes 
students through quantum phases, quantum correlations, 
and quantum order, up to many-body systems and beyond.  
www.pirsa.org/C15081

The Standard Model: Sean Tulin (York University) explores particle 
physics and parses the Standard Model. www.pirsa.org/C15074
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Nima Arkani-Hamed 
teaching a course at 
Perimeter.
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Upcoming Conferences
4 CORNERS SOUTHWEST ONTARIO CONDENSED MATTER PHYSICS SYMPOSIUM 2016   I   May 12

COSMOLOGICAL FRONTIERS IN FUNDAMENTAL PHYSICS   I   June 14-17

CONCEPTS AND PARADOXES IN A QUANTUM UNIVERSE   I   June 20-24

TIME IN COSMOLOGY   I   June 27-30

JOURNEYS INTO THEORETICAL PHYSICS   I   July 18-22

IT FROM QUBIT SUMMER SCHOOL   I   July 18-29

QUANTUM MACHINE LEARNING   I   August 8-12

c o n f e r e n c e s

Do black holes heat the universe? It doesn’t seem likely on the face of 
it, simply because of the scale – some black holes may be massive, 
but the universe is large almost beyond imagination. Asserting that 
black holes can affect the universe as a whole is like asserting that 
skyscrapers can affect the solar system. And yet, there’s increasing 
reason to think it’s true. 

At the conference “Feedback Across 44 Orders of Magnitude,” 
held in March, a focused group of 22 top researchers with expertise 
ranging from astrophysical plasma physics, to high energy gamma-
ray astronomy, to cosmological structure formation gathered at 
Perimeter to share insights and discuss how heat from black holes 
might shape the universe.    

The researchers were focused on a class of black holes called active 
galactic nuclei or (sometimes) blazars. Found at the hubs of some 
galaxies, blazars give off jets: huge, tight streams of electrons and 
other sub-atomic particles travelling at nearly the speed of light. 
These powerful jets can extend for hundreds of thousands of light 
years, or more. They can be so bright that they outshine the rest of 
their host galaxy combined. 

The jets produced by blazars contain very-high-energy photons, in 
the tera electron volt (TeV) range – a billion times as energetic as 
X-rays. While other kinds of photon can cross the whole universe 
without interacting with anything, TeV photons crash into things, and 
heat the universe up.  

The space between galaxies is filled with the thinnest of fogs, a haze 
of low-energy light and stray bits of matter known as the intergalactic 
medium. The TeV photons emitted by the blazars eventually collide 
with an infrared photon in the intergalactic medium, creating an 
electron/positron pair.

A new approach, pioneered by Perimeter Associate Faculty member 
Avery Broderick, treats these photon-created electron/positron 
pairs as a beam of plasma. Powerful plasma instabilities in the 
beam quickly dissipate its energy. The result is that the intergalactic 
medium is at least 10 times hotter than researchers previously 
thought it should be.  

So while skyscrapers can’t heat solar systems, new research shows 
that blazars can shape the entire thermal history of the universe.      

The skyscrapers to solar systems analogy takes in about 10 orders 
of magnitude: skyscrapers are hundreds of metres tall and the 
solar system is about a trillion kilometres across. In comparison, 
the physics of blazar heating reaches across an astonishing 44 
orders of magnitude, from the scale of the TeV photon wavelength 
– so small as to be well beyond the reach of today’s best particle 
accelerators – to the huge scales of galaxies and galactic clusters – 
indeed, to the structure of the universe as a whole.     

–  Erin Bow

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

Black Hole Research Just Got Hotter
Perimeter conference explores idea that black holes could be heating the 
universe, and the universe is 10 times hotter than previously thought.
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POWER TO THE PEOPLE
Despite decades of global efforts, 1.1 billion people still live without 
electricity and another billion have unreliable access. The International 
Energy Agency’s most optimistic scenario predicts that the number of 
people without electricity in the year 2030 will remain above one billion.

This sobering statistic was the impetus behind the Waterloo Global 
Science Initiative’s (WGSI) OpenAccess Energy Summit, held in April. 

