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As I finish my time at Sigma Pi Sigma and the Society of Physics Students (SPS) 
and prepare to return to academia, I am reflecting on why many of us find 
undergraduate physics education so important. It is at the heart of what Sigma 

Pi Sigma celebrates and what SPS works to improve and enhance. There is value in 
knowledge itself. There is value in having more people understand the fundamentals of 
physics, and how to reason through problems is certainly a plus for society. But for many 
of us, our work in education is more about impacting lives.  

College is a transformational time in a person’s life. For most, it is a transition from youth 
to adult, from dependent to independent, from student to professional. Many enter college not 

sure what they want 
to do with their lives, 
yet feeling pressure to 
choose a major and 
plan the next 50 years 
in a few months. As 
if this wasn’t enough, 
students also struggle 
with financial, social, 
and personal issues. 
While these struggles 
are not limited to 
physics majors, those 
who choose to major 
in physics or a related 
field may more likely 

be people who excelled all through K–12. They suddenly face classes in which the average on 
an exam may be at a level considered failing in most majors. If anyone needs help, certainly an 
undergraduate in physics does.

Regardless of the details of the challenges we faced, all of us in Sigma Pi Sigma went 
through the life of an undergraduate in physics. That makes it even more real and more 
personal for us. We see ourselves in these students, and we feel their struggles as though 
they are our own. In my 13 years in academia, I have worked with many students whose 
problems exceeded any I ever went through.  I am happy to say that many of them have 
gone on to successful lives and careers. As is a common theme in Sigma Pi Sigma, only a 
few ultimately earned a PhD in physics. Most went on to a variety of other fields, from 
medicine to Spanish literature. Helping students become professionals is the primary 
reason many of us want to make a difference in undergraduate physics education. 
Regardless of what career path you have chosen, I hope that as a Sigma Pi Sigma member 
or friend, you want to help the students of today.

So as I leave you, I want to remind you of three key ways you can impact the lives of 
undergraduates with an interest in physics through your involvement in Sigma Pi Sigma. 
You can give of your knowledge and time by connecting with students at your alma mater 
or a local chapter (and be watching for information on the new Sigma Pi Sigma mentoring 
network to be launched in the future).  You can come meet the students and share your 
experiences with them firsthand at our Quadrennial Physics Congress in San Francisco this 
November (see page 12 for more information). Finally, you can help support them financially 
by giving to our scholarships, internships, Congress travel fund, and more at donate.aip.org.

It has been an honor to serve as director of our fine organization.  Thank you for all 
that you do, and let’s all keep working to positively impact young lives. r

Impacting Lives
A farewell from the director

by Sean Bentley 
Director (2014-2015), Sigma Pi Sigma and Society of Physics Students

Sean Bentley (in the wizard hat) with Adelphi University students (l to r) Bill 
Miller, Danielle Sofferman, Jess Scheff, Binayak Kandel, Monika Mohacsi, and 
Sajan Shrestha at PhysCon 2012.

The Director’s Space
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Scholar Off to Cambridge
Sigma Pi Sigma member plans a career in astrophysics

by Russell Nay, Correspondent at the University of South Florida’s The Oracle

Sigma Pi Sigma member Michael Calzadilla is the first student from a Florida university 
to win the Gates Cambridge International Scholarship and one of 40 annually selected 
in the United States. The Gates Cambridge International Scholarship, sponsored by the 

Bill and Melinda Gates Foundation, funds graduate work and study abroad programs at the 
University of Cambridge in England. 

Calzadilla, a senior double majoring in math and physics with a minor in astronomy at the 
University of South Florida, holds a 3.98 GPA and is a part of the USF Honors College. He 
began at Cambridge in October, where he plans to obtain his one-year master’s degree before 
returning to the United States to earn a doctorate in astrophysics. 

“Many great minds have walked along the steps of Cambridge, and I’m excited to walk where 
they have walked,” he said.

The first in his family to attend 
college, Calzadilla was not always 
bound for a successful future in higher 
education—even attending college 
was an uncertainty. 

“Out of high school, there was a 
certain pressure to help out at home 
and get a job, so coming to college 
wasn’t a popular idea,” he said. “I had 
to find a lot of mentors, because this is 
uncharted territory being the first one 
in my family to go to college.”

Calzadilla completed research in astrophysics and astronomy at MIT and Harvard, 
received funding from USF to build an astronomy telescope on campus, and revived student 
involvement in Sigma Pi Sigma, one of USF’s major physics clubs.

“The purpose of the telescope is to cap off my astronomy education to show what I’ve 
learned,” Calzadilla said. “Also, so other students in the future don’t have to go off campus to 
do astronomy research.”

Though he still enjoys a number of hobbies such as playing violin, boxing, running, and 
traveling, Calzadilla said his alternate dream job would be to become a concert violinist. His 
interest in math, physics, and astronomy began when he was young and in awe of space 
documentaries.

In the future, he said, he would like to become a professor in astrophysics and get involved 
with public outreach programs to promote scientific learning.

“I would like to be able to do what public figures like Carl Sagan and Neil deGrasse Tyson 
did for me when I was younger,” he said. “Too many Einsteins lived a life doing things in which 
their best abilities weren’t put to use.” r

Michael Calzadilla. Photo courtesy of Lauren Chambers/USF.

Sigma Pi Sigma
         Online
Come check out our 
new and improved website!
www.sigmapisigma.org 

In the News
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Norfolk State University (NSU) has a very small physics 
department, so small that the school tried to get rid of it a 
few years ago. As a physicist, I looked for data and did some 

research about the statistics of our department.
When we were on the chopping block, I started calling other 

state schools in Virginia. I learned that we had graduated fewer 
majors in physics than most of the other schools over the last 10 
years. But we had more African American physics graduates than all 
the other schools combined. 

After convincing the administration to keep the program, I 
started thinking about the students in 
the senior-level physics class I taught. 
They were really good students—too 
good not to be a part of Sigma Pi Sigma. 
I realized that I had to somehow get 
them into the honor society before they 
graduated, so I decided to form a new 
chapter at our school.

Sigma Pi Sigma is the first honor 
I put on my résumé, because it’s a big 
deal. Being part of any honor society is 
a big deal, but physics is special. I think 
students don’t really understand what it 

means to be a physicist in the eyes of the 
rest of society. They get stuck solving their 
mechanics problems for class and forget 
that we’re understanding how the universe 
works. They forget that people have a lot 
of respect for physicists. They forget that 
you can do pretty much anything with a 
physics degree. 

Starting a new chapter, especially in 
a small department, wasn’t easy. It was a real race to get it done, 
and we made mistakes along the way. One student who didn’t 
understand the grade-point requirement was really upset when he 
discovered that his friends were getting in, but he wasn’t. I regret 
that; we should have explained things more clearly.

Thanks to help from the National Office, though, we were able 
to hold our first meeting last year. As we inducted new members, I 
could tell that they understood what it means to be a part of Sigma 
Pi Sigma. One student described his induction in his application 
essay for graduate school. (He got in!)

Together with the Society of Physics 
Students, our chapter is now setting up 
a nice outreach demo program for local 
schools. The students are really excited 
about it. They’re coming up with their 
own experiments. It’s going to be a lot 
of fun.

We’re hoping to use the outreach as a 
recruiting tool. If we can convince even 
one or two students at a local high school 
to study physics at NSU, that would 
double our average. It may even help our 
department to survive. r

Meet the Norfolk Chapter
Small but substantial chapter reminds students that physics is a “big deal”

by Doyle Temple
Professor of Physics and Optical Engineering and Center for Materials Research 
Director at Norfolk State University in Virginia

Doane College Sigma Pi Sigma Induction. Photo courtesy of Steve Feller.

New Chapters

Chartered in 2016

Faculty and students collaborate at the Center for Materials Research 
at NSU. Photo courtesy of NSU Center for Materials Research.

Sigma Pi Sigma congratulates all of its newest chapters!  We 
encourage you to share the story of how your chapter formed. 
Send your story to Radiations at sigmapisigma@aip.org.

• Bridgewater College
• Doane College
• Florida Atlantic University
• Indiana University–Purdue University Fort Wayne
• Mercyhurst University
• Missouri Southern State University
• Norfolk State University
• Saint Michael’s College
• Southern Polytechnic State University
• Xavier University of Louisiana www.sigmapisigma.org 



ConneCting Worlds

ing properties were modified such that the coating 
no longer delaminated from the metal surface and 
conformed somewhat to flexing and ductile defor-
mation. That was accomplished by reducing stress 
in the DLC coating and modifying the properties 
of the proprietary adhesion layer.

During this development period the company 
also developed metal finishing processes which 
provide an adequately smooth edge on hardened 
steel cutouts in mass quantities without hand work-
ing. This process chain, coupled with DLC opti-
mized for wear resistance on metal substrates, led 
to a new product line at GENVAC: ROCK HARD 
Diamond-Like Carbon Coated Guitar Picks.

Although they’re “just” guitar picks, they are 
significant because they actually enable faster 
picking with less effort (something my fellow 
guitar enthusiasts will certainly appreciate ) due 
to the very smooth low-friction “no-drag” surface 
resulting from the hard DLC coating.  Atomic 
force microscopy measurements made at Case 
Western Reserve University show that the thin 
DLC coating reduces the surface roughness of the 
electropolished stainless surface by a factor of 2. 
Also, the coefficient of friction is reduced more 
than a hundredfold, from about 0.78 for stainless 
steel on steel to less than 0.005 for DLC-coated 
stainless steel on steel.

Ultimately GENVAC intends to optimize 
DLC coatings for all metal wear points on the 
guitar, including the bridge, saddle, nut, tuners, 
and even possibly the frets. The elimination of 
wear and reduction in friction at these points will 
significantly reduce if not eliminate detuning 
and string breakage and likely result in a unique 
sound. Many other musical instruments can ben-
efit from DLC as well. r

Building 
a Better 
Guitar Pick

A few years ago I fabricated several stainless steel guitar picks in my 
company’s machine shop. As a long-time guitarist, I loved the flex-free 
feel of the stainless pick, which limited response time during fast pick-

ing runs. But ultimately, the metal-on-metal contact of the hard pick wore 
down the strings and led to string breakage after only a few days of playing.

As a thin film physicist with decades of experience at NASA and in the 
private sector, I’m well aware of the benefits of very hard, very low friction 
coatings for wear applications. I was curious how such coatings could help 
my picks.

My company, GENVAC Aerospace, Inc., specializes in chemical vapor 
deposited diamondlike carbon (DLC) coatings. Over the last 20 years the 
company has developed high-frequency (millimeter wave and terahertz) am-
plifiers. We have made extremely robust DLC-coated infrared lenses for mili-
tary aircraft for more than 15 years.

