
What Does the Nobel Prize’s Fame Mean for Science? 
Physicists weigh in on physics’ most famous award.

BY ERIKA K. CARLSON

Astroparticle Physicist Wins 2023 
Valley Prize for Work on Dark Matter
As a child in Tunisia, Lina Necib watched the 1997 film 
“Contact” and decided to become an astrophysicist. Now at 
MIT, she studies dark matter’s shadowy clues.

BY LIZ BOATMAN
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E ach October, scientists around 
the world turn their attention 

to a series of press conferences in 
Sweden to see who will receive the 
most famous scientific honor of the 
year — the Nobel Prize. And though 
the Nobel Prize is ostensibly a cel-
ebration of scientific accomplish-
ments, its influence extends far be-
yond the scientific community.  

“The main benefit of Nobel Priz-

es is that there is a week every year 
when science is in the news for 
sure,” says Gabriela González, an 
experimental physicist at Louisiana 
State University, “with radio and TV 
programs explaining important re-
sults of modern science and its im-
plications.” 

But this fame can contribute to 
inaccuracies in the general public’s 
perception of science, including 

physics. 
Part of the problem is built into 

the rules of the Nobel Prize: The 
prize is only awarded once a year, to 
a maximum of three people per field 
for the science prizes. “You miss a 
lot of people who did excellent work 
that you cannot reward, so there’s 
some arbitrariness in the whole 
thing,” says Baha Balantekin, theo-

L ina Necib is on the hunt for 
something invisible.

“It’s a little bit like detective 
work,” she says. “We have a lot of 
observational types of evidence, and 
we’re trying to put all of it together 
into one picture.” 

Necib, an assistant pro-
fessor of physics at the 
Massachusetts Institute of 
Technology, studies dark 
matter, the elusive stuff 
that makes up most of the 
universe’s mass but doesn’t 
reflect, emit, or absorb light. 
For her work, Necib has won 
the 2023 APS Valley Prize, 
which recognizes early-ca-
reer physicists for research 
expected to have a dramatic 
impact in the field.

In 2020, Necib and her 
colleagues reported their 
discovery of a massive stel-
lar stream, a ribbon of stars 

left over when a galaxy is torn and 
stretched, orbiting on the outskirts 
of the Milky Way. Dark matter tugs 
at these streams, leaving behind 
fingerprints — evidence of its ex-

From Banking to Quantum Physics
At age 30, Michelle Lollie, APS Bridge Program graduate, 
abandoned her career in finance and leapt into physics.

BY SOPHIA CHEN

I n 2010, Michelle Lollie — then 
a disillusioned 28-year-old bank-

er in Michigan — read a paper on 
quantum teleportation and decided 
to become a physicist.

“To this day, I cannot remember 
why that paper crossed my field of 
view,” says Lollie.

But starting over, as a non-tradi-

tional student, would be an uphill 
journey. Lollie enrolled at Indiana’s 
Rose-Hulman Institute of Technolo-
gy for her second bachelor’s degree, 
this time in physics instead of fi-
nance. She had to fill in the gaps — 
computer programming, linear alge-
bra, vector calculus — sometimes 
retaking classes multiple times. “I 
had a ton of insecurities,” she says.

But bruised ego or not, Lollie 
had tenacity. After earning her de-
gree from Rose-Hulman, she set 
her sights on graduate school. She 
got accepted to Indiana Universi-
ty through APS’s Bridge Program, 
which helps underrepresented stu-
dents of color pursue PhDs, and 
later transferred to Louisiana State 
University. “The Bridge program 
provided that foundation to help me 
get my footing, whether it was addi-
tional academic help or research,” 
says Lollie.

This March, Lollie became the 
first Black woman to receive her 
Ph.D. from LSU’s physics and as-

Lollie continued on page 7

New Experiment Suggests Imaginary Numbers Must 
Be Part of Real Quantum Physics
A new experiment closes theoretical loopholes, strengthening the evidence that imaginary 
numbers play an irreplaceable role in quantum theory.

BY BAILEY BEDFORD

S ince quantum mechanics’ in-
ception nearly a century ago, 

there has been controversy about 
the math at the heart of the field: 
Does quantum theory require the 
use of imaginary numbers?

Imaginary numbers — numbers 
given in terms of the square root of 
negative one and that produce real 
numbers when multiplied together 
— are an important part of mathe-
matics, but in physics, no observa-
tion has demanded their use. Until 
recently, it seemed like imaginary 
numbers in quantum physics cal-
culations might make things easier, 
but be unnecessary.

A paper published September 26 
in Physical Review Letters details an 
experiment that demonstrates that 
quantum mechanics formulations 

that utilize complex numbers — 
numbers with both real and imag-
inary pieces — can outperform for-
mulations that exclusively use real 
numbers. The research closes some 
loopholes that might undermine 
the refutation of real-valued quan-
tum mechanics, boosting the argu-
ment that imaginary numbers are 
vital to the field.

“I think it's a fundamental ques-
tion to ask — the question whether 
a complex number is really neces-
sary for quantum mechanics,” says 
Chao-Yang Lu, a physics professor at 
the University of Science and Tech-
nology of China and a co-author of 
the paper.

According to Lu, that question 
has remained mostly philosophical 
throughout quantum mechanics 

history. Then, in a 2021 paper in 
Nature, researchers “proposed an 
experiment that can actually put 
the philosophical argument into 
[a] test,” he explains. “You can see 
the test as a game between three 
players, Alice, Bob and Charlie.”

In that game, the three players 
receive quantum particles from 
two independent sources. Through 
a carefully orchestrated trick that 
hinges on the quantum property of 
entanglement, two players can find 
that their particles influence each 
other, despite never having directly 
interacted.

While playing the game can be 
complicated, the essence of the test 
is simpler: Complex and real num-

Quantum physics continued on page 6

Michelle Lollie worked in banking for 
years before going back to school for 
physics. She received her doctorate from 
Louisiana State University in March 
2022. Credit: LSU
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Albert-László Barabási, Network 
Scientist, Wants Physicists to 
Connect with Wider Audiences
An interview with the recipient of the 2023 Lilienfeld Prize.

BY RACHEL CROWELL

W hat do the internet, neurons 
in the brain, and cellular 

metabolism have in common?
According to Albert-László 

Barabási, all are complex networks 
with hidden patterns. Barabási, a 
physicist at Northeastern University 
and leader in network science, is the 
recipient of the 2023 Julius Edgar 
Lilienfeld Prize, which awards physi-
cists who’ve made “outstanding con-

tributions” to the field and commu-
nicate with diverse audiences.

“Network science has [come] of 
age,” says Barabási.

After Barabási earned his doc-
torate in statistical physics in 1994 
from Boston University, he took a 
postdoctoral role in New York City. 
It was there, over the winter holi-
days, that he picked up a book on 
problems in computer science and 
first learned about graphs and net-
works. “How many networks must 
be supporting this interesting, fab-
ulous, complex city?” he thought. 
Those networks, he realized, lacked 
“a theory of their own.”

A few years later, Barabási was 
running a materials science labora-
tory at the University of Notre Dame 
and had just received a federal grant 
to study quantum dots. Then, in 
1999, he and co-author Réka Albert 
published a paper in the journal 
Science asserting that an enormous 
range of networks were “scale-free,” 
meaning they followed mathemati-

cal rules called power laws.
The paper changed everything. 

Barabási told his lab members, “I 
have zero interest from now on in 
materials science. I want to use all 
my resources and energy to focus 
on networks.” He sought to redirect 
his federal grant toward network re-
search, to no avail; the funding was 
revoked. Still, he dove into networks 
and never looked back.

Barabási’s work helped fuel mod-
ern network science. It has also 
spurred debate, as some scientists 
dispute the ubiquity of scale-free 
networks in the real world.

Today, Barabási directs North-
eastern University’s Center for 
Complex Network Research and is a 
lecturer in Harvard Medical School’s 
Department of Medicine. He also co-
leads a European Research Council 
project on network science. He’s au-
thored three popular science books, 
and, most recently, co-authored, 
with Dashun Wang, “The Science of 
Science,” a book examining patterns 
of career success in science.

Barabási spoke with APS News 
about the changing landscape of net-
work science and his views on why 
physicists must communicate their 
research widely.

This interview has been edited for 
length and clarity.

How has the field of network sci-
ence changed over your career?

In 1994, I wrote a paper [on net-
works] that I could not publish any-
where. The feeling from the refer-
ees was, “Why do we care?” In 1999, 
when our first real network paper 
started to emerge, people started 
to become interested in networks. 
There was lots of puzzlement among 
even my physics colleagues: “What 
are we really trying to study? Neural 
networks or spin classes?”