The third summit from WGSI, a partnership between Perimeter Institute 
and the University of Waterloo, OpenAccess Energy brought together 
40 experts from around the world and challenged them to develop 
actionable solutions to a complex global problem. 

Video content from the summit – including special episodes of TVO’s 
The Agenda with Steve Paikin – is available at www.wgsi.org/video. To 
dig deeper into the research and read the final Blueprint papers from 
previous WGSI summits, visit www.wgsi.org.

PERIMETER’S EDUCATIONAL 
OUTREACH TEAM IS PASSIONATE 

ABOUT BRINGING MODERN 
SCIENCE INTO THE CLASSROOM. 

PASSIONATE – AND WILDLY 
SUCCESSFUL.

WE HAVE NOW REACHED  

5 MILLION STUDENTS,  

TRAINED 17,000 TEACHERS,  
AND CREATED  

MORE THAN 50 IN-CLASS 
RESOURCES  

ALL FREELY AVAILABLE FOR EDUCATORS 
AROUND THE WORLD.
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When I first heard that PSI was planning a Winter School 
in Huntsville, Ontario, a quick Internet search delivered 
beautiful pictures of sunsets, lakes, and couples relaxing 

on chairs at lakeside. 

A few weeks later, we drove past a snow-covered sign reading 
“Sandy Beach” on our way to go cross-country skiing. It was clear 
that I was now far away from my sunny home of Brazil.

Like most of my fellow “PSIons,” I came to Canada in the autumn. 
This winter, despite being a warm one according to the locals, has 
been one of the coldest seasons of my life. This was foreseen by 
Perimeter Academic Programs Director James Forrest, who realized 
that the best way for visitors to survive a Canadian winter is to 
embrace it. 

There were six small research groups, led by Perimeter faculty, 
associate faculty, and postdoctoral and doctoral researchers, with 

topics ranging from the mathematical depths of string theory to the 
heavily numeric computations of condensed matter physics. 

My group, led by Perimeter PhD student and ex-PSIon Vasudev 
Shyam, sought to understand the thermal (or Hawking) radiation 
from black holes, from the point of view of the so-called conformal 
anomaly. This was an ambitious project with a great deal of new 
physics involved for all the group members. After much discussion 
among ourselves, reading papers, and performing calculations, we 
finished the week feeling comfortable dealing with a topic that was 
completely unknown to most of us just one week before.

We spent each morning immersed in research, then after lunch 
excitedly crammed inside a classic yellow school bus for an 
afternoon of Canadian winter, trying out cross-country skiing and 
skating at Arrowhead Provincial Park, and learning about maple 
syrup production at a sugar shack.

Frosty Physics in the  
Great White North

Perimeter Scholars International (PSI) wanted to show this year’s 
class what real research – and a real Canadian winter – feel like. For 
PSI master’s student Alessandro Morita Gagliardi, it was a week 
of exploration and surprises.
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Sure, my skiing skills left me tailing the rest of the group during 
our 5.3 km cross-country trek around Arrowhead Lake, but that 
delivered an unexpected bonus: Academic Programs Assistant Erica 
Goss skied beside me without a coat, her bare Canadian arms 
somehow immune to the cold that I felt acutely. 

I also learned first-hand of the pleasures of maple fudge and 
butter, and the distinct feeling of a tailbone meeting hard ice while 
attempting to ice skate – two truly Canadian moments I hadn’t 
experienced until then.

By the end of the week, what were the outcomes of the Winter 
School? Some groups were able to pull off amazing research 
results – publication may be pending. My group didn’t quite reach 
a breakthrough, but the experience earned from this concentrated 
effort to understand a new subject through a different research 
method was, in my opinion, worth it. 

The sudden getaway during Canadian winter brought people 
together in an original way. By sharing a snack with a colleague at 
the pub, falling together on ice skates, and playing cricket during a 
snowy Australia Day, I got to know and appreciate my classmates 
and Perimeter colleagues in a way that would have proven nearly 
impossible during the regular semester. 