Our technical team, which had no previous experience working on metal 
coatings, began to modify the DLC deposition process to enable a robust 
coating on metal parts. We hoped to take advantage of numerous wear-resis-
tant coating opportunities in the tool and metal fabrication industries.

I realized that optimizing a DLC coating for a stainless steel guitar pick 
would teach the GENVAC team how to deposit the coating on metals. 
The hardness and very low coefficient of friction attributes of diamondlike 
carbon could also potentially result in a revolutionary guitar pick by sig-
nificantly reducing drag, enhancing playability, and eliminating the string 
breakage problem.

It took several months of iterating through deposition parameters in our 
11,000-square-foot facility on the eastern edge of Cleveland, Ohio, but even-
tually our DLC no longer chipped off the edges of stainless steel guitar picks 
and other three-dimensional steel parts we tested. By early 2015 GENVAC 
had optimized DLC coatings for metals using two processes: plasma-en-
hanced chemical vapor deposition and direct ion-beam deposition. The coat-

Thin film physicist coats steel picks to improve playability

by Gerald Mearini, Sigma Pi Sigma Ohio State Chapter, Class of 
1985, President, GENVAC Aerospace in Highland Heights, OH
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ConneCting Worlds

On November 7, 1940, the Tacoma Narrows Bridge in 
Washington State collapsed during a gale. The remark-
able oscillations of its long and slender center span in 

the months leading up to the catastrophe earned the bridge the 
moniker “Galloping Gertie.”  The disaster is especially well known 
because of dramatic film footage taken the day of the collapse.  
Decades later the film was converted to video formats, but we have 
discovered that the conversion was not always faithful.

Disaster film
The original 16-mm motion picture record of the events was 
created by four people: bridge official Walter Miles; professional 
photographers Barney Elliott and T. Harbine Monroe from the 
Camera Shop in Tacoma; and Frederick Burt Farquharson, an 
engineering professor at the University of Washington and con-
sultant regarding the bridge oscillations.  Typically, the 16-mm 
cameras operated at 16 frames per second when recording silent 
films and at 24 fps when recording sound, though they some-
times ran at speeds slower or faster than those.  In addition to his 
camera, Farquharson had a surveyor’s transit, reference targets 
that he arranged to have set up along the bridge, and a stopwatch 
to determine the period of the oscillations.

On the morning of 7 November, the bridge oscillated verti-
cally until a few minutes after 10 o’clock, at which time Farqu-
harson observed a sudden change to the torsional, or twisting, 
motion captured on film. Elliott filmed Farquharson walking 
near the nodal line—the stationary line about which the twist-
ing occurred—as the professor attempted unsuccessfully to save 
a dog stuck in an automobile stalled on the center span.  The 
bridge withstood the torsional stresses for only about an hour.  At 
11:02 am a 600-foot section of roadway broke loose and fell into 
Puget Sound, and about six minutes later almost all the remain-
ing center span dropped.  Monroe managed to capture part of 
the collapse.

In the early 1960s, physicist Franklin Miller Jr. created a series 
of physics films, distributed in cartridges that played in Tech-
nicolor film-loop projectors.  Miller converted 16-mm footage 
of the bridge collapse to 8-mm format for what became the best 
known of his films.  Most physics teachers and students from the 
1960s, 1970s, and even into the 1980s have a vivid recollection of 
the flickering images cast by the film-loop projector as the bridge 
twisted and collapsed.  Counting frames proves that each 16-mm 
film frame was copied to a single 8-mm film frame.

Silent running
Video formats such as videodisc, VHS, and DVD generate video 
fields at rates near 30 fps. In 1982 physicists Robert Fuller, Dean 
Zollman, and Thomas Campbell produced a videodisc contain-
ing Miller’s film, additional archival film footage, and interactive 
material. The American Association of Physics Teachers (AAPT) 
published some of the material from the videodisc as a VHS video-
tape in 1989 and in both VHS and DVD formats in 2000.

The technicians making the conversion from film to video as-
sumed that all the 16-mm cameras were running at the sound speed 
of 24 fps, and they knew that video displays would operate at 30 
fps. Therefore, they converted every four film frames to five video 
frames by a process known as telecine. As part of the process, video 
scans are interlaced—that is, created in two separate scans, one for 
odd lines and one for even lines—and some video frames are cre-
ated as a hybrid mixture of two film frames. Those techniques are 
intended to make the action appear natural and at normal speed.

When the last torsional vibrations before collapse are stepped 
through frame by frame, the resulting count is 100 video frames 
per oscillation. At a running speed of 30 fps, that is equivalent 
to a period of 3⅓ seconds and a frequency of 18 cycles per min-
ute—values that can be confirmed by watching the video with a 
stopwatch in hand. But the period and the frequency observed in 
the video are definitely wrong.

The Tacoma  
Narrows Bridge
A new look at old video footage
by Donald W. Olson, Steven F. Wolf, and Joseph M. Hook

Collapse
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But subsequent authors have rejected the resonance ex-
planation, and their perspective is gradually spreading to the 
physics community. The user’s guide for the current AAPT 
DVD states the bridge collapse “was not a case of resonance.” 
Bernard Feldman likewise concluded in a 2003 article for 
The Physics Teacher that for the torsional oscillation mode, 
there was “no resonance behavior in the amplitude as a func-
tion of the wind velocity.”

An important source for both the AAPT user’s guide and for 
Feldman was a 1991 American Journal of Physics article by K. Yusuf 
Billah and Robert Scanlan. According to the two engineers, the 
failure of the bridge was related to a wind-driven amplification 
of the torsional oscillation that, unlike a resonance, increases 
monotonically with increasing wind speed. The fluid dynamics 
behind that amplification is complicated, but one key element, as 
described by physicists Daniel Green and William Unruh, is the 
creation of large-scale vortices above and below the roadway, or 
deck, of the bridge. Nowadays, bridges are constructed to be rigid 
and to have mechanisms that damp oscillations. Sometimes they 
include a slot in the middle of the deck to alleviate pressure differ-
ences above and below the road.

The Armistice Day storm
The strong winds in the Tacoma Narrows on 7 November 1940 
were related to a remarkable low-pressure system that followed a 
track across the country and four days later produced the Armi-
stice Day storm, one of the greatest storms ever to strike the Great 
Lakes region. For example, when the storm reached Illinois, the 
headline on the front page of the Chicago Tribune included the 
words “Heaviest winds in this century smash at city.”

Additional details of the film and video analysis can be found 
in the November 2015 issue of The Physics Teacher, which also 
includes further description of the Armistice Day storm and the 
strong winds that earlier had caused the Tacoma Narrows Bridge 
to oscillate, twist, and collapse into the waters below. r

This article was reprinted, with permission, from the November 2015 
issue of Physics Today (volume 68, issue 11). To read the full story 
with a full list of references, see http://scitation.aip.org/content/aip/
magazine/physicstoday/article/68/11/10.1063/PT.3.2991.

In 1949 Farquharson published his stopwatch observations of 
the last oscillations of 7 November 1940; he measured a frequency 
of 12 cycles per minute and a period of five seconds. The frequen-
cy seen in the videos is too high by 50 percent. A “reverse telecine” 
reveals the reason.  The original 16-mm and 8-mm films had 80 
film frames per oscillation, four-fifths the video’s 100 frames per 
oscillation. The frame rate for the original 16-mm camera can 
therefore be calculated as (80 film frames)/(5 s) = 16 fps, the rate 
commonly used for silent 16-mm films.

The surprising conclusion is that viewers playing any of the 
video formats have a mistaken impression of the bridge’s motions. 
Because the telecine conversion was done by assuming that all the 
16-mm cameras were running at the sound speed of 24 fps, the 
video formats show the torsional oscillations significantly sped up 
over the majestic 12-cycles-per-minute oscillations measured by 
eyewitnesses on November 7, 1940.

A different kind of analysis is required for the collapse sequence 
filmed by Monroe. Plan and elevation drawings of the bridge 
provide dimensions and distances that set a length scale for each 
film frame. The filmed accelerations of roadway sections dropping 
into Puget Sound match the acceleration of gravity only if Monroe’s 
16-mm camera was running at 24 fps, the speed assumed for the 
telecine conversion. Therefore, viewers of the video formats see the 
collapse sequence at the speed observed by eyewitnesses 75 years ago.

The rise and fall of resonance
Was the bridge collapse caused by resonance? That assertion 
perhaps first appeared in a newspaper article, “A great bridge falls,” 
published in the New York Times on 9 November 1940: “Time suc-
cessive taps correctly and soon the pendulum swings with its maxi-
mum amplitude. So with this bridge. What physicists call resonance 
was established.” Miller’s film loop included a title screen, “Nov. 7, 
1940, 10:00 AM. Start of resonance vibration of bridge in torsional 
mode.” The textbooks written by David Halliday and Robert 
Resnick in the early 1960s enlivened the section on resonance with 
photographs of the Tacoma Narrows Bridge and concluded that 

the “wind produced a fluctuating resultant force in 
resonance with a natural frequency 

of the structure.”
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Now in its fifth year, the “end of the year holiday picks” fea-
ture highlights five of the most intriguing books that were 
reviewed in the pages of Physics Today. This year’s emphasis 

was on books that are broadly accessible.

To Explain the World: The Discovery of Modern Science 
by Steven Weinberg (Harper/HarperCollins, 2015; 
$28.99; 432 pp.). Why did Aristotle not deduce Earth’s 
sphericity when he saw ships appearing mast-first over 
the horizon? According to author and physics Nobel 
laureate Steven Weinberg, it is because the ancients 
“did not know how to interrogate nature in the sys-

tematic way necessary to wring reliable scientific knowledge from it,” 
writes historian of science and book reviewer Joseph Martin. Instead, 
Weinberg credits the collective efforts of luminaries of the scientific 
revolution for launching “the sequence of scientific discovery that con-
tinues to this day.… Reconstructions of key discoveries made between 
Copernicus and Newton lead into his account of what distinguishes 
the modern scientific attitude from prescientific philosophizing.” To 
historians, Weinberg’s judgment of history by contemporary stan-
dards is “whiggish,” a pejorative term that Weinberg embraces, writes 
Martin. The publisher’s description on the front flap of To Explain 
the World goes even further, calling the physicist’s historical account 
“irreverent.”

Unmaking the Bomb: A Fissile Material Approach to 
Nuclear Disarmament and Nonproliferation by Harold 
A. Feiveson, Alexander Glaser, Zia Mian, and Frank 
N. von Hippel (MIT Press, 2014; $30.00; 296 pp.). 
This book presents a timely and scholarly perspective 
on the issue of controlling highly enriched uranium 
(HEU) and plutonium, “the essential ingredients of 

nuclear weapons,” writes nuclear policy expert and book reviewer 
Matthew Bunn. The book makes clear that “few technical barriers 
exist to reducing stocks of HEU,” writes Bunn, citing the US pro-
gram that led, until 2013, to “1 in 10 light bulbs in the US ... being 
powered by [uranium] from dismantled Russian nuclear bombs.”