I kept saying, “It’s about any kind 
of network out there. We're trying 
to find, like physicists do, universal 
organizing principles. What are the 
laws common across different net-
works?”

When we started studying net-
works, we were not entering with a 
solution to a random problem. We 

“When we started studying networks, we were 
not entering with a solution to a random problem. 
We were defining a new problem.” — Barabási

Barábasi continued on page 5

[Bell] took inspiration from Bohm’s orthodoxy-
defying work to not just “shut up and calculate.”

History continued on page 6

Albert-László Barabási, winner of the 
2022 Lilienfeld Prize for his work in 
— and communication of — network 
science. Credit: Hamu és Gyémánt / Lábady 
István

THIS MONTH IN PHYSICS HISTORY

November 1964: John Stewart Bell Quietly Rings in 
New Era of Quantum Theory
BY DANIEL GARISTO

W hen the most important 
quantum theory paper in 

30 years was published November 
4, 1964, virtually no one noticed. 
“On the Einstein Podolsky Rosen 
Paradox” accumulated fewer than a 
dozen citations in its first six years, 
and when it garnered wider atten-
tion, many physicists dismissed its 
implications. Even now, with the 
2022 Nobel Prize in Physics award-
ed to experimenters performing 
eponymous Bell tests, its singular 
role wresting concrete answers from 
nature about reality remains under-
appreciated.

Its author, John Stewart Bell, 
was born July 28, 1928, in Belfast. 
His mother Annie was a dressmak-
er and his father Jackie sold horses. 
The family was not wealthy; in Bell’s 
biography, Andrew Whitaker notes 
that Annie sewed John’s academic 
gown from blackout curtains.

Bell entered Queen’s Universi-
ty as World War II ended. There, 
he was academically excellent but 
already unsatisfied with physics 
orthodoxy. The ruling Copenhagen 
Interpretation proposed a distinc-
tion between classical observer and 
quantum observable — a belief 
Bell would later deride as a “shifty 
split.” Seen through the Copenha-
gen Interpretation, the location of 
an electron, for example, exists as a 
nebulous cloud of probabilities de-
scribed by the wave function until it 
collapses into a fixed value. Because 
of this “shifty split,” proponents of-
ten caution against philosophizing 
about the quantum world, and mak-
ing assumptions beyond what can 
be experimentally proven.

An older paper, published in 1935 
by Einstein, Boris Podolsky, and Na-
than Rosen (EPR), would capture 
Bell’s imagination. EPR argued, 
using a thought experiment, that 
quantum mechanics was correct, 
but incomplete. As Einstein later 
quipped: "Do you really believe the 
Moon exists only when observed?" 
One possible solution for the ills of 
quantum mechanics was “hidden 
variables,” undetectable traits baked 
into particles all along. If these traits 
were secretly present, they would re-
turn existence to things, giving even 
the Moon properties regardless of 
whether it was measured.

Concerned with what is measur-
able, not what is, the Copenhagen 
Interpretation and its high priest, 
Niels Bohr, rejected hidden-variable 

theories. The indeterminacy of par-
ticles was fine, and in any case, the 
theorist John von Neumann had 
proven hidden-variable theories im-
possible in 1932. For Copenhagen In-
terpretation adherents, there was no 
reason to discuss hidden variables 
that had been ruled out.

Bell saw things differently. EPR 
pointed out a central problem, a 
deep philosophical question about 
reality — and there was no way of 
telling who was correct.

In 1952, Bell received a jolt of in-
spiration when David Bohm pub-
lished his interpretation of quan-
tum mechanics, a hidden-variable 

theory that could go toe-to-toe with 
the Copenhagen Interpretation. 
Bohr’s acolytes were unimpressed. 
They attacked Bohm’s theory as su-
perfluous — ironically, for making 
the same predictions as existing 
quantum theory. (This was, in fact, 
the point — to show that a hid-
den-variable theory could also ac-
count for observations.) Albert Ein-
stein, meanwhile, rejected Bohm’s 
ideas because they didn’t preserve 
locality, the commonsense princi-
ple that objects are affected only by 
their immediate surroundings.

But for Bell, it was critical, and he 
would later recall that he “saw the 
impossible done” by Bohm, though 
Bell never became a Bohmian. “This 
was not the one horse he lashed his 
wagon to,” says David Kaiser, a phys-

icist and historian at the Massachu-
setts Institute of Technology. Rath-
er, he took inspiration from Bohm’s 
orthodoxy-defying work to not just 
“shut up and calculate.”

Over the next twelve years, Bell 
kept the ideas in the back of his 
head, working through them in his 
free time. Occasionally, he ran into 
workplace colleagues he could de-
bate, such as Franz Mandl at Har-
well, the newly formed UK atomic 
research center where Bell worked 
in the late 1950s, and Josef-Maria 
Jauch at CERN, where he took a job 
in 1960. In 1963, Bell and his wife, 

John Bell lectures on his theorem in 1982. Credit: CERN
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Newest Data Shows Mixed Progress for Women and 
Marginalized Groups in Physics Higher Education
BY LIZ BOATMAN

F or more than two decades, APS 
has published data on physics 

degrees in the U.S., including de-
gree-earning by women, racial and 
ethnic minorities, and international 
students. To update this data, APS 
typically recruits the help of a Soci-
ety of Physics Students summer in-
tern. This year’s intern, Lucy Corth-
ell, is a junior at Juniata College in 
Pennsylvania studying engineering 
physics.

“What really caught my eye was 
the science and equity parts coming 
together” in one experience, says 
Corthell. 

Over the coming months, APS 
will add data from the 2019-2020 
school year, pulled from the Inte-
grated Postsecondary Education 
Data System (IPEDS), to the APS 
education statistics. IPEDS data is 
also used to populate the Society’s 
interactive resource “How Does 
Your Institution Compare?”

So, what does the newest data say 
about trends in physics higher edu-
cation?

Women earned 1 in 4 physics 
bachelor’s degrees in 2020

In 2020, 25% of physics bache-
lor’s degrees in the US went to wom-
en — the highest percentage ever re-
corded (Fig. 1). This might sound like 
progress, but the story is complicat-
ed: This number also peaked two 
decades ago, at 23%, before declin-
ing to just 19% in 2015. That means 
twenty years elapsed with only a few 
percentage points gained for under-
graduate women in physics.

“It’s concerning to see,” says 
Corthell, but “being informed can 
also be helpful, because then we can 
learn about how to improve.”

The trend isn’t just seen in phys-
ics. Although the percentage of 
women earning degrees in STEM 
(science, technology, engineering, 
and math) grew steadily between 
1970 and 2000, it dipped abruptly in 
the early 2000s. Since then, progress 
has been mixed. In computer sci-
ence, math, and statistics, the per-
centage of bachelor’s degrees earned 
by women decreased over the past 

Four Mistakes Early-Career 
Scientists Make in Interviews and 
How to Correct Them
BY ALAINA G. LEVINE

I love job interviews! Why? Be-
cause an interview is your finest 

opportunity, as an early-career sci-
entist, to share why and how you’ll 
be an asset to an organization and 
convince an employer to hire you.

But to land that job, you’ll need to 
avoid common mistakes physicists 
make before and during job inter-
views. Fear not, fair physicists! Here 
are a few fixes to ensure these errors 
do not become epic fails.

Mistake 1: Not understanding the 
dynamics of the interview

An interview is a sales pitch: 
You’re convincing the employer to 
invest money in you (compensation) 
in exchange for a service (your work). 
It’s not about you; it’s about what you 
can do for the employer. When an 
interviewer asks about a candidate’s 
experience in an area, some people 
will get stuck in the weeds, diving 
into a chronological history of every 
paper and project they’ve had. But 
the interviewer just wants to know 
how you’ll add value. To fix this, 
frame your accomplishments as:

• A problem you solved
• A solution you utilized
• The result you got
For example, an interviewer 

might ask, “What is your experience 
with complex materials?” Your an-
swer might be, “I gained expertise in 
complex materials through a proj-
ect that explored the relationship 
between x and y. I was tasked with 
characterizing z system in complex 
materials [the problem], so I built 
a novel model using c and d [the 
solution]. I discovered a causality 
between x and y, which enabled us to 
better do z [the result].”

When you communicate your 
value this way, you make it easy for 
decision-makers to understand why 
they should invest in you. After all, 
they’re hiring you to solve problems, 
and this framework forges a bridge 
between your past and future prob-
lem-solving experiences.