And the breathtaking view of a completely white lake, the largest 
surface of pure white I have ever seen, will certainly stay with me. 
Maybe one doesn’t really need a “Sandy Beach” to create great 
memories, after all.

– Alessandro Morita Gagliardi

FURTHER EXPLORATION:
Watch the students tackle hard science in the snow in the  
PSI Winter School video on Perimeter's YouTube channel 
www.youtube.com/PIOutreach
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To learn more about Perimeter Scholars International,  
go to www.perimeterinstitute.ca/psi



36   

Stars Align for New  
Outreach Scientist
The student has become the teacher, quite literally, as a former ISSYP 
attendee helps run that program and others as Perimeter’s newest 
educational outreach scientist.

Perimeter’s Educational Outreach department recently 
welcomed a new face – well, sort of.

Stephanie Keating joined the Perimeter team as an educational 
outreach scientist in December, but her hiring marked something of 
a return. Back in 2003, she attended the first International Summer 
School for Young Physicists (ISSYP), Perimeter’s showcase program 
for top high school students. 

In those early days, ISSYP was known as YPC, or Young Physicists 
of Canada. Though the program now welcomes 20 Canadian and 
20 international students each summer, only the homegrown half 
participated in that inaugural year.

Still, many of the hallmarks that have come to define ISSYP were 
already in place. Over two weeks, alongside likeminded peers (some 
of whom she’s still in contact with today), Keating was exposed to 
real research with Perimeter scientists and given opportunities to 
explore the field’s observational side. 

That year, the group attended Starfest, Canada’s largest annual 
amateur astronomy conference and star party, which takes place 
near Mount Forest and attracts hundreds of astronomy enthusiasts 
from Ontario, neighbouring provinces, and the US.

Keating describes the ISSYP experience as her “first really deep 
immersion into physics.” It was followed by a semester at the Ontario 
Science Centre Science School. Though she had diverse interests 
growing up – from drama and photography to math and science – 
her love of physics flourished after her brief time at Perimeter.

“When my mother and grandmother picked me up, I said to them, 
‘It would be so cool to work here one day,’” says Keating.

She went on to study astronomy and astrophysics, completing 
bachelor’s and master’s degrees at Western University and a PhD 
at the University of Toronto. During her master’s, she got involved 
with teaching and outreach, and found she had an affinity for it. 
At Toronto, she ran tutorials for a popular first-year introductory 
astronomy class for non-science students, working with a professor 
who was more concerned with instilling an appreciation for science 
than with the memorization of facts. It’s a philosophy that fits 
seamlessly with the Perimeter approach.

By the time she’d finished her PhD, Keating had decided a research 
career was not for her and was exploring a range of different options, 
from science policy to software development to data science. Then, 
while in France with her partner, she received an email from her 
mother about an outreach opening at Perimeter.

“I hadn’t seen it,” says Keating. “She said, 
‘You should apply.’ Because she knows 
how much fun I had.”  

She got the job. The Perimeter Keating 
has returned to is drastically different 
than the one she attended in high school, 
when the Institute still operated out of an 
old post office with an iconic clock tower 
on King Street.

Back then, she had probably envisioned 
coming back to Perimeter as a researcher, 
but she’s thrilled to return in an outreach 
capacity.

“It’s a real pleasure to be able to take 
the things that I did, sort of in my spare 
time when I was a grad student, and do 
it to the full capacity that you can, with 
support behind you,” she says. “I really, 
really enjoy that.”

– Mike Brown
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In 2000, when Scott Jones was a Waterloo city councillor, he 
was intrigued but perplexed when he heard about the prospect 
of launching Perimeter Institute for Theoretical Physics.

“Physics? No one understood it,” says Jones, a high school business 
teacher in Kitchener, Ontario. “Everybody grabbed onto the idea, 
but more out of faith than anything else.”

By the time the Institute’s custom-built facility opened in 2004, Jones 
could see the vision of Perimeter Founder Mike Lazaridis and began 
volunteering his time to ensure the immensely popular Perimeter 
Public Lecture Series, science festivals, and other public events at 
Perimeter all ran smoothly.