Plutonium, however, is a different beast: It’s more costly to handle, 
to secure, and to reprocess into nuclear fuel. The authors recommend, 
among other options, storing the toxic material in geological reposito-
ries. Of relevance to the recent Iran nuclear agreement, the book brief-
ly discusses “‘nuclear archaeology’ techniques that might be useful in 
determining whether countries’ declarations of how much plutonium 
and HEU they have match up with the physical evidence from their 
production facilities.” But by Bunn’s account, it is surprisingly brief on 
the disarmament verification process; for more on verification, see this 
Physics Today news report (December 2015, page 26).

Half-Life: The Divided Life of Bruno Pontecorvo, Physicist or Spy by 
Frank Close (Basic Books, 2015; $29.99; 384 pp.). A handsome, 

charming, and ebul-
lient Italian-born 
physicist, the scion of 

a wealthy, liberal Jewish family, joins the Communist 
Party and flees into Russia’s arms during the Cold War. 
But did Bruno Pontecorvo end up spying for Russia, 
or did he simply carry out pure research on subnuclear 
particles? “Physicist Frank Close can conclude only that the spying is 
likely but not proven,” writes historian of science and book reviewer 
Spencer Weart.

According to Weart, “Close does an excellent job of explaining 
the science and history of nuclear and particle physics” and argues 
that Pontecorvo, had he still been alive, might have received a share of 
the 2002 Nobel Prize in Physics for his theoretical work on neutrino 
oscillation. In bringing “several new source materials to bear,” writes 
Weart, Half-Life is “the most complete and readable biography of a re-
markable individual and his extraordinary response to extraordinary 
times.”

Mondo Nano: Fun and Games in the World of Digi-
tal Matter by Colin Milburn (Duke University Press, 
2015; $28.95 paper; 424 pp.). According to science 
writer and book reviewer William Atkinson, Mondo 
Nano employs several “conceptual filters” to explore 
nanotechnology, including history, military technol-
ogy, speculative fiction, and video games. The inter-

active platform of massive, multiplayer online role-playing games 
allows experts and nonexperts to “rub shoulders” while they “explore 
the possibilities of new ideas such as combat exoskeletons and artery-
cruising nanotherapeutics,” writes Atkinson. Although the scholarly 
methods of Colin Milburn, a professor of English, cinematographic 
technology, and science and technology studies, are “not precisely 
those of the natural sciences,” writes Atkinson, his book is “a thor-
oughly researched, thought-provoking read that offers many points 
to ponder.”

Networking for Nerds: Find, Access and Land Hidden 
Game-Changing Career Opportunities Everywhere by 
Alaina G. Levine (Wiley, 2015; $29.95 paper; 248 pp.). 
In case you’re wondering what the author means by 
“nerds,” her publisher describes the book as a resource 
for “established and early-career scientists and engi-
neers.” Expanding on that description, book reviewer 

Sean Bentley writes that “the aim of her book—to teach students and 
professionals in science and related fields the networking skills needed 
to become leaders—is something I have long promoted as an adviser, 
and director, of the Society of Physics Students and Sigma Pi Sigma.” 
The book “covers a wide variety of topics, from dinner etiquette to 
critical tools for making the most of scientific conferences and so-
cial media,” writes Bentley. Making her case, author Alaina Levine, 
founder and president of a leadership-training business and occasional 
guest blogger for Physics Today Online, notes that professional net-
working is critical for science because it leads to collaborations and 
the exchange of ideas. For students and other job-seeking physicists, it 
might also lead to gainful and rewarding employment.

To see the full story or purchase a book, visit http://scitation.aip.org/con-
tent/aip/magazine/physicstoday/news/10.1063/PT.5.3030. r

ConneCting Worlds

Five Fantastic Physics Books
Physics Today’s selection of books that stood out in 2015

by Jermey N. A. Matthews
Associate Editor, American Institute of Physics in College Park, MD
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In preparation for Sigma Pi Sigma’s 2016 
Quadrennial Physics Congress (PhysCon), 
Kaufman sat down to talk with Nobel laureate 
Eric Cornell about his pioneering work in 
condensed-matter physics. She also delved into 
progress made on supersymmetry and string 
theory by S. James Gates, distinguished professor 
and Center for String & Particle Theory 
director at the University of Maryland. Cornell 
and Gates will be keynote speakers at PhysCon, 
which we cordially invite you to attend!

and His Cool Condensate

Eric Cornell

by 
Rach

el K
aufman

About the Author
Rachel Kaufman is a freelance writer and 
editor based in Washington, DC. Her 
work, on science, arts, business, food, 
health, and more, has been published in 
the Washington Post, National Geographic 
News, Smithsonian Magazine, Scientific 
American, and many other magazines, 
newspapers, and websites. She tweets 
infrequently at @rkaufman.
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What happens when things get cold? Not just scarf-
and-mittens chilly or even midnight-in-Antarctica 
cold—but really, really cold?

Answering that question earned Eric Allin Cornell a 
Nobel Prize.

He, along with Carl Wieman, synthesized in 1995 the 
first Bose–Einstein condensate using a process that cools 
matter to temperatures that seem impossibly low. Even the 
deep vacuum of space is far too warm for Bose–Einstein con-
densate (BEC). Only if you can get to about 170 nK—about 
0.00000017 degrees above absolute zero—do some weird 
things start happening.

Born in Palo Alto in 1961, Cornell 
grew up in Cambridge, Massachusetts, 
where he was “an all-around curious kid,” 
he told Sigma Pi Sigma, reading books 
surreptitiously during class and pondering 
physics brainteasers at night. 

As an undergrad at Stanford Univer-
sity, Cornell majored in physics, “but I 
wasn’t necessarily gelled there,” he told 
Sigma Pi Sigma. “I thought I would pur-
sue something more on the humanities or 
social sciences side.”

Ultimately, it was a job during the 
summers and after school that tipped the 
scales, as well as a year in Asia.

Cornell had taken a year off from col-
lege to study Chinese and teach English in 
Taiwan. He returned from that experience 
realizing that physics was something he enjoyed and was good 
at. He had been spending afternoons and summers working 
with the low-temperature physics groups to earn money. “The 
[physics] classes were OK,” Cornell says. “It was really the after-
school and summer thing that I found so thrilling. That was, I 
would say, really the thing that made me think I wanted to go 
and do physics.” 

After grad school at the Massachusetts Institute of Technol-
ogy, he moved to a postdoc position at JILA, a joint institute 
of NIST and the University of Colorado Boulder. There his 
experience and interest in low-temperature physics led him to 
the discovery that won him his Nobel Prize.

“During those early years in Boulder, I spent a lot of time 
trying to imagine what a Bose–Einstein condensate would be 
like, if we could ever make one,” he wrote. After his postdoc 
ended, he stayed at JILA to work on creating a condensate.

BEC is essentially a new form of matter, predicted by 
Satyendra Nath Bose and Albert Einstein in 1924 to occur 
when atoms are cooled to almost absolute zero. Physicists had 
been struggling to create BEC ever since to confirm Bose and 
Einstein’s theory.

In 1992, when Cornell joined JILA as a professor, “the 
idea of BEC was in the air,” Cornell once wrote. But the most 
advanced cooling techniques of the time were not powerful 

enough to reach the required temperatures.
“We were pretty optimistic in the face of a lot of skepticism,” 

he told Sigma Pi Sigma. “We had some good arguments for why 
it would work.”

Creating BEC at JILA required using laser and magnetic 
traps to bring a cluster of rubidium atoms close to absolute 
zero. Even 10 millionths of a degree above absolute zero is too 
warm to create BEC, so getting the substance cold enough 
took some doing.

Inspired by his advisor-then-supervisor Carl Wieman, Cor-
nell tinkered with equipment using off-the-shelf parts ripped 

from fax machines and CD drives. “It was 
the fastest way,” he said. “If you could put 
something together really fast like that, 
why bother to order some exotic thing that 
might or might not work?”

Speed was an important consider-
ation. By the mid-1990s, skepticism in the 
scientific community had given way to 
excitement; Cornell says he was less worried 
about not succeeding and more worried 
“that people were going to beat us to the 
punch.”

But in 1995, Cornell, Wieman, and the 
JILA team first created and observed BEC. 
Doing so not only confirmed a 71-year-old 
theory, but also opened up a new branch of 
physics.

“As things get colder, their quantum 
mechanical nature tends to get more 

pronounced,” Cornell said. “They get wavier and wavier and 
less like particles. The waves of one atom overlap with another 
atom and form a giant superwave, like a giant, Reagan-esque 
pompadour.”

Hair metaphors aside, BEC is a way for physicists to observe 
quantum phenomena on, as Wieman has said, “an almost hu-
man scale.” The BEC behaves like one giant atom.

For this discovery, Cornell and Wieman shared the 2001 
Nobel Prize, along with Wolfgang Ketterle, whose team at MIT 
created BEC a few months after the JILA team. r

Further reading:
Check out Cornell’s biography at the Nobel Prize site: http://www.
nobelprize.org/nobel_prizes/physics/laureates/2001/cornell-bio.html

Read the lecture he gave upon receiving his Nobel Prize:
http://www.nobelprize.org/nobel_prizes/physics/laureates/2001/
cornellwieman-lecture.pdf

and His Cool Condensate
Eric Cornell. Photo by Brad Baxley, JILA.
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If we are living in the Matrix, Jim Gates will probably be 
the first one to figure it out.

The theoretical physicist, who will give one of the 
plenary talks at PhysCon this year, has spent his entire career 
looking for supersymmetry. It’s a concept tough for many to 
wrap their heads around, but it proposes that all particles have 
partners (that we haven’t discovered yet).

Along the way, Dr. Gates has gotten attention for discover-
ing what he says is computer code in the math of supersym-
metry. Specifically, he said he has found an error-correcting 
mechanism; others have analogized this code to the checksums 

that make the Internet work by ensuring that transmitted 
information is accurate. This find has led him to speculate—in 
a mostly joking way—that we might be living in a giant com-
puter simulation.

What this would mean for our universe is not yet clear. But 
Gates is content to keep looking until he finds out.

Sylvester James Gates, born December 15, 1950, in Tampa, 
Florida, was fascinated by science at an early age. He cites 
books on space travel that his father bought him at age eight 
as sparking his interest. “A world exploded in my head,” he 
said in 2013, “because I could see from these books that these 
tiny points of light in the sky at night were places you could 
go. And somehow in my young mind I knew that mathematics 
and science had something to do with going to those places.”1

A bit character in an episode of the sitcom Make Room for 
Daddy inspired him to set his sights on MIT. Gates told NOVA 
that seeing a smart kid who attended MIT on that show was 
“how I found out that there’s a place you can go to college 
where they only make you study the good stuff,” the good stuff 
being math, science, and engineering.2 

But as he grew older, Gates, who is African American, 
faced racial biases on the road to college. “I had to learn to be 
black,” he said in a 2013 speech. 