Mistake 2: Not customizing your 
answers

This is a big mistake, but it’s also 
easy to fix, by tailoring your answers 
with information about the em-
ployer’s teams, projects, and goals. 
When an interviewer asks about 
your experience with spin glasses, 
don’t answer, “I did x and researched 
y.” Instead, add context and connect 
your experiences to the employer. 
A better answer might be, “During 
x internship, I developed skills in 
y optimization methods, which 
would give me strong foundations 

for jumping in on a project like the 
one you described in z publication.” 
Translate your experiences into 
their language, which you can gath-
er from their website, social media, 
and writing (e.g., papers).

There are two important points 
here. First, this is an opportunity to 
be your own champion. When you 
describe how your work matches 
the employer’s needs, explain and 
specify the skills you’ve leveraged to 
solve problems. This isn’t bragging 
— it’s self-advocacy. Second, show 
that you’ve done your research. By 
discussing the needs or goals of the 
employer and the individuals inter-
viewing you, using their verbiage, 
you show you’ve prepared, and you 
help them envision you in the role.

Mistake 3: Not double-checking 
basic, logistical interview param-
eters

This is especially vital for virtual 
interviews. Confirm the date, time, 
time zone, and digital platform. 
Make sure you know who will join 
the interview, and do your research 
on them ahead of time, so you 
know their names, titles, and back-
grounds. If the interview will be on 
Zoom, practice on the platform with 
a buddy in a different location, at the 
time of day when the interview will 
take place, to check the video, sound, 
lighting, and internet connection. If 
you’ll be giving a job talk, confirm 
that you can share your screen and 
that your desktop and browsers are 
clear of distractions. To maintain 
eye contact on Zoom, you need to 
look at the camera; one of my fa-
vorite hacks is to put a sticky note 
with arrows pointing to the lens, to 
remind me where to gaze.

Mistake 4: Not showing your 
enthusiasm

You may be nervous, but the 
interviewer could be tired or frus-
trated from having had so many 
interviews. Make it easy for the de-
cision-maker to imagine how col-
laborative and valuable it would be 
to work with you. Smile and be your 
authentic, enthusiastic self! An em-
ployer should get to know you for 
you, and learn how your best self is 
going to help you achieve your objec-
tives — and theirs.

Alaina G. Levine is a professional 
speaker, STEM career coach, and author 
of the books Networking for Nerds 
(Wiley) and Create Your Unicorn Ca-
reer (forthcoming). This article builds 
on content that has appeared in her 
other works.

two decades and hasn’t recovered; in 
the earth sciences, numbers have fi-
nally crept back to 2002 levels. 

This is hardly a triumph, but 
there’s reason to be hopeful: In 
terms of the percentage of bache-
lor’s degrees awarded to women, ev-
ery STEM field except math and sta-
tistics now shows an upward trend.

Echoing challenges at the un-
dergraduate level, gains in gradu-
ate physics have stagnated in re-
cent years. From 1966 to 2010, the 
percentage of physics doctorates 
awarded to women increased from 
2% to 20% and then mostly stopped 
growing. Since 2010, the number 
has hovered around 20%, dipping 
periodically. As of 2020, this figure 
sits at 21%. 

As a percentage, students of color 
aren’t gaining traction at the 
doctorate level

The 2020 data shows another 
trend: Collectively, Black or African 

Credit: Antonio Rodriguez/Adobe
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retical physicist at the University of 
Wisconsin, Madison. 

When the Nobel Prize was es-
tablished at the turn of the 20th 
century, most research groups were 
made up of only a handful of mem-
bers. “But now, some experimental 
groups have thousands of mem-
bers,” Balantekin says. “So that’s a 
conundrum.” In cases where the No-
bel Prize Committee has recognized 
the work of large research collabora-
tions, such as the 2017 physics prize 
for the LIGO project to detect gravi-

tational waves from black holes and 
neutron stars, it has awarded the 
prize to a few key individuals. 

“So you're basically choosing to 
honor those areas of science where 
you can cleanly separate a few peo-
ple's work from the pack,” says Kar-
en Daniels, experimental physicist 
at North Carolina State University. 
“And that doesn't necessarily ac-
curately represent how science is 
done.”

In contrast, some other promi-
nent awards recognize entire col-
laborations rather than a few rep-
resentatives. For example, the 2020 
Breakthrough Prize in Fundamental 
Physics honored all 347 team mem-
bers behind the Event Horizon Tele-
scope project that captured the first 
image of a supermassive black hole. 

Many scientists have also ex-
pressed concerns about the skewed 
demographics of Nobel laureates. 

“Most of the Nobel Prize winners 
are recognized many years after 
their results were obtained, which 
means they are in general old and 
male,” says González. “This gener-
ates an association for the general 
public of all current scientists being 
old and male, which is absolutely 
not true.” 

The demographics of laureates 
not only presents the public with a 
warped view of who scientists are, 
Daniels says, but of what scientists 
value. 

“The Nobel Prize Committee has 
historically essentially ignored the 
contribution of both women and 
people of color and a lot of other un-
derrepresented groups and folks at 
the intersection of those categories,” 
says Daniels. Of the more than 200 

laureates in physics so far, only four 
have been women, and only a hand-
ful more have been people of color. 
The people who have received the 
Nobel Prize in Physics so far have all 
done great work, Daniels says. “But 
it's a choice to say that we value de-
cades-old work by one demographic, 
and I think it's tough to get behind 
that as the best thing to do with our 
attention.” 

Representing the diverse body of 
scientists is important not just for 
the public-facing Nobel, but for less 

visible prizes awarded by universi-
ties and scientific societies as well, 
many researchers say. These awards, 
arising from the research commu-
nity, can bolster scientists’ careers 
by helping them find new collabo-
rators or more funding. And prizes 
awarded by representatives of one’s 
subfield can let recipients feel recog-
nized by their peers, which is “not a 
small thing,” Balantekin says.

“If we’re not awarding them to 
a diverse group of scientists, then 
we’re not only saying that ‘we didn’t 
value your work, and we didn’t value 
your membership in our commu-
nity’ — which is incredibly hurtful 
— we’re also hurting that person’s 
career relative to someone who did 
get the award, who then gets the 
benefits of it,” Daniels says. “There’s 
a great ability to do harm when they 
aren’t handled in a way that is equi-
table.” 

For better or worse, the Nobel 
Prize offers a unique — and very 
public — opportunity to celebrate 
and communicate scientific discov-
ery. Other big prizes in science may 
emulate aspects of the Nobel, but 
“none of them really captures the 
public’s imagination the way the 
Nobel Prize does,” Balantekin says. 

“It reminds people that we 
should be excited about discovery, 
and that we are continuing to do 
exciting science,” Daniels says. “I 
still actually look forward to finding 
out who’s gonna get it, because it’s 
always some cool piece of science. I 
just really think the process is pret-
ty flawed.” 

Erika K. Carlson is a science writer at 
APS.
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Astrophysics in Albuquerque: The APS Four Corners 
Section Met in October
Physics thrives in the Southwest.

BY ABIGAIL DOVE

O n October 14, at the annual 
meeting of the APS Four Cor-

ners Section, hundreds of physicists 
gathered in Albuquerque to discuss 
very small things — and, in Sarah 
Kendrew’s case, very large ones.

Kendrew, a scientist at the Eu-
ropean Space Agency and plenary 
speaker at the meeting, works on the 
newly launched James Webb Space 
Telescope (JWST), which can spy on 
ancient parts of the universe formed 
soon after the Big Bang. JWST’s first 
images were released this July.

“Anywhere you point, there are 
galaxies. It’s unprecedented for an 
infrared telescope to show us such 
a wealth of data, and we have barely 
scratched the surface,” she says.

Kendrew shared the plenary ros-
ter with other leading physicists in 
the four corners region. Established 
in 1998, the Four Corners Section, or 
4CS, is a hub for 1,800 APS members 
in Colorado, Utah, Arizona, and New 
Mexico. APS’s geographical sections 
let physicists connect in their own 
regions and foster collaborations 
between nearby companies, schools, 
and national laboratories, like — in 
4CS’s case — Los Alamos, Sandia, 
and the National Renewable Energy 
Laboratories.

This year’s meeting was the Sec-
tion’s first in-person gathering since 
2019. The meeting’s plenary ses-

sions touched on everything from 
nanoscale protein interactions to 
the use of machine learning to study 
chemical properties.

Astrophysics was a big-ticket 
agenda item. Kendrew discussed 
not only the JWST images, but her 
experience watching the launch and 
working on the team that ensured 
the scientific instruments on board, 
a million miles away, were aligned 
and calibrated.

Maria Rodriguez, another plenary 
speaker and a theoretical physicist 
at Utah State University, discussed 
black holes, the hungry mouths at 
the center of many galaxies. “Black 
holes used to be invisible, but now 
something miraculous is happening 
in that we are able to measure what 
they are doing,” says Rodriguez. 
Her talk traced the evolution of our 

knowledge of black holes, from the 
detection of gravitational waves to 
the shadows of black holes glimpsed 
by the Event Horizon Telescope and 
the JWST, which could help us un-
derstand black holes’ behavior.