For Jones, it is a way of giving back to an institution that he feels has 
transformed Waterloo.

That leap of faith to establish Perimeter “was the single most 
important thing that happened in Waterloo,” Jones says. “To me, it 
was monumental. Of all the things that we did to help put Waterloo 
on the map, this was the most important.”

Twelve years later, Jones is no longer on council, but remains one 
of Perimeter Institute’s longest-serving volunteers. He helps to direct 
people at the public lectures, but he’s done a little bit of everything 
over the years, from setting up equipment to hanging posters. 

Jones has volunteered elsewhere in the community, such as helping 
the Oktoberfest community festival in Kitchener and coaching 

minor sports, but he says the volunteer work at Perimeter is the most 
enjoyable.

What he loves most is the people, particularly the wide-eyed 
members of the audience who are thrilled to be at the lectures, and 
arrive keen about physics, even if they don’t always understand the 
math. “You wouldn’t believe how many regulars there are, people 
who come to every lecture,” Jones says. 

The first-time visitors are easy to spot – they are the ones standing in 
awe of the building. He also enjoys being with the other volunteers, 
several of whom have been helping out almost since the beginning. 
“We have been together a long time,” he says.

Although Jones’ background isn’t physics, the educator in him 
appreciates the environment that Perimeter provides to young 
people interested in physics. He also personally enjoys the lectures 
and learning about the universe. 

Perimeter “has added to Waterloo as a city,” he says, and has 
helped to draw people and recognition from all over the world. 

His pride in Perimeter drives him to stay engaged as a volunteer 
year after year. “As long as they want me, I will be here,” he says. 
“I always look forward to it. I cannot imagine a better place to be 
a volunteer.”

– Rose Simone

Science  
with a Smile
If you’ve attended a 
Perimeter Public Lecture, 
you might recognize the 
face of Scott Jones. He’s 
one of the longest-serving 
of the Institute’s wonderful 
and essential volunteers.
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f r o m  t h e  b l a c k  h o l e  b i s t r o

Mint is the perfect ingredient for a refreshing summer drink 
because it makes your mouth feel cold. But mint feels cold 
even when it’s not crushed with ice. The scientifically inclined 
connoisseur of mint juleps might stop to ask: how? 

The answer turns out to be a quirk of neurology. The neurons 
in charge of sensing cold emit a protein called TRPM8. When 
this protein gets cold, it opens like a gate, and lets ions in the 
environment enter the neuron. This changes the electrical charge 
within the neuron and the message “cold receptor activated!” 
is passed up the central nervous system to the brain.  

So far, so biological. The twist is that TRPM8 doesn’t just 
respond to cold. It also responds to menthol, the crystalline 
compound found in peppermint and mint oils. Why, exactly, 
menthol fits TRPM8’s chemical handle is unknown, but once 
that handle is turned, the TRPM8 opens its gate and the cold 
receptor neurons are activated. 

Cold receptors only send one kind of message, and so – 
remarkably – the taste of mint is indistinguishable from the feel 
of cold. Cheers to that!

– Erin Bow

Feeling the Heat? 
Munch on Some Mint
How one humble herb can bamboozle your senses.

How to make mint syrup
1/3 cup sugar
1/3 cup water
1/2 cup packed fresh mint
Ice and water

Bring sugar and water to a boil in a small saucepan; cook until sugar dissolves. Meanwhile, 
put ice and some water into a bowl, to serve as an ice-water bath. 

Add mint to the boiling sugar water; cook until vibrant green, about 30 seconds. Remove 
from sugar water and carefully transfer mint to ice-water bath. Drain through a sieve; 
squeeze out excess water with a paper towel or fine cloth. Let syrup cool. 

Once cooled, puree mint and sugar syrup in a blender until smooth. Let stand for 15 minutes. 
Strain through cheesecloth or other thin cloth; discard solids. Refrigerate until ready to use.