A few years prior to Gates discovering MIT, his father left 
the US Army and moved to Orlando, Florida. At that time, the 
army had integrated schools, but Orlando did not.

COLLEGE PARK, MD - JANUARY 29, 2016:  
S. James Gates is pictured outside 
the physics building at the University 
of Maryland, College Park. Photo by 
Sarah L. Voisin/The Washington Post 
via Getty Images.

The Universe 

Supersymmetry expert  
S. James Gates, distinguished 
professor and Center for String 
& Particle Theory director at 
the University of Maryland, 
will be featured as one of the 
keynote speakers at PhysCon. 

According to 
Jim Gates

by Rachel Kaufman
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“Segregation is an interesting phenomenon to experience,” 
he said. “The people that are the minority come to believe 
the things that are said about them…One day on the play-
ground…another African American said, ‘You’re pretty good 
at school.’ And I said, ‘Thank you.’ And he said, ‘But you can’t 
be as smart as a white guy.’”

When it came time to apply to college a few years later, “I 
understood lots of things about the rules of how our society 
worked in those days, and I thought there’s no way in the 
world that I would have the opportunity to go to such a place.” 
He would have stopped himself from applying, but his father 
“literally forced me to fill out the application form.” 3

Gates was accepted. At MIT he earned two degrees, one 
bachelor’s in math and another in physics, and went on to earn 
his PhD there four years later. His dissertation was the first 
written about supersymmetry at MIT, and no professors there 
could help him. Undaunted, he taught himself, earned his 
degree, and moved on to Harvard.

After a number of prestigious research and teaching posi-
tions, Gates landed at the University of Maryland in 1984.

Since then, Gates has been plugging away at supersymme-
try and string theory. His research has been recognized with 
the National Medal of Science and the Mendel Medal, as well 
as an appointment to the President’s Council of Advisors on 
Science and Technology. 

We do not yet know whether string theory or supersym-
metry is true. The first round of experiments at CERN’s Large 
Hadron Collider found no evidence of supersymmetry. But 
that’s just a push to keep going, Gates says.

“String theory is often criticized as having had no experi-
mental input or output, so the analogy to a religion has been 

noted by a number of people,” Gates told NOVA. “In a sense 
that’s right; it is kind of a church to which I belong. We have 
our own popes and House of Cardinals. But ultimately, sci-
ence is also an act of faith—faith that we will be capable of 
understanding the way the universe is put together.”4

And if string theory is correct, so what? Well, Gates admits 
he doesn’t know. But think of scientists like James Maxwell 
who unified electricity and magnetism. “One can imagine 
saying, ‘Professor Maxwell, what do your equations mean?’ He 
would struggle for answers. He would say, ‘Well, you know, 
the electric and magnetic phenomena are not separate, they’re 
part of a unity.’ But beyond that I think he would be rather 
hard-pressed to tell you what it means. One hundred and fifty 
years later we can answer this question very easily. A large frac-
tion of our technological basis rests on his work.”5

“So if string theory is correct, what does it mean? Well, 
one can imagine 150 or 200 years from now some marvelous 
piece of technology that’s beyond my imagining. Maybe it’s a 
transporter from Star Trek, perhaps it’s warp drive, maybe our 
species finally is released from … being contained in a single 
solar system.”6

Until then, Gates will keep looking. r

1   World Science Festival. “The Moth: Go Tell It on the Mountain - Jim Gates”. YouTube 
video, 21:17. December 5, 2013, https://youtu.be/gDCbBWfhJ1o.

2    Gates, Jim. Interview with Joe McMaster. NOVA, Public Broadcasting Service, July 
2003.

3   World Science Festival, 2013.
4 McMaster, NOVA, 2003.
5 Ibid.
6 Ibid.

2016 PhysCon Art Contest

Attendees are invited to submit 2-D and 3-D works of art for judging or display 
in Sigma Pi Sigma’s third Quadrennial Physics Congress (PhysCon) art contest. 

Art Categories

• Congress Theme: Unifying Fields—Science Driving Innovation
•  Congress Site Visits: Inspired by SLAC National Accelerator Laboratory,  

NASA Ames Research Center, and Google X
• General Science

Abstract deadlines and contest details can be found on the PhysCon website at: 
www.sigmapisigma.org/congress/2016.

Images courtesy of AIP.

Here we feature some of the winning pieces from the 2012 PhysCon Art Contest. 
To see larger images of all of the artwork, visit the 2012 website at  
www.spscongress.org/physconprogram/artwork-contest.

Best in Show: 
Pirouette, by Glenn Marsch, 
Grove City College

First Prize: Connecting Worlds
Nothing Going on Here, or So 
It Seems, by Jordan Guzman, 
University of Central Florida

Artists’ Choice & People’s Choice:
Particle Detection in the Search for 
New Matter, A collaboration by 
Christopher Frye and Emily Daniels, 
University of Central Florida
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SLAC Probes Building Blocks of Matter
Looking ahead to PhysCon, Kaufman explores the rich history of the 
Stanford Linear Accelerator Center (SLAC). Congress attendees can 
choose between a site visit to SLAC, NASA’s Ames Research Center, 
and the semisecret Google lab known as X.

Long before there was the Large Hadron Col-
lider and the Relativistic Heavy Ion Collider, 
there was the Stanford Linear Accelerator.

When Stanford’s particle collider opened in 1962, it 
was the longest linear accelerator ever built. It still is. The 
particle accelerator has helped scientists make countless 
discoveries about the tiniest building blocks of our universe; 
three Nobel Prizes have been awarded for discoveries made, 
in part, by scientists working at SLAC.

“There’s no end to the amazing things going on here,” 
says Michael Peskin, a professor of theoretical physics at 
SLAC. 

In 1957, particle accelerators at Brookhaven National 
Laboratory and the University of California, Berkeley, 
were leading the way in discoveries of new subatomic 

particles. Riding that wave, Stanford scientists pro-
posed building an even more powerful collider. It 

would be 2 miles long and be able to accelerate 
electrons to 50 gigaelectronvolts, causing 

by Rachel Kaufman
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them to move much faster than any other 
accelerator of the day. It would also cost 
more than $100 million in 1957 dollars, 
making it, at the time, the most expensive 
nondefense research venture in US history.

Still, researchers were confident that 
the proposed linear accelerator would 
provide answers for physicists, even if the 
answers were to questions that hadn’t been 
asked yet. At one point during a congres-
sional hearing, a senator asked one of the 
accelerator designers, Dr. Edward Ginz-
ton, “Can you tell us precisely why you 
want to build this machine?” Dr. Ginzton 
replied, “Senator, if I knew the answer to 
that question, we would not be proposing 
to build this machine.”

The collider eventually got built and 
almost immediately began producing solid 
science. In 1968, scientists working at 
SLAC discovered quarks for the first time. 
Just a few years later in 1974, SLAC’s Bur-
ton Richter discovered the J/psi particle, as 
did another team at Brookhaven working 
independently. Just a year later a team led 
by Martin Perl discovered the tau lepton. 
These three discoveries would eventually 
lead to Nobel Prizes in Physics.

SLAC Probes Building Blocks of Matter
Around the same time, says Peskin, “Professor William Spicer 

noticed that the synchrotrons here emit X-rays at a rate which is… 
potentially a billion times more intense than one got from the stan-
dard equipment at the time. And so this enabled all kinds of new 
X-ray experiments, which were done here for the first time.” The 
Linac Coherent Light Source, or LCLS, reuses a third of SLAC’s 
old accelerator. (The other two-thirds is dedicated to the FACET 
project, which is an R&D project for experimental beam physics.)

Now, SLAC’s X-ray free-electron laser “has pretty much 
taken over the whole laboratory,” Peskin says. The LCLS, when it 
opened, was a billion times brighter than any other X-ray source 
in existence, says Alan Fry, division director of laser science and 
technology for the LCLS. “It’s the difference between a high-
powered laser and moonlight.” The LCLS also produces extremely 
short pulses that last just a few femtoseconds. “This is the time 
scale on which stuff actually happens at the molecular and atomic 
scale,” Fry says. That means researchers can use the LCLS to cre-
ate essentially stop-motion movies of molecules breaking apart or 
electrons redistributing themselves. Mike Minitti, a SLAC scientist 
whose “molecular movie” of 1,3-cyclohexadiene unfurling was on 
the cover of Physical Review Letters last summer, told the journal 
at the time, “This fulfills a promise of LCLS. Before your eyes, a 
chemical reaction is occurring that has never been seen before in 
this way.”

Because scientists are clamoring for time on the LCLS (SLAC 
runs around the clock almost every day), and because there’s even 
more to be done with X-ray lasers, SLAC is building the LCLS-
II, which will increase the number of X-ray pulses from 120 per 
second to a million per second. LCLS-II is under development now 
but won’t open for another 5 or 6 years. When it does, researchers 
will be able to perform new kinds of experiments in emerging fields 
like quantum chemistry, structural biology, and surface physics, 
potentially leading to new understandings of basic matter, as well 
as new technologies and materials.

SLAC’s equipment is used for more than just probing the prop-
erties of tiny particles. Scientists have studied the bone chemistry 
of Archaeopteryx with SLAC’s synchrotron radiation lightsource 
and revealed hidden text written by Archimedes on a manuscript 
that had later been overwritten with 10th-century Greek Orthodox 
prayers. Other SLAC researchers are helping to develop an experi-
ment that detects dark matter, or hunting for ways to improve 
rechargeable batteries, develop better antibiotics, and even improve 
computer hard drives. 

“It’s always been an exciting place, with people coming up with 
crazy ideas,” Peskin says.

Fry agrees. “This is really only the beginning of the story of 
these machines and what they’re going to be able to do and the sci-
ence they’re going to be able to produce.” r

SLAC National Accelerator Laboratory is home to a 
two-mile linear accelerator—the longest in the world. 
Originally a particle physics research center, SLAC is 
now a multipurpose laboratory for astrophysics, photon 
science, accelerator, and particle physics research. Pho-
to courtesy of SLAC National Accelerator Laboratory.
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 What advice would you give to students 

thinking about attending an upcoming 

Physics Congress? GO!”

–  Gus Hart, Professor at Brigham 
Young University, 2012 attendee
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of the most influential weekends of my 

undergraduate career.”

– Danielle Weiland, 2012 attendee

I had always felt a bit like a ʻpretendʼ 

physicist, or perhaps I didnʼt fit right. 