Diana Dragomir, an exoplane-
tologist at the University of New 
Mexico, presented on NASA’s TESS 
telescope. Launched in 2018, TESS 
was designed primarily to find exo-
planets, but it has been vital for re-

search on supernovae, black holes, 
and asteroids. In its first year online, 
TESS fueled as many research pub-
lications as the much larger, more 
expensive Hubble Space Telescope, 
earning TESS a reputation as “the 
little telescope that could.”

“When we put even small tele-

“Anywhere you point, there are galaxies,” 
Kendrew says [of JWST]. “It’s unprecedented for 
an infrared telescope to show us such a wealth of 
data, and we have barely scratched the surface.”

“You're basically choosing to honor those areas 
of science where you can cleanly separate a 
few people's work from the pack,” says 
Karen Daniels. “And that doesn't necessarily 
accurately represent how science is done.”

Learn more:  journals.aps.org/nobelLearn more:  journals.aps.org/nobel

Did you know:
Nobel Prize winners from the previous 12 years published their winning research in 
Physical Review Letters? In fact, the Physical Review journals are home to the most 
Nobel-winning physics papers in the world, including over 65% of the Nobel-Prize-
winning research published in the last 4 decades.
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The first peak shows that the universe is 
geometrically flat, i.e. two parallel lines 
will never meet.

The universe was extremely hot and dense in its 
earliest moments, the Big Bang. Since then, the 
universe has been expanding, getting larger and 
colder. Almost 400,000 years after the Big Bang, the 
initial radiation began to travel through space. This 
radiation still fills the cosmos and, coded into it, many 
of the universe’s secrets are hiding. Using his 
theoretical models, James Peebles was able to 
predict the shape of the universe and the matter and 
energy it contains (the below curve). His calculations 
were a good match with later measurements of 
background radiation.

The second peak shows that ordinary 
matter is just 5% of the matter and 
energy in the universe.

The third peak shows that 26% of the 
universe consists of dark matter.  

From these three peaks, it is possible to 
conclude that if 31% (5%+26%) of the 
universe is composed of matter, then  
69% must be dark energy in order to fulfil 
the requirement for a flat universe.

SECRETS IN THE 
BACKGROUND RADIATION

Dark 
energy

Dark
matter 

Ordinary
matter

26%

5%
69%

400,000 yearsBig Bang

The spots show small 
temperature variations 
in the background radiation.

Background radiation

14 billion years

The curve shows how many 
spots there are of each size in 
the background radiation.
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Complex Systems
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were defining a new problem. And 
we were building the community, 
one paper at a time.

In a talk you gave, you said that 
our society is becoming a “labora-
tory” because of a “huge amount 
of data” available to study. Does 
this reality make it increasingly 
urgent that physicists communi-
cate about their research to wider 
audiences?

Absolutely. I would even go fur-
ther. COVID showed us how import-
ant this whole line of data-based 
thinking — and the role of physi-
cists — is. Before COVID, epidemic 
prediction was based on traditional 
statistical methods. After our paper 
in ‘99 came out, another physicist, 
Alessandro Vespignani, defined net-
work epidemiology. Network epide-
miology allowed Vespignani’s team 
and others to start predicting, even 
before COVID, that something bad 
[would] happen. That’s one reason 
why Vespignani's work shaped the 
White House's response to COVID.

This was possible because physi-
cists realized that epidemic process-
es are fundamentally network-based 
processes. They’re [also] stochastic 
processes, so you need statistical 
mechanics to properly describe 
them. Physics has been able to make 
a big impact in the community.

The circumstances [have] forced 
us to communicate what we do, be-
cause many of these models have 
really impacted people's lives. They 
were governing vaccine distribution, 
shutdown, all those things. Many 
physicists were the driving force be-
hind that.

What open research questions 
fascinate you?

[Some] of the most exciting work 
we're doing now is to focus on phys-
ical networks—networks like in 
the brain, like neurons. The links 
are physical objects; there are ca-
bles there that cannot cross each 
other. We realized a few years ago 
that much of network science has 
sidelined the question of the phys-
icality of the links in systems, like 
[the] vascular system or the brain or 
metamaterials. Now, a big effort in 
my lab is to develop the mathemat-
ical foundations and the physics of 
how we describe physical networks.

How can physicists better com-
municate about their research to 
diverse audiences? 

First thing, do it. I think that 50% 
of success is your willingness to 
step out from your own narrow com-
munity and talk to a wider audience. 
That doesn't need to be a book. It can 
be an article in a newspaper. It can 
be a talk to undergrads.

We as physicists [tend] to be 
driven by intellectual curiosity and 
the coolness of the results that we 
get. There's an inherent beauty in 
some of the results, and we're hap-
py if a few people understand that. 
When you step out of that commu-
nity, that transition is not easy. It is, 
even today, painful for me, when I 
talk about a new subject, to formu-
late the message of “Why does this 
matter?” But I spend time to answer 
that in a way that is accessible to 
non-physicists, as well.

In a talk about your book “The 
Formula: The Universal Laws of 
Success,” you described perfor-
mance as focused on the person 
who’s performing, but success as 
focused on how others perceive a 
person’s performance. How could 
this distinction impact research 
and recognition in the scientific 
community?

It's very important for a scientist 
to understand the patterns that gov-
ern their performance, the reception 
of their performance, or their scien-
tific impact.

Thanks to the fact that research 
papers published since 1900 have 
been digitized and processed in 
a way that is analyzable, we have 
started massive research projects 
to understand the quantitative pat-
terns that describe how a successful 
scientific career emerges.

Those patterns are very robust, 
and ignoring those is like trying to 
build an airplane without knowing 
Newton's Laws. The way scientific 
success emerges is not a random 
process. It has reproducible features, 
and understanding those could help 
young researchers have their work 
accepted much more widely and 
much faster.

For that reason, we wrote “The 
Science of Science.” The goal was to 
make [these lessons] accessible to 
any scientist. What are the quanti-
tative laws that govern scientific ca-
reers? How do we not overestimate 
some of the measurable things, like 
citations, when it comes time to re-
flect on somebody's career?

Rachel Crowell is a math and science 
journalist based in Iowa.
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Taking on Climate Change and Cryptomining Carbon 
Emissions
Stephanie Mack, the 2021 APS Congressional Science Fellow, wraps up her year in Congress.

BY TAWANDA W. JOHNSON

F rom wildfires to floods, the ef-
fects of climate change wreak 

havoc across the country — a reality 
that has shaped the work of phys-
icist Stephanie Mack, the 2021-22 
APS Congressional Science Fellow. 
Since last fall, she has worked on 
energy and environmental policy 
for Democratic Sen. Sheldon White-
house of Rhode Island. 

“Being trained as a scientist, you 
bring a certain perspective when 
crafting policy and identifying out-
standing questions,” she said.

Because environmental and en-
ergy policies often rely on complex 
scientific issues, having a scientist 
on a policymaking team has big 
benefits. APS’s year-long fellowship 
program makes a scientist available 
to members of Congress, who rare-
ly have scientific backgrounds, and 
lets scientists be directly involved in 
policymaking. The fellow completes 
a two-week orientation in Washing-
ton, D.C., and then is matched with 
a congressional office or committee.

During Mack’s fellowship, White-
house partnered with Democratic 
Sen. Chris Coons of Delaware to in-
troduce the Federal Carbon Dioxide 
Removal Leadership Act. The bill, 
intended to promote U.S. innova-
tion that combats climate change, 
is a companion to one in the House 
of Representatives. Mack helped the 
team introduce the bill earlier this 
year.

“The bill would enable the gov-
ernment to create a market for na-
scent carbon dioxide removal tech-
nologies,” Mack said — technologies 
that could help the U.S. meet its tar-
get for reducing carbon emissions. 
The bill also “involved a lot of stake-
holder engagement,” she added, “so 
it was satisfying to introduce the bill 
with broad support.”

Mack’s interest in science policy 
was piqued at the University of Cal-
ifornia, Berkeley, where she earned 
her PhD in physics. There, she also 
co-founded Berkeley’s Science Poli-
cy Group, which hosts speakers and 
discussions and plans events relat-
ed to science policy. 

After receiving her doctorate, 
Mack sought to tackle science policy 
as a Congressional Science Fellow. 
“I wanted to better understand the 
legislative process,” she said, “and 
explore a broad swath of environ-
mental and energy policy areas.”