Use mint syrup to make mint lemonade tea, as a garnish for desserts, or for cocktails like 
mojitos and mint juleps.
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‘World’s Most Influential,’ 
Again

For the second year in a row, Perimeter 
Faculty Chair Robert Myers has been 
named one of the “World’s Most 
Influential Scientific Minds” by Thomson 
Reuters. About 3,000 scientists, social 
scientists, engineers, and medical 
researchers were named to the 2015 
list. Myers – one of Canada’s leading 
string theorists – was the only Canadian 
physicist included.

Also on the list was quantum optics and 
quantum information researcher Juan 
Ignacio Cirac, who has held a Perimeter 
Distinguished Visiting Research Chair 
since 2009.

The roster of influential researchers was 
created by surveying scientific papers 
published between 2003 and 2013, and 
identifying those which have attracted 
the most citations in other published 
research. Only authors of multiple papers 
ranking in the top one percent most cited 
were eligible for this list.

DVRC Wins APS Prize

Harvard researcher and Perimeter 
Distinguished Visiting Research Chair 
Andrew Strominger has won the 
2016 Dannie Heineman Prize for 
Mathematical Physics from the American 
Physical Society. Strominger was cited for 
his leadership in string theory, quantum 
field theory, and quantum geometry.

In 2015, the Society also appointed 
Perimeter Associate Faculty member 
David Cory as an APS Fellow. Cory is 
based at the University of Waterloo, 
where he is pioneering one of the first 
demonstrations of quantum computing 
using magnetic moments of nuclei as 
qubits.

Prestigious Tate Medal 
and Whitrow Lectureship 
for Neil Turok
The American Institute of 
Physics has awarded its 
2016 John Torrence Tate 
Award for International 
Leadership in Physics to Neil Turok. 
The award recognizes Turok’s many 
contributions to the international physics 
community, including his directorship 
of Perimeter Institute, his founding of 
the African Institute for Mathematical 
Sciences, his cosmology research, 
and his lectures and publications. The 
award will be presented at the 2016 
Quadrennial Physics Congress in Silicon 
Valley, California, in November.

Separately, Turok has been selected as 
the 2016 Gerald Whitrow Lecturer of 
the Royal Astronomical Society. Held 
every two years, the Whitrow Lecture 
explores the philosophy of cosmology.

New Board Member

Perimeter has welcomed Indira 
Samarasekera to its Board of Directors. 
A member of the Order of Canada and 
a recipient of the Queen Elizabeth II 
Diamond Jubilee Medal, Samarasekera 
has made considerable contributions to 
steel processing and is internationally 
recognized as one of Canada’s leading 
metallurgical engineers. She was the first 
woman and the first engineer to serve 
as University of Alberta President; before 
that, she was Vice-President (Research) 
at the University of British Columbia.

Book Award for Smolin 
and Unger

Perimeter Faculty member Lee Smolin 
and philosopher and Harvard Law 
School professor Roberto Mangabeira 
Unger have won the Association of 
American Publishers’ 2016 PROSE 
Award in the cosmology and astronomy 
category for their book The Singular 
Universe and the Reality of Time. The 
PROSE Awards annually recognize 
professional and scholarly publishing in 
54 categories.

Smolin and Unger’s book about the 
nature of time and the basic laws of 
nature was eight years in the making. 
It lays out the argument for a new view 
of the universe in which laws evolve. 
“We hope that working physicists and 
cosmologists will read the book and 
take it as a challenge,” Smolin said.

Quantum Matter  
Initiative Launched
In the past 10 years, quantum 
condensed matter physics has gone 
through a period of rapid development. 
In light of this, Perimeter is launching 
a special research initiative to more 
deeply explore quantum matter in 
theory and experiment. The Quantum 
Matter Initiative will probe advances in 
theory (such as those related to gapped 
topological phases, quantum many-
body dynamics and thermalization, and 
quantum criticality) and in experiment 
(including new material families, 
engineered materials and systems, and 
new data on old puzzling materials). 
The Quantum Matter Initiative will be 
led by Max Metlitski, Davide Gaiotto, 
Roger Melko, and Subir Sachdev.
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Canadian Science on World Stage
Perimeter was proud to participate in Governor General David Johnston’s meet-up of international research leaders at the 
Canadian Embassy in Washington during the AAAS Annual Meeting in February. In his remarks, His Excellency shared his 
thoughts on this exciting time in physics. In a related opinion piece in The Globe and Mail, he encouraged us all “to recognize 
and celebrate success so we enhance a Canadian culture of equality of opportunity and excellence.”