While Iʼm not working in physics after 

graduation, PhysCon cemented my 

belonging in the science world.”

– Audrey Burkart, 2012 attendee
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Dr. Jocelyn Bell Burnell is the Honorary Chair of the 2016 Physics Congress. Best known 
for her pioneering work on the discovery of radio pulsars, Bell Burnell is a Dame 

Commander of the Order of the British Empire, Fellow of the Royal Society, and a 
Fellow of the Royal Astronomical Society. She was a plenary speaker at both 

the 2012 and 2004 Physics Congresses.
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Elegant Connections in Physics

Just over one century ago, on November 25, 1915, 
Albert Einstein presented to the Prussian Academy of 
Sciences the completed version of his general theory 

of relativity. His journey toward that theory had begun in 
1907, was interrupted until 1911, and then continued with 
nonstop intensity until the end of 1915.[1]

Despite the great triumphs of the 1905 papers that introduced 
special relativity through electrodynamics,[2,3] they could not 
be the last word, because they excluded accelerated reference 
frames and gravitation. Those gaps weighed heavily on 
Einstein’s mind after 1905. In 1907 Einstein was asked to write 
a review of special relativity for the prestigious journal Jahrbuch 
der Radioaktivität und Elektronik.[4] He took this opportunity 
to begin extending relativity to gravitation. This effort appeared 
in the last part of the article, Sec. V, which the editor received 
on December 4, 1907. Einstein’s close friend and biographer 
Abraham Pais notes, “It is here that he begins the long road from 
the special theory to the general theory of relativity.”[5]

The “happiest thought”

In 1920, Einstein recalled that his attempts between 1905 and 
December 1907 to extend relativity to gravitation “did not 

satisfy me because they were based on physically unfounded 
hypotheses….Then there occurred to me the happiest 
thought of my life…”[6] That thought was reminiscent of 
the electrodynamics puzzle with which Einstein introduced 
one of the 1905 relativity papers:[2] when a magnet passes 
through a coil of conducting wire, the changing magnetic flux 
as observed in the coil’s reference frame induces an electric 
force on charges in the coil. But an observer aboard the magnet 
sees the coil’s charges carried with nonzero velocity past the 
magnet, experiencing a magnetic force. The electric field can 
be transformed away by a change of reference frame. Einstein’s 
“happiest thought” was his realization that a gravitational field 
could also be transformed away, at least locally, by a change 
of reference frame. In the 1920 manuscript he wrote, “The 
gravitational field has only a relative existence in a way similar 
to the electric field generated by magnetoelectric induction. 
Because for an observer falling freely from the roof of a house 
there exists—at least in his immediate surroundings—no 
gravitational field”(Einstein’s emphasis).[6] In a lecture given 
at Kyoto University in Japan in December 1922 he again 
recalled,[7] “The breakthrough came suddenly one day. I was 
sitting on a chair in my patent office in Bern. Suddenly a thought 
struck me: If a man falls freely, he would not feel his weight. I 
was taken aback. This simple thought experiment made a deep 
impression on me. This led me to the theory of gravity.”

The Journey 
Toward 
General 
Relativity
Part 1: 1907–1912

by Dwight E. Neuenschwander
Professor of Physics, Southern Nazarene University, Bethany, OK
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Elegant Connections in Physics

Since gravity could be transformed away locally by going 
into a free-fall frame, Einstein saw that the principle of 
relativity—the postulate that laws of physics must not depend on 
the frame of reference—when extended to include accelerated 
frames, could be a theory of gravitation. The 1907 Jahrbuch 
paper was his first public attempt to include gravity within the 
principle of relativity.

Uniform acceleration and the relativity of time

Let us follow Einstein’s 1907 treatment of the relativity of time 
and length for a reference frame moving with constant acceleration 
relative to inertial ones. Einstein had at his service the tools of the 
equivalence principle, the principle of relativity, and the results 
of his 1905 papers. He began with kinematics, and with clever 
insight applied his tools to three reference frames. Two of them 
were inertial, and the third one was accelerated. He called them 
S, Sʹ, and Σ, respectively; here I call them the lab frame L with 
coordinates (t,x), the coasting rocket frame CR with coordinates 
(t′x′), and the accelerated rocket frame AR with coordinates (t′′,x′′).
[8] The layout is the usual one found in introductory special 
relativity discussions. The CR frame moves with constant velocity 
v relative to L; the x and x′ axes are parallel and CR moves in 
the direction of +x; and when their origins coincide, the arrays of 
synchronized clocks in both frames read t = 0 and t′ = 0.[9] Thus 
transformations from (t,x) to (t′,x′) coordinates are described by the 
familiar form of the Lorentz transformation:

  t′ = γ(t – vx/c2),  (1)
  x′ = γ(x – vt),  (2)

where γ ≡ (1 − v2/c2) −1/2, and c denotes the speed of light in 
vacuum. With Einstein, we further suppose the AR frame moves 
with acceleration a relative to L, with its x′′ axis parallel to those 
of x and x′, and t′′ = 0 when the three origins coincide, at which 
event the AR begins accelerating from rest relative to L. Hence, 
relative to the lab frame, the location of CR and AR origins are, 
respectively, xCR = vt and xAR = ½at2, and the velocity of each 
rocket relative to L is vCR = v and vAR = at. To first order in v/c 
(an approximation used throughout Sec. V), AR accelerates at 
the same rate a relative to both L and CR.[10]

Designate as E(v) the event were AR has the same velocity 
as the CR moving at speed v relative to L. At event E(v), CR and 
AR are instantaneously at rest relative to one another. Einstein 
asks about the kinematics of AR, relative to L and CR, for a short 
time interval after E(v). If the acceleration a and the time interval 
following E(v) are sufficiently small, then the relation between 
AR and CR is given approximately by the Lorentz transformation.  
Further approximations result by dropping terms quadratic in v/c 
and a.  In 1907 Einstein was willing to sacrifice rigor to get a feel 
for the problem—always a good starting strategy.

With Einstein, we seek the effect of acceleration on 
coordinate transformations between inertial and the AR frames. 
At event E(v), by Eq. (1), for which x = vt, clocks aboard the CR 
frame read time tʹ, where [11]

  t′ = γt (1  – v2/c2)  ≈ t.  (3)

Similarly, for any two spatial points 1 and 2 that are the 
coordinates of events simultaneous in the lab frame, we find 
by Eq. (2), to first order in v/c, that x2ʹ − x1ʹ  ≈  x2 − x1.  Notice 
that the time dilation and length contraction effects of special 
relativity are effectively being ignored; Einstein seeks the effects 
of gravitation as acceleration on kinematics. But the Lorentz 
transformation provides the necessary tool, because the second 
term on the right-hand side of Eq. (1) will turn out to be crucial, 
where v in Eq. (1) will be replaced with at, as we shall see.

Consider next the time interval between t and t + δ, where t 
is the lab time coordinate of E(v), and δ is small. With Einstein, 
we ask about the relativity between L and AR for this interval. 
At some time tʹ within this interval [resetting tʹ = 0 in the CR at 
E(v)], relative to CR the accelerated rocket’s origin is located 
at xʹ = ½atʹ 2 and moves with velocity vʹ  = atʹ. Now transform 
the CR time coordinate to the AR coordinates, assuming the 
acceleration to be modest enough that the transformation is 
approximately Lorentzian within a brief interval after E(v). By 
Eq. (1), we obtain

  tʹʹ = γʹ[tʹ –  (atʹ)(½atʹ 2)/c2]   (4)

so that, to order v/c, tʹʹ  ≈ tʹ – O(a2) ≈ t − O(a2), where O(a2) 
means terms of order a2.[12] Also, as it was between L and CR, 
to first order in v/c, the length contraction reduces to x2ʹʹ − x1ʹʹ ≈  
x2ʹ − x1ʹ.

Now comes the main point. Consider two events, E1 and 
E2.  They are simultaneous in the CR frame if and only if t1ʹ = t2ʹ 
exactly.  By Eq. (1), in terms of lab coordinates this means

  t2 − t1 = v(x2 − x1)/c
2.  (5)

Let E1 be E(v), and let E2 be an arbitrary event that occurs 
shortly after E(v), within the lab time interval t to t + δ. Thus v = 
at1, and by our previous results we may set t2 ≈  t2ʹʹ + O(a2) and 
x2 − x1  ≈ x2ʹʹ − x1ʹʹ.  Equation (5) can now be expressed in terms 
of L-to-AR coordinates as

 t2ʹʹ = t1 [1 +  at1 (x2ʹʹ − x1ʹʹ )/c
2]+ O(a2). (6)

Noting that E(v) occurs at the origin of the AR frame, we set x1ʹʹ 
= 0 and drop the subscripts.  To first order in a we obtain [13]

   tʹʹ =  t (1 + axʹʹ/c2).  (7)

Now comes the punch line: We invoke Einstein’s postulate of the 
local equivalence of acceleration and a gravitational field, and 
set a = −g. In other words, when the AR moves with acceleration 
a in the +x direction relative to the lab, a passenger aboard the 
accelerated rocket cannot locally distinguish this acceleration 
from a gravitational field g in the –xʹʹ direction, where |g| = |a|. 
The gravitational field g and its potential Φ are related by

  Φ(xʹʹ) = − ∫ g dxʹʹ  + const.,    (8)

which yields, for uniform g = −a, Φ(xʹʹ) =  axʹʹ with the 
integration constant set to zero. This turns Eq. (7) into
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  tʹʹ  =  t (1 + Φ/c2).   (9)

In his 1905 relativity papers, Einstein introduced global 
Lorentz invariance, where a unique velocity v describes the 
relative motion between two inertial frames; the same Lorentz 
transformation held everywhere between those frames. But now, 
the local equivalence between accelerated frames meant that 
if he held on to the principle of relativity, then global Lorentz 
transformations would have to go; in general, the Lorentz 
transformation only holds locally. Abraham Pais observed that, 
in 1907, “Others might have shied away from the equivalence 
principle in order to retain the global invariance. Not so Einstein. 
With a total lack of fear he starts on the new road. For the next 
eight years he has no choice. He has to go on.”[14] Pais put the 
1907 Sec. V into perspective. It “does not have the perfection 
of the 1905 paper on special relativity. The approximations are 
clumsy and mask the generality of the conclusions. Einstein was 
the first to say so, in 1911… Despite all that, I admire this article 
at least as much as the perfect relativity paper of 1905, not so 
much for its details as for its courage….”[15]

Despite its shortcomings, Eq. (9) implies predictable 
consequences. Einstein mentioned them in the Jahrbuch 
paper, and revisited them in more detail when he returned 
to this subject in 1911. These include gravitational redshift; 
position dependence of the speed of light in a gravitational 
field, and thus the deflection of light rays by massive bodies; 
and the demonstration that E = mc2 applies to both inertial and 
gravitational mass. Because my space is limited, here I will 
merge his 1907 and 1911 discussions of these applications.