As a member of Whitehouse’s 
“Green Team,” Mack — in addition 
to her work on carbon dioxide re-
moval — advocated for greater de-
ployment of advanced nuclear reac-
tors. She also helped research and 
draft a letter to the White House’s 
Office of Science and Technology 
Policy about the environmental toll 
of cryptocurrency mining, which 2021-22 AAAS Congressional Science and Technology Policy Fellows. Stephanie 

Mack is wearing sunglasses and a black jacket in the upper right. Credit: Ryan Dudek

Credit: Jason Yoder/Adobe

emits an enormous amount of 
greenhouse gases, and the need for 
more transparency around its ener-
gy consumption.

“She is now regarded as one of 
the Senate’s foremost experts on 
the subject,” said Whitehouse, who 
recently hired Mack as a member of 
his legislative team because of her 
outstanding work as a fellow. 

But Mack won’t be with his team 

much longer: She recently accepted 
a fellowship in the State Depart-
ment with the Bureau of Interna-
tional Security and Nonprolifera-
tion. There, she’ll work to support 
nuclear power, “part of the solution 
to help meet the nation’s climate 
goals,” she said.

Tawanda W. Johnson is the Senior Pub-
lic Relations Manager at APS. 

Your Giving Tuesday donation will 
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advancing and diffusing the knowledge of 
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ber formulations bet on the outcome 
of several game rounds. Each formu-
lation predicts a highest possible 
number for the correlation between 
the particles’ measured properties. 
The paper in Nature proved that for 
this quantum game, complex for-
mulations, with the extra flexibility 
of imaginary numbers, will always 
predict a higher value than any re-
al-valued formulation (as long as 
the formulations abide by certain 
rules that define foundational fea-
tures of quantum mechanics).

The new experiment used pho-
tons, produced as entangled pairs, 
as the quantum particles. The re-
sulting observations exceeded the 
constraint predicted by the real-val-
ued formulation by 5.30 standard 
deviations, supporting the assertion 

that complex numbers are needed 
to make the best possible quantum 
predictions. This builds on similar 
conclusions reached by two experi-
ments earlier this year, one of which 
involved Lu and other authors of the 
new paper. But all these tests had 
loopholes. In both previous tests, 
parts of the experiments were locat-
ed close enough together that infor-
mation might have passed between 
the players, which could alter what 
predictions are possible using only 
real numbers.

To close this loophole, called a 
locality loophole, the team spread 
the new experiment over five loca-
tions, each at least 89 meters apart, 
ensuring that information would 
need to travel from one part of the 
experiment to another faster than 
the speed of light to interfere with 
the results. This precaution, Lu says, 
was intended to help rule out the 
possibility that unknown mecha-
nisms — at least, those allowed by 
the current laws of physics — would 
influence the experiment.

“The goal of this kind of experi-
ment is to rule out a class of theory, 
and you haven't really done it if there 
are these loopholes remaining,” says 
William Wooters, an emeritus pro-

Quantum physics continued from page 1

fessor of physics at Williams College 
who was not involved in the paper. 
“It is good to close the loopholes.”

By ensuring events in the ex-
periment happened quickly and far 
enough apart, the researchers say 
in the paper that, given reasonable 
assumptions, they have closed three 
loopholes: locality, independent 
source, and measurement indepen-
dence.

Marc-Olivier Renou, a researcher 
at the Institute of Photonic Scienc-
es in Spain, who was not involved 
in this research and was a co-lead 
author of the Nature paper, says that 
the important loophole of indepen-
dent source can never be absolutely 
closed, but that, in the future, re-
searchers might be able to quantify 
how much the loophole is closed.

“In this paper, they really formal-
ly and very clearly close the locality 
loophole,” says Renou. “But now you 
have a second loophole, which is 
always a matter of belief — you be-
lieve that in your experiment your 
two sources are independent, but 
there is no very absolute way to close 
it. … Someone could always say, ‘Oh, 
no, but actually the state is not cre-
ated at this moment; it was created 
before that.’ And there is absolutely 
no way to rule out these kinds of ex-
planations.”

In the new paper, the researchers 
acknowledge that, without making 
an assumption, “it is impossible to 
rule out all loopholes” because the 
particles’ correlations could result 
from “hidden variables” — some 
strange, unobserved hypothetical 
entities — that have existed since 
the birth of the universe.

The new experiment left open 
the detection loophole, which was 
closed in Lu and his colleague’s pre-
vious experiment. Lu says the team 
hopes to develop new techniques to 
enable an experiment that simulta-
neously closes the loopholes.

Bailey Bedford is a science journalist 
based in the Washington, D.C. area.

History continued from page 2
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“The goal of this kind of experiment is to rule out a class 
of theory, and you haven't really done it if there are 
these loopholes remaining,” says William Wooters.

Data continued from page 3

Mary, also a physicist, took a sort 
of sabbatical in America, freeing 
him up to work on quantum foun-
dations. The resulting two papers 
would, eventually, revolutionize the 
field.

Bell’s first paper, “On the Problem 
of Hidden Variables in Quantum 
Mechanics,” as part of a muck-up 
involving a misfiled manuscript 
and unreturned mail, was not pub-
lished until 1966 — two years after 
his more famous “second” paper. 
In this first paper, which was pub-
lished in Reviews of Modern Physics, 
even though it was anything but a 
review, Bell targeted proofs by von 
Neumann and others that claimed 
to rule out hidden variables. While 
von Neumann’s math was sound, 
Bell acknowledged, the proof was 
fatally flawed because it rested on a 
false assumption that the rules for 
quantum mechanics applied to hid-
den variables.

Toward the end of the paper, 
Bell discussed Bohm’s theorem and 
non-locality. Foreshadowing, he not-

ed that “there is no proof that any 
hidden variable account of quantum 
mechanics must have this extraor-
dinary character” but that it would 
be “interesting, perhaps” to find 
such a proof.

In his second paper, Bell took 
what was a philosophical debate 
and turned it into an experimental 
question. The correlations between 
a pair of entangled particles — how 
often both were polarized vertical-
ly, for example — could be used to 
differentiate local hidden-variable 
theories from quantum mechanics. 
The key was to “ask different ques-
tions of the two particles,” Kaiser 
says. “You start getting a very clear 
quantitative distinction.”

Bell’s inequality puts a limit on 
local hidden-variable theories; with 
correlations above that limit, the 
universe must be quantum. Finally, 
there was a way to tell which theory 
was correct, and whether the uni-
verse obeyed the “local realism” EPR 
longed for. But Bell did not trumpet 
the finding; it was published in a 

prestigious but new journal, Phys-
ics Physique Физика, which would 
shutter just four years later. The 
foundations of quantum mechanics 
were still mostly off-limits, seen as 
philosophy for cranks.

Experiments would eventually 
vindicate Bell, though not as he’d 
hoped: They ruled out local hid-
den variables, and locality as well. 
What they did, however, was prove 
that the foundations of quantum 
mechanics were interesting and 
valuable. “Philosophically-inclined 
physicists have a seat at the table 
now, in a way that they didn't in 
Bohm's day, they didn't in Bell's 
day,” Kaiser says.

Broader recognition outside of 
the physics community has come 
slowly, too. In Belfast, it is illegal to 
name roads after people. So in 2015, 
when a semicircular road at the wa-
terfront was renamed, it was dubbed 
Bell’s Theorem Crescent.

Daniel Garisto is a writer based in New 
York.

scopes in space and start looking, 
we often end up finding a lot more 
than we thought we would,” says 
Dragomir. 

To encourage participation, 4CS’s 
meeting locations rotate between 
the four states from year to year. 
“Even the next state over can be 
300 or 500 miles away,” says David 
Dunlap, a physics professor at the 
University of New Mexico who led 
planning for the meeting. “Some 
people fly, others caravan in cars, 
others send groups of students in 
buses. One way or another, people 
get here.” To increase access, the 
Section waives fees for students 
with limited funding and offers trav-
el grants. This year, the plenary talks 
were broadcast on Zoom.

Over the past 25 years, the meet-
ing’s goals have evolved. When it 
was founded, “the main purpose of 
the meeting was to meet colleagues,” 
Dunlap says. “In the ensuing years, 
more of an effort was made to have 
the meeting be an opportunity for 
graduate students. Then, over the 
past decade, with undergraduate 
research ramping up, we’ve seen the 
makeup of students at the meeting 
shift to 50% graduate students and 
50% undergraduate students.”

This shift to students has shaped 
the meeting’s activities, including 
a crowd favorite: a session for the 
Harry Lustig Award, which offers a 
$1,000 prize for graduate research. 
Three finalists deliver back-to-back, 
30-minute talks, and the winner is 
decided on the spot afterward.