Perimeter Welcomes 
Six New DVRCs
Perimeter is proud to welcome six new 
Distinguished Visiting Research Chairs 
(DVRC) to its community. DVRCs are 
eminent scientists who make the Institute 
their second research home, spending 
extended periods here while retaining 
permanent positions at their home 
institutes.

The new DVRCs are mathematician 
Dan Freed (University of Texas at 
Austin); astrophysicist Katherine Freese 
(University of Michigan); particle 

The Limits of 
Understanding?

CBC Ideas visited Perimeter recently to 
pose the question: are we at the end of 
what physics can discover? Perimeter 
Director Neil Turok argues we’re not; 
rather, he says the universe “invites” 
us to figure it out by giving clues to its 
composition. Listen to his discussion 
with Ideas host Paul Kennedy at  
www.cbc.ca/radio/ideas.

Victoria Kaspi Wins the 
Herzberg

Astrophysicist Victoria Kaspi won the 
NSERC Gerhard Herzberg Canada 
Gold Medal for Science and Engineering 
this year, becoming the first woman, 
and one of the youngest researchers 
yet, to take the $1 million prize. The 
McGill University researcher specializes 
in neutron stars, and delivered a 
Perimeter Public Lecture on her work 
less than two weeks before the Herzberg 
was announced. Watch the lecture at  
www.perimeterinstitute.ca/outreach.

Buchalter Prizes
The Buchalter Cosmology Prize is new, 
but it already has Perimeter’s name on 
it. Research by Perimeter cosmologists 
earned first and third places this year 
– repeating Perimeter’s showing in
last year’s inaugural competition. This
year’s winning paper is by Templeton
Frontiers Program Postdoctoral Fellow
Flavio Mercati, who collaborated with
Julian Barbour and Tim Koslowski to
tackle one of the most puzzling aspects
of cosmology: the nature of time.
Perimeter postdoc Elliot Nelson and
Associate Faculty member Niayesh
Afshordi won this year’s third prize. In
their work, they uncover a new way in
which cosmology can shed light on the
future of particle physics.

A Fresh Look at  
Quantum Foundations
Perimeter Faculty member Rob 
Spekkens and Visiting Fellow Giulio 
Chiribella have co-edited a new book 
about how information theory informs 

physicist Joseph Incandela (University 
of California, Santa Barbara); quantum 
fields theorist Anton Kapustin (California 
Institute of Technology); mathematical 
physicist Nathan Seiberg (Institute for 
Advanced Study); and mathematical 
physicist Alexander Zamolodchikov 
(Rutgers University).

quantum theory. Quantum Theory: 
Informational Foundations and Foils 
collects 14 original contributions from 
leading experts in the field, covering 
some of the most promising research 
directions that have recently emerged 
at the intersection of information 
theory and quantum foundations. The 
book features a number of Perimeter 
researchers and alumni, including 
Lucien Hardy, Markus Mueller, Roger 
Colbeck, and Christopher Fuchs.
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Ottawa Takes Note
Federal Minister of Innovation, Science, and 
Economic Development (ISED) Navdeep 
Bains (pictured, centre) discusses Perimeter’s 
strategic value to Canada’s innovation 
ecosystem during a gathering in Toronto 
recently. Joining him were, from left, ISED 
Ontario Region Executive Director Mark 
Lehman, ISED Deputy Minister John Knubley, 
Perimeter Director Neil Turok, and Perimeter 
Managing Director and Chief Operating 
Officer Michael Duschenes.