After the 1907 paper, Einstein said no more in public 
about gravitation until 1911.  In the interim he was focused on 
quantum theory and radiation.  His life was busy in personal 
ways, too.  In July 1909 he could finally resign his post at the 
patent office to accept his first faculty position that October, as 
an associate professor of theoretical physics at the University of 
Zürich.  In July 1910 a second son, Eduard, was born to Albert 
and Mileva Einstein.  The family moved in March 1911 when 
Albert accepted his first full professorship at Karl-Ferdinand 
University in Prague.

In Prague, Einstein turned his focus back to gravitation 
with the 1911 publication “On the Influence of Gravitation 
on the Propagation of Light.”[16] He began with a backward 
glance. “In a memoir published four years ago, I tried to answer 
the question whether the propagation of light is influenced 
by gravitation. I return to this theme, because my previous 
presentation of the subject does not satisfy me, and for a stronger 
reason, because I now see that one of the most important 
consequences of my former treatment is capable of being tested 
experimentally.” In 1907 Einstein was thinking of terrestrial 
experiments to measure the gravitational deflection of a light ray, 
and he realized this deflection would be too small to detect with 
such experiments. By 1911 he realized that astronomers looking 
beyond Earth might be able to test it. He continues, “For it 
follows from the theory here to be brought forward, that rays of 
light, passing close to the sun, are deflected by its gravitational 
field, so that the angular distance between the sun and a fixed 

star appearing near to it is apparently increased by nearly one 
second of arc.”[17] He also revisited the 1907 inferences on 
gravitational redshift and whether E = mc2 applies to both 
gravitational and inertial mass.

Gravitational redshift

In the 1907 paper Einstein made a qualitative observation in a 
subsection called “Influence of the Gravitational Field Upon 
Clocks.”  He wrote, “If at a point P of the gravitational field 
Φ there is situated a clock which indicates the local time, then 
according to Eq. (9) its indications are 1 + (Φ/c2) greater than 
the time [t], i.e., it runs 1 + (Φ/c2) faster than in an identically 
constructed clock situated at the origin of coordinates.”[18] 
In 1911 he turned this qualitative comment into a quantitative 
prediction and derived the same result in a much simpler way 
than the path that led to Eq. (9), this time by starting with the 
relativistic Doppler shift for light. The Doppler shift says that 
when a source light at rest relative to the CR gets carried with 
velocity v along the x-axis relative to L, the light’s frequency 
as observed in the lab frame is [19] fmoving = frest γ (1 + v/c)−1. 
Einstein applied this to radiation emitted and detected within a 
uniformly accelerated frame. Let the light be emitted from point 
P1, to arrive at a detector at point P2 some distance h away in 
the same system. If the radiation has the frequency f1 relative 
to the clock at P1, then upon the radiation’s arrival at P2, that 
detector moves with velocity v = at = ah/c = Φ/c (neglecting 
length contraction effects). Therefore, by the Doppler formula 
just mentioned, to first order in v/c the radiation would have a 
greater frequency f2 at P2, 

 f2 = f1(1 + ah/c2)  = f1 (1 + Φ/c2).  (10)

To see consistency with the 1907 result, consider a clock of 
period T1 at location 1, where the gravitational potential is Φ1.  
At location 2 where the potential is Φ2, an identical clock has 
period T2. According to Eq. (9) their periods are related by 

 1 = [T2 (1 + Φ2/c
2)] [T1 (1 + Φ1/c

2)] –1

 ≈ (T2 /T1) [1 + (Φ2 – Φ1)/c
2],  (11)

where the binomial expansion has been used assuming Φ/c2 << 
1. Equations (10) or (11) give the frequency shift,

  (f2  – f1)/f1 =  (Φ2 – Φ1)/c
2,  (12)

the same as Eq. (10). 
Testable predictions follow immediately. In a uniform 

gravitational field Φ = gy, where y1 = 0 is the level of the floor 
and y2 = h is the top of a building, the frequency shift is gh/
c2, the basis of the 1960 Pound-Rebka experiment [20] that 
offered the first precise terrestrial affirmation of gravitational 
redshift.  The atom in the stronger potential emits light of lower 
frequency (longer wavelength).  For the gravitational potential 
about a star of mass M, Φ = –GM/r. If point 2 denotes the solar 
surface where Φ2 = −GM/R (M is the Sun’s mass = 2×1030 kg, 
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R is the solar radius ≈ 7×108 m, and G = 6.67×1011 Nm2/kg2 
denotes Newton’s gravitational constant), and Φ1 ≈ 0 denotes the 
gravitational potential at Earth’s orbit, Eq. (12) gives f2/f1  =  f1(1 
– GM/Rc2) <  f1, or Δf / f1 = 2×10−6.[21] Even though he derived 
Eq. (9) for a uniform gravitational field, in the solar potential 
example Einstein boldly assumed the result also holds for an 
inhomogeneous gravitational field. 

Does E = mc2 hold for gravitational mass?

In September 1905 Einstein had showed that an object of mass m 
corresponds to an energy mc2.[3] He derived this by considering 
a body that emits light and therefore suffers a change in mass. 
That paper was concerned with inertial mass, as signaled by 
its title, “Does the Inertia of a Body Depend on Its Energy 
Content?” Using a result for the relativity of energy derived in 
the June 1905 paper,[2] he imagined a source in the lab frame 
emitting light of energy E above the x-axis at angle φ. As seen by 
the CR frame, the emitted energy is

  Eʹ = γE [1 – (v/c)cosφ].    (13)

Let the AR frame start from rest and accelerate with acceleration 
a relative to a lab frame that has no gravity. At t = 0 when the AR 
frame begins accelerating, it simultaneously emits a light pulse 
of energy E2 from a point at the distance h beyond the AR origin. 
A detector resides at the origin that will receive this pulse of 
radiation. As seen from the L frame, because length contraction 
is assumed negligible, it takes time h/c between the light being 
emitted and absorbed, and upon absorption the AR frame moves 
at speed ah/c relative to L. Applying Eq. (13) and noting that φ = 
180o, Einstein finds, to first order in v/c, that the energy absorbed 
is E1 ≈ E2(1 + ah/c). According to the principle of equivalence, a 
= g in magnitude, and in a uniform field the potential is Φ = gh. 
Therefore, 

  E1 = E2 + E2Φ/c2.  (14)

By virtue of E = mc2, upon reception of the signal the mass 
equivalent has gone from m2 = E2/c

2 to m1 = m2 + m2Φ. Therefore, 
E = mc2 holds for both inertial and gravitational mass.[22]

On the speed of light in a gravitational field

In the June 1905 paper that introduced special relativity,[2] 
Einstein predicted from his postulates the Lorentz transformations 
[23] of the electric field E and the magnetic field B, for inertial 
frames in relative motion with constant velocity v.[2] In terms of 
an unprimed “rest” frame and a primed “moving” frame, to first 
order in v/c the transformations read [24]

 E′ ≈ E + v×B/c     B′ ≈ B – v×E/c. (15)

In the 1907 paper Einstein applied them to the Faraday-Lenz 
and Ampère-Maxwell laws to study the relativity of the speed 
of light in accelerated frames. In the same spirit, but following 
a different (we hope shorter) route, here we apply them to the 
electromagnetic wave equation and draw the same conclusion 

as Einstein. In source-free regions, consider an electromagnetic 
wave traveling in the xʹʹ-direction of the AR frame, with an 
electric field polarized in the y′′-direction and the magnetic 
field in the z′′-direction. An observer in the AR frame writes the 
homogeneous wave equation [25]

 ∂2Eʹʹy/∂xʹʹ 2 – (1/c′′ 2) ∂2Eʹʹy/∂tʹʹ 2 = 0. (16)

Let us transform this to the CR frame shortly after event E(v), 
when the speed v′ of the AR relative to the CR is small, and 
apply Eqs. (15) in the form

 E′′ ≈ E′ + v′×B′/c,     B′′ ≈ B′ – v′×E′/c. (17)

Thus for events nearby in space and time to E(v), the fields in 
the AR will be given by Eq. (15).  With v′ in the x′′-direction, we 
find that Ey′′ ≈  E′y – v′B′z/c. Recalling that dx′′ ≈ dx′ to first order 
in v′/c, and leaving dt′′ alone for the moment, we find 

∂2E′y/∂x′ 2 – (1/c2) ∂2E′y/∂t′′ 2  –  (v′/c)[∂2B′z/∂x′ 2 – (1/c′′ 2) 
∂2B′z/∂t′′ 2] ≈ 0.     (18)

The wave operators for the electric and magnetic field 
components vanish separately, and in each case, the denominator 
that is essentially c2(Δt′′)2 becomes c2(1 + Φ/c2)2(Δt′)2. This says 
that, in the presence of acceleration, and thus in the presence of 
gravitation characterized by the potential field Φ(r), the speed of 
light in vacuum is the position-dependent quantity,[26]

  c(r) = co[1 + Φ(r)/c2],  (19)

where co denotes the speed of light in vacuum without gravity.
Analogous to the speed of light being c/n in a medium of 

refractive index n, the gravitational potential produces, in effect, 
a variable index of refraction, n = (1 + Φ/c2)−1. In the Jahrbuch 
paper Einstein qualitatively observed, “It follows from this 
that the light rays that are not propagated in the [xʹʹ] direction 
are bent by the gravitational field.”[27] In the 1911 paper he 
offered a quantitative estimate of the deflection, beginning with 
Huygens’ principle (Fig. 1a). Consider a plane wave front AA. 
Suppose the speed of light, due to the gravitational potential of 
a nearby body, differs at points 1 and 2, which are the distance ℓ 
apart, with the potential larger at point 1. By Huygens’ principle, 
the wave front after the elapse of time dt is inclined at the angle 
φ relative to AA, where  dφ = (c2 – c1)dt/ℓ or by Eq. (19), in 
terms of arc length, ds = ℓdφ = −ΔΦdt/co = −(∇Φ∙dr)dt/co.[28] 
Thus the deflection per unit path of light ray is dα ≡ ds/(codt) 
= −(∇Φ∙dr)/co

2.  Let a light ray come from infinity and pass the 
Sun (mass M and radius R, Φ = −GM/r) at grazing incidence. As 
shown in Fig. 1b, the angle of deflection follows from

         (20)

the 2 coming from symmetry about the point of closest 
approach. Einstein obtained the numerical value of 0.83 seconds 
of arc (half of what general relativity would predict four years 
later), and concluded, “It would be a most desirable thing if 

α = dr = 2GM
c2 R0c20 r2

GM∫R
∞

2 ;
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astronomers would take up the question here raised. For apart 
from any theory there is the question whether it is possible with 
the equipment at present available to detect an influence of 
gravitational fields on the propagation of light.”[29]

Fig. 1 (a)

Fig. 1 (b)

Fig. 1.  (a) The Huygens wave fronts used to estimate light wave 
deflection. (b) Deflection of a light ray passing the Sun.