The Section enables collabo-
ration and even resource-sharing 
for students and senior scientists 
alike. For example, its instrument 
exchange program lets researchers 
sell lab instruments to other local 
scientists for far cheaper than new 
equipment. And one initiative funds 
projects that bring physics to prima-
ry and secondary school students, 
particularly from groups under-
represented in the field. Increasing 
representation is a 4CS priority, said 
Pearl Sandick, a physics professor at 
the University of Utah, and Section 
chair.

“I would love to see membership 
grow and reflect the diversity of the 
region,” Sandick says.

To learn more about the Four 
Corners Section, visit engage.aps.
org/4cs.

Abigail Dove is a writer based in Stock-
holm, Sweden.

American, Indigenous, and Hispan-
ic or Latino American students earn 
more physics doctorates today than 
a decade ago — but as a percentage 
of total doctorates awarded, their 
representation remains the same: 
about 6% of doctoral degrees. How-
ever, the percentage of bachelor’s de-
grees awarded to students in these 
groups nearly doubled over that 
same period, from about 9% to 16%.

Corthell is concerned about the 
doctorate-level trend, which has per-

sisted despite an uptick in programs 
intended to support students of 
color pursuing doctorate programs. 
“It’s a shame right now that there 
continue to be a lot of roadblocks 
and obstacles for so many people,” 
she says.

Hispanic and Latino Americans 
now earn nearly 1 in 8 physics 
bachelor’s degrees

Despite limited doctorate-lev-
el progress, Hispanic and Latino 
American students in physics have 
made major gains at the undergrad-
uate level in the last two decades, 
now earning over 12% of physics 
bachelor’s degrees (Fig. 2).

A closer look at the data reveals 
another interesting trend. Since 
1995, the percentage of bachelor’s 

In terms of the percentage of bachelor’s degrees 
awarded to women, every STEM field except 
math and statistics now shows an upward trend.

degrees in physics awarded to His-
panic and Latino American stu-
dents has inched up each year. But 
in 2011, that rate of increase more 
than tripled, outpacing growth in 
the college-age Hispanic and Latino 
population in the U.S.

If this trend continues, physics 
bachelor’s degrees awarded to His-
panic and Latino American stu-
dents could be proportional to the 
college-age Hispanic population in 
a little more than a decade.

In contrast, although about 100 
more Black or African American 
students earn bachelor’s degrees in 
physics annually today than in 1998, 
the percentage of bachelor’s award-
ed to students in this group has de-
clined, from about 5% to just over 3% 
today. This is due in part to a drop 
in the number of physics bachelor’s 
degrees awarded from historically 
black colleges and universities, or 
HBCUs.

Meanwhile, over the past five 
years, an annual average of 24 phys-
ics bachelor’s degrees has been 
awarded to Native American and 
Alaska Native students, about 673 to 
Asian American students, and about 
9 to students who are Native Hawai-
ian or Pacific Islander. Relative to 
their college-age populations, Black 

and African American, Indigenous, 
and Hispanic and Latino American 
students remain underrepresented, 
while white and Asian American 
students are overrepresented (the 
number of bachelor’s degrees award-
ed to Asian American students has 
grown steadily for years) (Fig. 3).

For Corthell, diversity makes 
physics better for everyone. “It feels 
like you’re more included,” she says. 
“In a group that is aware of our dif-
ferences and committed to working 
together, it is, I’ve found, very suc-
cessful — we can bounce ideas off 
each other.”

Where do we go from here?
Enormous questions remain. 

How did the pandemic affect enroll-
ment? Which students did the crisis 
impact most? It will be years before 
we have a complete picture, in large 
part because of the lag in IPEDS 
data collection.

For Corthell, data-sharing is the 
first step. She also wants the com-
munity to do what’s needed to make 
physics an inclusive, welcoming 
environment. She encourages phys-
ics educators to use resources pub-
lished by the Effective Practices for 
Physics Programs initiative, or EP3, 
and the initiatives of the APS Inclu-
sion, Diversity, and Equity Alliance 
program.

“I just want everyone to have the 
opportunity to find their enjoyment 
in physics,” says Corthell.

Liz Boatman is a staff writer for APS 
News.
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istence. 
Necib believes the stream, 

dubbed “Nyx” after the Greek god-
dess of night, might be the remnant 
of a dwarf galaxy that collided with 
the much larger Milky Way billions 
of years ago. To study the stream, 
her team merged particle physics 
with cosmological simulations, data 
from star catalogs, and machine 
learning — a groundbreaking com-
bination of tools. They published 
their results in Nature Astronomy.

Necib credits a few other phys-
icists for her successes — “in par-
ticular, several women,” including 
Anna Frebel and Tracy Slatyer at 
MIT and Mariangela Lisanti at 
Princeton University. Mentors as 
much as colleagues, these women 
helped Necib adjust to her new fac-
ulty role at MIT, which she started 
during the pandemic and with a 
newborn baby, she says.

Necib grew up in Tunisia, a small 
country on Africa’s northern coast, 
where she says she regularly faced 
sexist expectations for girls’ behav-
ior and ambitions. One night, when 
Necib was 8 years old, her family 
settled in for a movie. The selection? 
“Contact,” starring Jodie Foster, 
who plays a scientist searching for 
aliens. The film opened Necib’s eyes 
not only to the field of astrophysics, 

but to a world in which a woman 
could do astrophysics. 

By the end of the movie, Necib 
had made up her mind: “I’m going to 
do that!”

She set her sights on college in 
the U.S. As an undergraduate at Bos-
ton University, she leapt into diverse 
research opportunities, conducting 
resonance testing of graphene and 
even joining the search for the Higgs 
boson at CERN. Her interest in dark 
matter grew.

During her senior year, at an 
open house hosted by MIT’s phys-
ics doctoral program, Necib struck 
up a conversation with Jesse Thaler, 
a theoretical particle physicist. By 
the end of the chat, Necib knew she 
wanted to be at MIT. 

Necib ultimately asked Thaler to 
be her dissertation advisor. “He was 
so enthusiastic about the work that 
he did. He loved it so much — it was 
kind of contagious,” she says. “Hav-
ing an advisor who really put in the 

Necib continued from page 1

time and effort to help me become 
the physicist that I am changed my 
life.” Necib earned her doctorate in 
2017.

Now in her second year as an 
assistant professor at MIT, Necib 
hopes to change cultural attitudes 
about science careers in Tunisia, 
where certain professions are given 
more weight. She wryly summarizes 
this ranking, starting with the best: 
“Doctor, engineer, lawyer, failure.” 

To topple these perceptions, 
Necib recently teamed up with 
Rostom Mbarek, another Tunisian 
physicist and the Neil Gehrels Prize 
Postdoctoral Fellow at the Joint 
Space-Science Institute. The duo 
just launched an astrophysics pod-
cast entirely in Tunisian Arabic.

In her MIT classroom, Necib 
strives to debunk outdated perspec-
tives on who does physics. 

“I did this experiment last year in 
one of my first-year physics classes 
where I asked my students to name 
physicists,” she recalls. “And all the 
names they came up with were No-
bel Prize winners, but they were also 
all the same old, Albert Einstein-like 
examples.” 

After that session, Necib had her 
class learn about more recent work, 
including the contributions of wom-
en and scientists of color to the field.

One of Necib’s “students” is par-
ticularly young. Her 17-month-old 
son can’t yet say “dark matter,” but 
he has the children’s book “Astro-
physics for Babies,” and they go on 
excursions to Boston’s Museum of 
Science. He’s a bit young for the ex-
hibits — “he’s just impressed with 
the escalator,” she says — but she 
hopes that early exposure will instill 
in him a love for science. 

Meanwhile, her search for dark 
matter continues. She says that, if 
someone else solves the mystery of 
dark matter before she does, it won’t 
phase her. For her, being a physicist 
is “really about the people,” like her 
colleagues, mentors, and students. 

“I know amazing people that are 
doing incredible work,” she says. 
“Feeling that my work is recognized 
fills me with so much joy. I hope to 
pay it forward.”

Liz Boatman is a staff writer for APS 
News.

tronomy department, although one 
more has graduated since, with 
three more in the pipeline, she says. 
This August, Lollie began work at 
Quantinuum, Honeywell’s quan-
tum computing spinoff. Outside of 
physics, she recently picked up the 
violin and has a burgeoning whiskey 
collection. She spoke with APS News 
about her nontraditional path into 
physics.

This interview has been edited for 
length and clarity.

You're from Southfield, Michi-
gan. What was it like growing up 
there?

I grew up in this white picket 
fence neighborhood, one mile out-
side of Detroit, so it was a pseu-
do-suburb with a city feel. Most of 
my family members went to the 
same public schools. I ended up 
going to a private all-girls’ Catholic 
high school, where they bused in 
students from Detroit, and it was 
pretty diverse.

You studied finance as an under-
grad and had a career in banking 
before returning to school to 
pursue physics at age 30. How did 
that play out?