In the Know

Ontario’s Minister of Research and Innovation is no stranger 
to hard science. The Honourable Reza Moridi was a nuclear 
physicist before joining the public service, where he is also the 
Minister of Training, Colleges and Universities. During a recent 
visit to Perimeter, he interacted with researchers on a range of 
topics, from gravitational waves to topological insulators, and 
reiterated the government’s support of fundamental science. 
“If we want to compete around the world as a nation, we can’t 
compete using old muscles. We need to compete using our 
brains,” he said. “If you don’t invest in the foundations, you’re 
not going to succeed in applications.” 

Pictured above are Minister Moridi,  
Luis Lehner, and Max Metlitski.

Looking Forward, Together

The nature of science programming and the infrastructure 
requirements to advance research were central topics 
when Guy Levesque, the Vice-President of Programs and 
Planning for the Canadian Foundation for Innovation, 
visited Perimeter to meet the Institute’s leadership 
team. During the visit, Levesque discussed digital tools 
with Director of Information Technology Ben Davies in 
Perimeter’s webcasting control room.

Celebrating Science
Canada’s Minister of Science Kirsty 
Duncan provided enthusiastic opening 
remarks at the Perimeter Public 
Lecture in March, after touring the 
Institute and meeting with researchers 
and PSI students. Katherine Freese's 
lecture, including Minister Duncan’s 
opening comments, is available on-
demand on Perimeter’s website and 
YouTube channel. 
www.youtube.com/pioutreach
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What’s the deal with 
those waves?

42 

LIGO’s historic detection of gravitational waves produced a 
flood of questions from curious youngsters. Good thing the 

Inside the Perimeter team is on the case.

Hey kids! Have a question?  

Send it to magazine@perimeterinstitute.ca

Ocean waves are waves in the water, and sound waves are waves in 
the air. What are gravitational waves in?

Spacetime! The fabric of the universe. Einstein’s big insight was that 
space and time are parts of the same thing, called spacetime, and 
that spacetime can curve and stretch and squeeze.  

You can picture spacetime kind of like a trampoline. If you stand on 
the trampoline, it stretches and sags under you. If you then throw 
a bunch of marbles on there, they will all roll toward you. In the 
same way, something heavy – say, the Earth – makes a big dimple 
in the fabric of spacetime, and little things roll down the sides of that 
spacetime dimple and end up on the Earth’s surface. General relativity 
tells us that’s what gravity is: a kind of dimpling in the stretchy fabric of 
spacetime.  

Now imagine that instead of just having something heavy resting on a 
trampoline, you have something heavy moving on a trampoline. For instance, 
put a bowling ball in the middle, and then bounce it up and down – it sends little 
wobbles of disturbance out. If there are marbles sitting peacefully on the edge of the 
trampoline, they’re going to move up and down too, just a little, as the wobbles pass. 
Those wobbles are like gravitational waves.

Can I make gravitational waves?  

Sure! Any moving mass makes gravitational waves, but they are so tiny that modern science doesn’t have even a remote 
chance of measuring them. 

Why can’t we feel them?

We can’t feel gravitational waves because the effects are too small. Since the universe is quite a bit bigger than the average 
trampoline, it takes an enormously powerful bounce to make wobbles that we can just barely detect with the very best 
instruments.   

LIGO detected the collision of two black holes, which “bounced” spacetime with the power of all the stars in the universe put 
together, then multiplied by 50. And even with a bounce that size, the effect of the wobble here on Earth was much, much 
smaller – a hundred trillion times smaller – than the width of a piece of paper.  

So the trampoline of the universe is big, and compared to it we are very tiny, but nevertheless, we’re bouncing.  

– Erin Bow
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JUST ONE BREAKTHROUGH IN PHYSICS CAN CHANGE EVERYTHING.

THE PERIMETER EQUATION IS SIMPLE:

FOSTER BREAKTHROUGH RESEARCH. 
TRAIN THE NEXT GENERATION OF PHYSICS PIONEERS.

SHARE THE POWER OF THEORETICAL PHYSICS WITH THE WORLD.

Please consider supporting Perimeter  
at www.perimeterinstitute.ca/donate 

or contact Jacqueline Watty - jwatty@perimeterinstitute.ca

Charitable registration number: 88981 4323 RR0001