An expedition was planned for 1914, but it was cancelled by the 
outbreak of World War I.[30] While the war was a disaster for 
humanity, for Einstein’s measurement the cancellation turned out 
to be fortuitous, for although he did not realize it at the time, his 
1911 result gave the same deflection as Newtonian gravitational 
theory. Newton thought of light as a swarm of particles. In Opticks 
(1704) he asked, “Do not bodies act upon light at a distance, and 
by their action bend its rays…?”  Because m cancels out of F = 
ma when F is the force of gravity, in a uniform field the deflection 
of a particle of light becomes just another projectile problem, and 
becomes a scattering problem with the 1/r potential.[31]  In a 
little-known paper of 1804, Johann Georg von Soldner calculated 
the Newtonian deflection and obtained α = 0.84ʹʹ.[32]

Einstein published two more papers on gravitation-as-
relativity in February and March 1912.[33]  They mark 
Einstein’s first attempt to go beyond gravity as kinematics, into a 
dynamical field theory by trying out the field c(r) ~ Φ(r) of Eq. 
(14).  The 1912 scalar theory did not survive into the final results 
of 1915, but the issues it raised helped prepare the way.  Let us 
say a few words about the February and March 1912 papers.[34] 
The departure from Newtonian theory entered with the crucial 
result, carried over from the 1907 and 1911 papers, that the 
speed of light is a scalar field, where 

  c(r) = co  + Φ(r)/co.  (21)

In Newtonian gravitation theory—a static field theory—the 
potential follows from a mass distribution according to Poisson’s 
equation, ∇2Φ = 4πGρ, with ρ the mass density. Introducing σm 
= ρco

2 as the energy density of matter, Einstein’s ansatz turns 
Poisson’s equation into

  ∇2c = 4πG co
−3σm,   (22)

still a static field theory.  However, a particle of mass m moving 
through the static field would, in Einstein’s 1912 theory, have the 
equation of motion similar to that of special relativity, even when 
the speed of light is a function of position. In special relativity, 
a free particle moves such that the integral of proper time is 
stationary, δ∫dτ = 0, where c2dτ2 = c2dt2 − dr∙dr.  Allowing c to 
be a function of spatial coordinates, this gives [35]

  d/dt(γv/c) = −γ∇c,   (23)

where v = dr/dt (AR frame coordinates, primes dropped) and 
γ = (1 – v2/c2) −1/2. Pais writes, “Einstein was stirred by the fact 
that [the equations of motion] still apply if c is a static field!...It 
is hard to doubt that this insight guided Einstein to the ultimate 
form of the mechanical equations of general relativity, in 
which eq. [δ∫dτ = 0] survives, while [the expression for dτ2] is 
generalized further.”[36]

Pais wonders how Einstein could consider a static gravitational 
field coupled to a dynamic electromagnetic field.  Pais never had 
the opportunity to ask Einstein about this, because he never saw 
these 1912 papers until after Einstein had passed away. So Pais 
imagined that Einstein pushed as far as he could with the simplest 
assumptions possible, until the inevitable contradictions would 
suggest to him the next step.[37] Such an instance came up at 
once.  Since electrodynamics and gravity are coupled through Eq. 
(22), Einstein knew that the mass density of Poisson’s equation 
for Φ would have to be generalized beyond the Newtonian 
paradigm to include the energy density of the electromagnetic 
field. Letting σme denote the sum of σm and the electromagnetic 
energy density σe = ½εoE

2 + B2/2μo, the resulting Poisson equation, 
∇2c = 4πG co

−3σme, unfortunately did not satisfy local energy and 
momentum conservation.[38] The static Newtonian gravitational 
field g carries the energy density σg = −g2/8πG =  – (∇Φ)2/8πG = – 
co(∇c)2/8πG and thus Einstein postulated that

  ∇2c = 4πG co
−3 (σme + σg),  (24)

or in terms of Φ,

 ∇2Φ  + ½ co
−2(∇Φ)2  =  4πG σme,  (25)

a manifestly nonlinear theory. Pais quotes Einstein: “It has been a 
grave decision to make this last modification of the c-field equation, 
Einstein wrote, ‘since [as a result] I depart from the foundation 
of the unconditional equivalence principle.’”  In the absence of 
ponderable matter or electromagnetic radiation, so that σme = 0, Eq. 
(22) becomes ∇2c = 0 in the AR frame, which by the unconditional 
equivalence principle would have to produce ∇2c = 0 in the lab 
frame too.  But if σme = 0 in Eq. (25), then ∇2c ≠ 0, unless the 
region where the equation is applied is so small that the gradient 
of the potential is negligible. Einstein continued, “It seems that 
[the equivalence principle] holds only for infinitely small fields…”  
Pais comments, “This is the dawn of the correct formulation of 
equivalence as a principle that holds only locally.”[39]

With the February and March 1912 papers that Einstein wrote 
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while living in Prague, he saw far enough into gravitation with 
relativity to see that if the principle of relativity was universal, 
then the principle of equivalence and Lorentz invariance could 
hold only locally, equations of motion could nevertheless follow 
from a variational principle, and gravity would couple to itself 
and thus its field equations be nonlinear. But he still lacked the 
language to pull it all together.

In August 1912, Einstein and his family moved back to 
Zürich. In the meantime he decided that the scalar theory 
would not do the job and space, as well as time, had to be non-
Newtonian.  For instance, in the early 1912 papers he mused 
on the possibility that the ratio of a circle’s circumference to its 
diameter might not be π, because of a length contraction when 
the circle spins about its axis. In his Kyoto speech 10 years 
later he recalled, “If all accelerated systems are equivalent, then 
Euclidean geometry cannot hold in all of them…This problem 
remained insoluble to me until 1912, when I suddenly realized 
that Gauss’s theory of surfaces holds the key for unlocking 
this mystery. I realized that Gauss’s [non-Euclidean] surface 
coordinates had a profound significance. However, I did not 
know at that time that Riemann had studied the foundations 
of geometry in an even more profound way.  I suddenly 
remembered that Gauss’s theory was contained in the geometry 
course given by Geiser when I was a student…I realized that the 
foundations of geometry have physical significance. My dear 
friend the mathematician Grossman was there when I returned 
from Prague to Zürich.  From him I learned for the first time 
about Ricci and later about Riemann…”[7, 40]

Marcel Grossman and Albert Einstein were students together 
at the Zürich Polytechnic. Grossman was a mathematician who 
knew tensor calculus.  When Einstein returned to Zürich to 
teach at his alma mater (renamed the ETH in 1911), the former 
classmates got together in a collaboration that was to prove 
fruitful indeed, as we shall see in the next installment. r
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field, we quite naturally utilize the time σ….But if one deals with a 
phenomenon that necessitates the simultaneous consideration of objects 
situated at places of different gravitational potential, then we must 
employ the time σ.” One can interpret our tʹʹ (or Einstein’s σ) as proper 
time for the situation under consideration, and our Eq. (9) [his Eq. (30a)] 
as the low-speed, gravitational field contribution to time dilation. Proper 
time is the time as recorded on the wristwatch of a passenger in AR, 
viz., a passenger in a gravitational field, and t is the time “at the origin” 
(Einstein’s words) as recorded by a clock back at the origin of the lab 
frame (see E. Taylor and J.A. Wheeler’s discussion of local time vs. 
“far-away time” in the Schwarzschild metric, Exploring Black Holes: 
An Introduction to General Relativity (Addison, Wesley, Longman, 
2000), chs. 1, 2. In addition, from the Schwarzschild solution of general 
relativity, the relation between proper time dtp and the time as recorded 
by an observer at some far-away station that receives data from local 
clocks around a star of mass M, for which Φ = –GM/r, the relation 
between proper and far-away time is dtp = (1 – 2MG/rc2)1/2dt ≈ (1 + Φ/
c2)dt, which agrees with our interpretation of Einstein’s 1907 result.
[14] Pais, ref. 1, p. 183.
[15] ibid., 182–183.
[16] Albert Einstein, “On the Influence of Gravitation on the 
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Propagation of Light,” Ann. der Phys. 35 (1911) 898, or The Principle of 
Relativity (ref. 2), 97–108.
[17] The Principle of Relativity, ref. 16, 99.
[18] See Schwartz, ref. 4, paper III, 900–901.
[19] E.g., B.W. Carroll and D.A. Ostlie, An Introduction to Modern 
Astrophysics (Addison-Wesley, 1996), 108.
[20] R.V. Pound and G.A. Rebka, “Apparent Weight of Photons,” Phys. 
Rev. Lett. 4 (7), (1960),  337–401. These authors cited Einstein’s 1911 
paper, ref. 16. See also Taylor and Wheeler, ref. 8, 154–155.
[21] Einstein, ref. 16 (Perret & Jeffrey, tr.), 108.
[22] Einstein, ref. 4 (or Schwartz III, 902) and Einstein, ref. 16 (or Perret 
& Jeffrey, tr., 101–102).
[23] Introduced by H.A. Lorentz in “Electromagnetic Phenomena in 
a System Moving With Any Velocity Less Than That of Light,” The 
Principle of Relativity, ref. 2, 9–34 ([original, Proceedings of the 
Academy of Sciences of Amsterdam, 6 (1904)].
[24] E.g., J.D. Jackson, Classical Electrodynamics, 2nd ed. (Wiley, 1975), 
552. With no approximation the transformations read E′ = γ(E + β×B) – 
γ2(γ+1)−1β(β∙E) and B′ = γ(B − β×E) – γ2(γ+1)−1β(β∙B), where β = v/c.
[25] Here I follow the same strategy as Einstein used on Faraday-Lenz 
and Ampère-Maxwell laws.
[26] Referring back to note [13], in the 1907 paper Einstein uses ∂/∂τ = 
(1 + Φ/c2) ∂/∂σ, equivalent to our method here.
[27] Einstein, ref. 4 (Schwartz III, 902), Einstein, ref. 16 (Perret & Jeffrey) 
107. In the term Φ/c2, one may use either c(r) or co, since they are the same 
to first order in Φ/c2. Einstein used c, I use co for definiteness.
[28] The minus sign appears because Φ gets smaller in magnitude as c 
gets larger, and the gradient points in the direction of increasing Φ.