A lot of my family has degrees 
in finance — my older brother, and 
many of my cousins. In high school, 
I envisioned myself on Wall Street 
in one of those $50,000 suits. But in 
college, I heard stories from friends 
after internships about how cut-
throat it was, where they’d get pit-
ted against other interns to produce 
results. I didn’t want to be the type 
of person I needed to become to suc-
ceed in that environment.

But it was too late to change my 
major. So after graduation, I went 
into retail banking in Atlanta, where 
I went to college. After a few years of 
that, I found myself complacent in 
my job, so I went home to Michigan 
to regroup in 2009.

During that time, I saw this phys-
ics paper. To this day, I have no idea 
how I came across it. It was a sem-
inal paper in quantum information 
theory by Bennett and Brassard 
on quantum teleportation. I didn’t 
know what it was, but I wanted to 
study it. The paper mentioned en-
tanglement, and I figured out that 
meant I should study physics. The 
rest is history.

You attended Rose-Hulman Insti-
tute of Technology in Indiana to 
get your second bachelor’s. Were 
you ever intimidated to start 
over?

Rose kicked my butt. I don’t 
want people to think this was an 
easy route. I had taken calculus in 
community college to prepare, but I 

hadn’t ever done computer program-
ming, and I didn’t know about com-
binatorics, linear algebra, or all sorts 
of math until I got there.

But whether you want to be spir-
itual or practical about it, some 
things are just meant to be. I knew 
this is what I wanted to study. There 
was no quitting. If I failed a class, I 
would say to myself, “Okay, I’ll take 
it again next quarter.” It was like a 
train coming down the tracks, and it 
wasn’t going to stop — I had to get 
those next tracks laid down.

What kept you motivated?
The haters. It’s cliché, but it’s 

true. At Rose, I remember I was frus-
trated because I was working hard 

Lollie continued from page 1

and was like, “Why can’t I get this 
stuff?” One professor said, “Maybe 
you have a learning disability.” His 
first thought when he had a strug-
gling student was that something 
must be wrong with me, rather than 
his teaching.

I would fail these classes, and I 
remember thinking, “I'm stupid.” 
But I realized a lot of the students 
at Rose had seen and studied this 
math in high school. A lot of their 
parents were educators, engineers, 
or scientists. I did not have the 
preparation that they had. Once I 
recognized that I just wasn't dealt 
a fair hand, that kept me motivated. 
And I had teachers who really per-
sonally invested in me.

In graduate school at Indiana 
University, one of my mentors was 
Garfield Warren, and you would 
see him literally on the floor with 
students going over problems. He 
would give students the confidence 
that they could learn.

You’ve mentioned your grand-
mother’s influence on your life in 
other interviews. Can you tell me 
more about her?

My grandmother is sharp as a 
tack. She was born in 1928, and she 
grew up picking cotton in Mississip-
pi. That was the only job she could 
find, pricking her hands on the 
plants in the heat of the day for lit-
tle payment. I tell this to show that 
this is a modern story, not ancient 
history. My grandfather had an in-
dustrial job in Mississippi, and the 
two of them had to save up together 

to move to Detroit in the 1940s.
As I get older, I appreciate more 

what my grandmother had to go 
through. My grandmother didn't get 
a college education, while my moth-
er has two degrees. If I couldn't find 
myself doing my degree for myself, I 
would think about my mother and 
my grandmother.

My grandmother attended my 
Ph.D. graduation this year. After I 
got my diploma, I just handed it to 
her. It was an honor to be able to 
show her that her life means more 
than perhaps she had thought.

What was your Ph.D. research?
My research was mainly exper-

iments in quantum communica-

tion with photons. I was studying a 
particular intrinsic property of light 
called orbital angular momentum. 
This property imparts a twist to the 
light that we studied via the light 
beam’s spatial profile.

You can store information in this 
twisting of the light. We wanted 
to use orbital angular momentum 
to build an encryption protocol to 
send a secret message between two 
parties, Alice and Bob, through a 
special fiber. But as light travels 
through this fiber, its spatial profile 
gets distorted, and it appears to lose 
information. My goal was to see if 
we could use machine learning to 
match a distorted beam with a clean, 
original version, and in that way, re-
trieve the lost message. Through our 
experiments, we found that the pro-
tocol could determine the original 
message from the distorted beams 
with 99% accuracy.

While in grad school, you also 
served as an advocate for students. 
What kind of work did you do?

I took the qualifying exam five 
times. I had to study, stress, and fail 
four times, and on the fifth time, I 
passed it, and way above the thresh-
old required for the Ph.D. During 
this, I was also advocating against 
the qualifying exam along with 
several other students and faculty. 
A 2019 study showed that graduate 
entrance exams like the GRE don’t 
correlate strongly with Ph.D. com-
pletion and limit access to under-
represented groups, and researchers 
are currently studying how qualify-
ing exams might affect disparities 
among students. We got the faculty 
to vote on getting rid of it. It didn’t 
pass, but we heard that it was a close 
vote.

We had several town halls where 
we, the students, worked together 
with the faculty. Now, at LSU, you 
still have to take the qualifying 
exam, but they are considering al-
ternatives that emphasize research 
accomplishments for students who 
take it and don't pass.

Looking back, what’s a piece of ad-
vice you would give your younger 
self?

People, no matter where they are 
in their careers, need to advocate for 
themselves. If you’re afraid, advo-
cate anyway, because otherwise no 
one else will. Some people say, wait 
until you graduate and get a profes-
sorship or a job, and then your voice 
will have weight. But I always say, I 
want my equity now.

Sophia Chen is a writer based in Co-
lumbus, Ohio.

Michelle Lollie as a graduate student at Indiana University, beforel transferring to 
LSU. Credit: Eric Rudd, Indiana University

“During that time, I saw this physics paper. To this 
day, I have no idea how I came across it. … The paper 
mentioned entanglement, and I figured out that meant 
I should study physics. The rest is history." — Lollie 

“It’s a little bit like detective work,” Necib says. “We 
have a lot of observational types of evidence, and 
we’re trying to put all of it together into one picture.”
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How Newton Derived the Shape of Earth
To argue for universal gravitation, Newton had to become a “geodesist.”

BY MIGUEL OHNESORGE

To derive Earth’s figure based 
on this theory, Newton first had to 
calculate the ratio between gravita-
tional acceleration and centrifugal 
force at the equator (a 1-to-290.8 
ratio), based on the period of Earth’s 
diurnal rotation and estimates of 
Earth’s equatorial diameter. Newton 
knew the length of two meridional 
arcs that he could use for this cal-
culation, measured by surveyors in 
England and France. He calculated 
gravitational acceleration at the 
equator from Richer’s pendulum 
measurements at 48°50’ latitude, ex-
trapolating the corresponding value 
at the equator of a homogeneous 
sphere.

Equipped with the ratio, New-
ton faced a problem: How could 
he express mathematically that a 
rotating fluid, whose constituents 
attract according to a certain law of 
gravity, is in a state of equilibrium? 
To answer this, Newton used an in-
genious thought experiment, which 
he had developed in his 1685 “Liber 
Secundus” manuscript: A rotating 

body is in a state 
of hydrostatic 
equilibrium if 
the weight of 
water in two 
channels x and 
y, where x con-
nects the equa-
tor to Earth’s 
center and y 
connects Earth’s 
center to one 
of the poles, is 
identical. Since 
x is affected by 
the centrifugal 
effect, equilib-
rium is fulfilled 
if the overall 

centrifugal “pull” on the equator is 
compensated by a change to the fig-
ure. In other words, the equatorial 
regions need to “bulge up” and the 
poles “flatten” to such an extent that 
the total weight of x and y (i.e., net 
gravitational attraction toward the 
center) is the same. This attempt to 
define hydrostatic equilibrium was 
later named the “principle of canals” 
(Fig. 1).

Newton then used his theory 
of gravitational attraction to de-
rive the figure that a rotating body 
would need to have to balance the 
net attraction on the two columns 
— more precisely, the ratio between 
equatorial diameter and polar axis 
that would fulfill equilibrium. To 
calculate this, Newton determined 
the ratio between polar and equa-
torial surface gravity for the simpler 
case of a non-rotating oblate figure, 
with the axis-diameter ratio of 100-

to-101, arriving at 501-to-500.
If this result is multiplied by 

the length of the two fluid columns 
(100-to-101), we obtain the ratio of 
501-to-505 between the net gravita-
tional forces acting on the polar and 

equatorial fluid columns. Therefore, 
the net gravitational force acting on 
the equatorial fluid column is great-
er than the corresponding net force 
acting on the polar fluid column by a 
magnitude of 4-to-505. So, if a spher-
oid with the dimensions of 100-to-
101 is rotating and in a state of hydro-
static equilibrium, the ratio between 
equatorial surface gravity and cen-
trifugal force must be 4-to-505. 