[29] Einstein, ref. 16, The Principle of Relativity (ref. 16), 108.
[30] W. Isaacson, Einstein: His Life and Universe (Simon & Schuster, 
2007), 202–205.
[31] “Elegant Connections in Physics: Starlight Deflection in Newtonian 
Mechanics,” SPS Observer, www.spsnational.org/the-sps-observer/
physics-connections.
[32] J.G. von Soldner, Berliner Ast. Jahrbuch (1804), 161; see also Pais, 
ref. 1, 194.
[33] A. Einstein, “Lichtgeschwindigkeit und Statik des Gravitationsfeldes,” 
Annalen der Physik 38 (1912) 355–369; “Zur Theorie des Statischen 
Gravitationsfeldes,” Ann. der Phys. 38 (1912) 443–458.
[34] See Pais, ref. 1, 201–206.
[35] δ∫dτ = 0 is a problem in the calculus of variations.  Let us illustrate with 
one spatial dimension. Write dτ = [c2 – (dx/dt)2]1/2dt, giving the Lagrangian L = 
[c2 – v2]1/2 so that the Euler-Lagrange equation, ∂L/∂x = d/dt(∂L/∂v), gives –(dc/
dx) = d/dt(γv/c). Generalizing to three spatial dimensions yields Eq. (23).
[36] Pais, ref. 1, 203.
[37] Ibid., 204.
[38] The electromagnetic field carries energy density σe and momentum 
density S/c2  where S = (E×B)/μo is Poynting’s vector [e.g., see David 
Griffiths, Introduction to Electrodynamics, 2nd ed. (Prentice-Hall, 
1999), ch. 8].  If the charged particles are also coupled to gravity, 
energy and momentum conservation are not accounted for only by the 
electromagnetic field and its coupling to matter; gravitational energy 
density and its current must be included.  
[39] Pais, ref. 1, 205.
[40] Pais, ref. 1, 211–212, offers minor differences in translation as ref. 
7; I have used the Pais translation here. 

Are you looking for talented physics students for 
your graduate program or research experience?

Do you have services or products that interest 
physics students?

Exhibit at PhysCon—the largest 
gathering of undergraduate physics 
students in the world!

www.sigmapisigma.org/congress/2016

November 3-5, 2016 
Silicon Valley, CA



26  Radiations  Spring 2016

“I want to be an electrical-mechanical-chemical scientist!” That was the answer I gave to my 
fifth-grade teacher when she asked me what I wanted to be when I grew up. Come junior 
high school, I quickly learned that physics, the foundational science upon which nearly all 
other of the hard sciences are built, was the passion I had been trying to articulate in my 
answer to that elementary-school question.

Electrical engineering was another obvious passion; I taught myself electronics start-
ing in sixth grade. But in high school I was never 100 percent content just knowing “how” 
something worked. I wanted to know “why”! The physicist inside me wouldn’t give up.

In high school I won a grant from the National Science Foundation to build a pulsed-
nitrogen laser and perform experiments with it at the University of Redlands in California. 
I measured the energy transfer between the f luorescent molecules coronene and rhodamine 
6G. After that, it was an easy decision to pursue my undergradu-
ate degree in physics and math at the University of Redlands.

I was a part of research projects every summer through 
college, mainly projects in nuclear physics involving reaction 
cross-section studies. I traveled to the cyclotrons at the University 
of California, Davis, and Uppsala University in Sweden to gather 
data. I then completed my MS in electrical engineering at the 
University of Southern California in Los Angeles.

After working for five years at General Atomics’ DIII-D Nucle-
ar Physics Research Facility in San Diego and nine years at Delta 
Design designing robots for the semiconductor industry, I wanted 
to find a way to marry my passions for both science and art.

That’s when, out of the blue, Disney Imagineering Research 
and Development found my resume. The company ultimately of-
fered me a job as a Principal R&D Imagineer at the Walt Disney 
Imagineering headquarters in Glendale, California.

There are few, if any, places better in the world for marrying science and art together. 
Since I was a child it had always been a dream of mine to be a part of this exclusive group 
and make wonderful things that bring people joy.

Although most of what I design now is secret and must be kept confidential until the 
projects hit the public eye, I can say that designing things that haven’t been done before, or 
even thought of before, all begins with physics.

In this work environment it’s not uncommon to hear “You’re up against physics on this 
one,” or “We’ve run out of physics!” That’s when using physics in creative ways comes heav-
ily into play. It’s amazing to see an effect come to life based on putting a few key principles 
of physics together to create a bigger whole.

Now, many years into my career, I’m blessed to work with some of the best scientists, 
engineers, and artists the world has to offer. And it all started with my love of physics. r

The Imagineer
Joel Peavy
Principal R&D Imagineer, Walt Disney Imagineering, Research & Development, Inc.
Sigma Pi Sigma University of Redlands Chapter, Class of 1995

Photo courtesy of Joel Peavy.

“I wanted 
to know 
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Throughout my childhood and continuing into high school, I loved and excelled at science and 
math. When it came time for college, I thought about engineering, but my true passion was pure sci-
ence. So I went early decision to Rensselaer Polytechnic Institute (RPI), where I majored in physics.

I was not completely sure of my future in physics, but I figured I would see where things 
took me. The study of physics was intellectually challenging and completely fulfilling, and I 
made sure to take a broad variety of coursework outside my major, such as electives in chemistry 
and biology. I also minored in psychology, for really no other reason than I found the subject 
matter intriguing.

In my third year of college, a brother in my fraternity (Sigma Phi Epsilon) told me about 
patent law. I knew nothing of the law at the time, but it sounded fascinating. I decided to let fate 
decide: I would take the LSAT entrance exam, and if I got into a good law school I would go. I 
wound up attending New York University School of Law. 

The most shocking thing about law was that there was no “correct” answer. The law was 
about analyzing human behavior through a lens of history, logic, precedent, and reason, and 
creating arguments for the right answer. Physics had been an excellent training ground, since it 
is fundamentally about thinking creatively to solve complex puzzles.

I graduated magna cum laude from NYU and was offered a job as a law clerk to the chief 
judge of the Court of Appeals for the Federal Circuit in Washington, DC, the court that hears 
all appeals in United States patent cases. As a judicial law clerk, I worked on decisions that 
have shaped patent law, including the case that articulated the process for interpreting patent 
language—Markman v Westview Instruments, Inc.—in which the court held that judges, not 
juries, would evaluate and decide the meaning of the words used in patent claims.

After my clerkship, I joined an intellectual property boutique law firm where I eventually 
became a partner. In 2006, one of my partners and I left in order to start a life sciences patent 
litigation practice within a large general practice firm, Paul Hastings, LLP. We built the practice 
from the ground up and now have over 40 lawyers in our group focused on life sciences patent 
law. Our cases are multimillion- or multibillion-dollar matters involving chemistry, biology, 
and physics. Every day I use the tools I honed in my study of physics and continue to learn new 
science for each of my cases.

Most recently, I have returned to NYU, now as an adjunct professor of law, teaching life sci-
ences patent litigation. My students are, for the most part, former scientists. The class combines 
discussions of science, law, and social policy.

Physics was not an easy major. I remember trying to teach myself vector calculus so I could 
solve problems in an advanced mechanics class, all the while thinking about what life might 
have been like if I’d taken an easier path. But for those of us who love challenges, taking the 
easiest path is, to be blunt, boring. The study of physics trains you to think in a way that lets 
you take on and conquer intellectual challenges. So whatever path you ultimately follow, you 
will have the power not just to succeed, but to do so with a deep understanding of the physical 
world, which keeps everyday life interesting. r

The Patent Trial Lawyer and Professor
Bruce Wexler
Partner, Litigation Department, Paul Hastings, LLP in New York, NY
Sigma Pi Sigma Rensselaer Polytechnic Institute Chapter, Class of 1989

Photo courtesy of Bruce Wexler.
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“I contributed to core technology, and I learned a tremendous 
amount about running a successful Silicon Valley startup.”

I’ve always had two interests: building things and understanding how things work at a 
fundamental level. Growing up I wanted to be an inventor (whatever that meant to a 
5-year-old!), but when I discovered physics I fell in love. After earning my bachelor’s degree 
at the University of California, Irvine, I went for a PhD in experimental particle physics at 
Stanford University.

Building a very complex experimental apparatus to study the fundamental physics of 
neutrinos was extremely exciting. I learned a great deal and enjoyed my time at Stanford 
immensely, but toward the end of my PhD I began to feel that there was an aspect of my 
interests not being satisfied. Being at the center of Silicon Valley had gotten me interested 
in business. 

Then Tesla Motors went public with its first initial public offering the summer before I 
graduated. My advisor was acquainted with the CFO. I applied to the company and got a 
job in battery R&D, though they admitted they were taking as much of a gamble as I was. 
I didn’t know anything but academia, and they didn’t know exactly what to expect from a 
physics PhD.

The gamble paid off. I contributed to core technology, and I learned a tremendous 
amount about running a successful Silicon Valley startup. I even hung out with Elon 
Musk. After 2.5 years I was ready to move closer to starting my own company and joined 
a very early-stage stealth startup as employee number eight. Unfortunately, that startup 
didn’t work out, but it left me in a great place to found my own company.

Throughout my graduate studies and time in industry, a common theme of my work has 
been looking at large data sets obtained from a physical system—whether a neutrino detec-
tor or a car battery—through the lens of physics. I developed a unique set of methods that 

allowed me to extract useful information quickly from such data sets. Interestingly, I haven’t 
needed specific experience in any of the disparate areas in which I’ve worked to make progress 
quickly. This is because of what I learned while running the experiment I worked on at Stan-
ford, which required me to be flexible in dealing with different kinds of data.

Now I have brought my methodology to Tachyus, where I am a cofounder and leading 
research. At Tachyus we have developed a novel approach to optimize oil and gas energy 
production. We call it “Data Physics,” and it has been very successful. The company is 
young. We have an enormous amount of research to do and an enormous amount of 
software to build. I credit our success so far in large part to the skills I learned as a physics 
PhD, which continue to help me develop unique solutions to unsolved problems. r

The Startup Founder
Francisco LePort
Founder and Head of Research, Data Physics, and Hardware at Tachyus
Sigma Pi Sigma University of California, Irvine Chapter, Class of 2002

Photo courtesy of Tachyus.
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Thank You for Helping Awaken the Pi(e)
There is still time for more filling!

Join the force and support student travel  

to the 2016 Quadrennial Physics Congress.

www.sigmapisigma.org/the-pi-awakens
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Radiations
American Institute of Physics College Park
1 Physics Ellipse
College Park, MD 20740

Order your free kit today by going to this web page:
sigmapisigma.org/congress/2016/physcon-fundraising-kits

Order your free kit today by going to this web page:
sigmapisigma.org/congress/2016/physcon-fundraising-kits

LET’S GET TOLET’S GET TO
PHYSCON!

The national offi  ce of the Society of Physics Students and Sigma Pi Sigma 
has fundraising kits for your local chapter that can help fi nance your 
attendance at PhysCon 2016, held November 3-5 in Silicon Valley, CA.