Since Newton’s premise 
was that Earth is in a state 
of hydrostatic equilibrium, 
he extended this thought 
experiment to Earth. For his 
previously determined 1-to-
290.1 ratio between equato-
rial surface gravity and cen-
trifugal force, he calculated 
a corresponding polar axis 
and equatorial diameter 
ratio of 689-to-692. He con-
cluded that Earth, modeled 
as a homogeneous spheroid 
that rotates with uniform 
angular velocity, must have 
polar and equatorial axes 
with a length ratio of 689-
to-692 to be in a state of hy-
drostatic equilibrium.

He then calculated the 
effective surface gravity for 
this model of Earth — in-
dicated by the length of the 
seconds-pendulum — to 
vary as the square of the 
sine of the latitude. By de-
riving a general latitudinal 
variation, he was no longer 
just concerned with the length ra-
tio between the equatorial diame-
ter and polar axis; instead, he was 
modeling Earth’s overall figure — an 
oblate ellipsoid with an ellipticity 
of 3-to-692 (about 1-to-230.7). Us-
ing the pendulum length at 48°40’ 
astronomical latitude in Paris as a 
reference point, he predicted that 
the pendulum has to be shortened 
by 81/1000 and 89/1000 inches in 
Gorée and Cayenne, respectively, 
to preserve its period — close but 
still inaccurate approximations of 
the measurements (100/1000 and 
125/1000 inches).

Earth’s Figure and Universal 
Gravitation 

Clearly, Newton invested con-
siderable effort in deriving Earth’s 
figure and latitudinal variation in 
surface gravity. Besides presenting a 
novel definition for the hydrostatic 
equilibrium of rotating bodies, these 
results presumed Newton’s theory 
of gravitational attraction. His pre-
dictions only hold if all of Earth’s 
constituent particles mutually at-
tract. Hence, his predictions offered 
a test for the most fundamental and 
novel assumption in Newton’s the-
ory of gravitation: that gravity acts 
universally between all particles 
of matter. In fact, as George Smith 
showed, these predictions are the 
Principia’s only such test.

Newton was aware of this. His 
editor Roger Cotes kept pushing him 
to revise the geodetic results in light 
of new data, and in the second edi-
tion of the Principia, Newton revised 
Earth’s ellipticity from a 689-692 

ratio to a 1-to-230 ratio and added 
a table with detailed predictions of 
measurements for surface gravity 
and surface curvature. Newton re-
vised these predictions again for the 
third edition (Fig. 2).

Were Newton’s geodetic predic-
tions accurate enough to reflect 
their importance in his argument 
for universal gravitation? On a naïve 
reading, the answer is no. When the 

third and last edition of the Princip-
ia was published, Newton had ac-
cess to one arc measurement of the 
latitudinal variation in the length 
of 1° of meridian and five pendulum 
measurements of the variation of 
surface gravity with latitude. The 
arc measurement disagreed with 
Newton’s predictions, seeming to 
indicate that Earth is an oblong, 
rather than oblate, spheroid. Out of 
existing pendulum measurements, 
only Jean Richer’s seemed similar, 
but even that still disagreed with 
Newton’s prediction. The prediction 

also does not match current data: 
Satellite measurements indicate 
that Earth’s ellipticity has a ratio of 
1-to-298.257223563.

However, such a pessimistic view 
of Newton’s geodetic work misses 
important nuances of the Princip-
ia. As George Smith has argued, the 
Principia not only proposes theoret-
ical predictions, but a methodology 
of testing through approximation. 
Newton accepted that his predictions 
would likely be inaccurate because 
he relied on uncertain background 
hypotheses when deriving them. 
The success of the universal theory 
of gravitation, then, should not be 
measured by the immediate agree-
ment between initial predictions 
and measurements. Rather, Newton 
intended that his theory be tested on 
how well it could guide adjustments 
to background hypotheses, leading to 
converging measurements.

In other words, Newton did not 
aim to establish Earth’s figure once 
and for all. Rather, he gave approx-
imations, which would allow for 
adjustments to the assumptions he 
made in his derivation. With New-
ton’s early derivation, for example, 
he assumed the rotating Earth has a 
homogeneous density. But when his 
predictions and Richer’s measure-
ments in Cayenne and Gorée dis-
agreed, he modified this assumption 
in the first edition of the Principia. If 
Earth is denser at its center, he sug-
gested, the ellipticity of Earth’s equi-
librium figure and its surface gravity 
variation will differ.

With this methodology, New-
ton passed the torch to future re-
searchers, inviting them to develop 
hypotheses that would work with 
these initial measurements, and 

could then be tested with 
increasingly precise mea-
surements. 

In line with Newton’s 
methodology, geodesists 
eventually produced con-
vergent measurements of 
Earth’s ellipticity based 
on variation in latitudinal 
surface gravity and curva-
ture. For about two and a 
half centuries, they used 
the theories of gravitation 
and hydrostatic equilibri-
um to model Earth’s figure, 
motion, and constitution, 
and gradually revised these 
parameters in light of new 
measurements. By 1909, all 
major ellipticity measure-
ments converged within 
297.6±0.9, implying that 
density increased inward. 
By 1926, Viennese astron-
omer Samuel Oppenheim 
concluded that these re-
sults offered overwhelming 
evidence for Newtonian 
gravity on Earth, vindicat-

ing both Newton’s theory of gravita-
tion and his methodology.

Miguel Ohnesorge is a doctoral student 
at the University of Cambridge and 
visiting fellow at Boston University’s 
Philosophy of Geoscience Lab. Ohne-
sorge won the APS Forum of the History 
and Philosophy of Physics’ 2022 essay 
contest; this article is adapted from his 
winning essay.

For Ohnesorge’s full essay, sources, and 
reconstruction of Newton’s derivation, 
visit go.aps.org/geodesy. Learn more 
about Ohnesorge’s research at mohne-
sorgehps.com.

I saac Newton’s landmark 1687 
work, “Philosophiæ Naturalis 

Principia Mathematica,”  laid the 
groundwork for classical mechanics, 
describing the laws of gravitation 
and predicting astronomical phe-
nomena, like the movement of plan-
ets. The work changed physics.

But buried in the Principia is an 
often-overlooked triumph: Newton’s 
derivation of Earth’s figure — that 
is, the calculation of its shape, size, 
and surface gravity variation, part 
of a field later known as geodesy — 
which was crucial to his argument 
for universal gravitation. Here, I re-
construct Newton’s derivation and 
its significance.

Newton’s Derivation
Newton began his quantita-

tive derivation of Earth’s figure in 
1686, after learning about work by 
the French physicist Jean Richer. 
In 1671, Richer had traveled to Cay-
enne, the capital of French Guiana 
in South America, and experiment-
ed with a pendulum clock. Richer 
found that the 
clock, calibrated 
to Parisian as-
tronomical time 
(48°40’ latitude), 
lost an average of 
2.5 minutes per 
day in Cayenne 
(5° latitude). This 
was surprising, 
but it could be 
explained by the 
theory of cen-
trifugal motion, 
recently devel-
oped by Christian 
Huygens: The 
theory suggested 
that the centrifu-
gal effect is strongest at the equator, 
so the net effective surface gravity 
would decrease as you moved from 
Paris to Cayenne.

Newton accepted Huygens’s the-
ory but realized it meant something 
strange: If Earth is a sphere and its 
centrifugal effect is strongest at the 
equator, gravity would vary across 
Earth’s surface, and the ocean would 
bulge up at the equator — a proposi-
tion that Newton considered absurd. 

To resolve this, he proposed that 
the solid Earth had behaved like 
a fluid throughout its formation, 
gradually bulging up at the equator 
because of the centrifugal effect. He 
proposed modeling planets as rotat-
ing fluids in equilibrium, where the 
planet’s shape is stable while the 
force generated by its rotational mo-
tion, and the gravitational attrac-
tion between its particles, acts on it. 

Credit: Taryn MacKinney / APS

Fig. 1: Newton’s illustration of 
hydrostatic equilibrium, a state he 
believed Earth to be in. Credit: Newton’s 
“Philosophiæ Naturalis Principia Mathematica”

Fig. 2: Newton repeatedly revised his predictions for 
the measurement of the Earth’s figure.  Credit: Cambridge 
University Library, Newton Manuscripts, MS Add 3965, 450r.
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If Earth is a sphere and its centrifugal effect is strongest 
at the equator, gravity would vary across Earth’s 
surface, and the ocean would bulge up at the equator 
— a proposition that Newton considered absurd.
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