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Incredibly rare find is now available to the public for ONLY $59!

Ownthe “Gemof theCentury”

For centuries, the “Big Four”—diamonds, rubies, emeralds
and sapphires—ruled the gem world. When tanzanite 

debuted in 1967, it was a sensation. Unlike those other stones,
which are mined all over the world, tanzanite can be found in
only one place on Earth: in the remote Merelani Hills in the
shadow of Mt. Kilimanjaro in Tanzania, Africa.

Gem of the century meets deal of the century. With its 
remarkable rarity and unique gemstone qualities, it’s no wonder
that experts have dubbed it, “the gemstone of the 20th century.”
In recent years, top-quality tanzanite gems have fetched higher
prices at auction than rubies, emeralds or diamonds! But 
because we buy direct and use our own designers, we are able
to offer you this rare beauty for ONLY $59!

What makes tanzanite so irresistible to jewelers and gem
experts? Part of its appeal is the beautiful violet blue color. 
Tanzanite is also trichroic—which means that three different
colors are visible when the stone is viewed from different angles.

A gemstone found only one place on earth, means supply is 
extremely limited. Get your hands on the Karatu Tanzanite Ring
before they’re gone!
Your satisfaction is 100% guaranteed. Experience the rare
beauty of the Karatu Tanzanite Ring for two months. If you’re
not completely awestruck, simply send it back within 60 days
for a complete refund of the sale price. We want you to feel like
you got the deal of the century!

Smar t  Luxurie s—Surpri s ing  Pr ice s™

HUGE SAVINGS
TAKE 85% OFF  THE

KARATU TANZANITE RING
WHEN YOU USE YOUR OFFER CODE

Rating of A+

14101 Southcross Drive W., Dept. KTR1 02, 
Burnsville, Minnesota 55337 www.stauer.comStauer®

Karatu Tanzanite Ring
Offer Code Price Only $59 + S&P Save $340!

You must use the insider offer code to get our special price.

18003332045
Your Offer Code: KTR1 02
Please use this code when you order to receive your discount. 

* Special price only for customers using the
offer code versus the price on Stauer.com
without your offer code.

With over 4,000 sold, we currently have less than 
2,000 in stock!

Henry Platt, past president and chairman of Tiffany & 
Company, called Tanzanite “The most important gemstone
discovery in over 2,000 years.”

“This ring is unbelievable. I've owned some spectacular
high-dollar gemstones in my life and this ring will compete
with any of them!” —Katharine, Shreveport, LA

1 1/5 carats of geniune tanzanite  •  Labcreated white DiamondAura accents  •  .925 sterling silver setting  •  Whole ring sizes 5–10



The sun rises and sets at peak travel 
periods, during the early morning 

and afternoon rush hours and many drivers
find themselves temporarily blinded while
driving directly into the glare of the sun.
Deadly accidents are regularly caused by
such blinding glare with danger arising
from reflected light off another vehicle, 
the pavement, or even from waxed and oily
windshields that can make matters worse.
Early morning dew can exacerbate this 
situation. Yet, motorists struggle on despite
being blinded by the sun’s glare that can
cause countless accidents every year.

Not all sunglasses are created equal.
Protecting your eyes is serious business.
With all the fancy fashion frames out 
there it can be easy to overlook what 
really matters––the lenses. So we did 
our research and looked to the very best 
in optic innovation and technology. 

Sometimes it does take a rocket scientist.
A NASA rocket scientist. Some ordinary
sunglasses can obscure your vision by 
exposing your eyes to harmful UV rays, 
blue light, and reflective glare. They can also
darken useful vision-enhancing light. But
now, independent research conducted by
scientists from NASA's Jet Propulsion Labo-
ratory has brought forth ground-breaking
technology to help protect human eyesight
from the harmful effects of solar radiation

light. This superior
lens technology was
first discovered when
NASA scientists looked to nature for 
a means to superior eye protection—
specifically, by studying the eyes of eagles,
known for their extreme visual acuity. This
discovery resulted in what is now known as
Eagle Eyes®.

The Only Sunglass Technology Certified
by the Space Foundation for UV and 
BlueLight Eye Protection. Eagle Eyes®

features the most advanced eye protection
technology ever created. The TriLenium®

Lens Technology offers triple-filter polariza-
tion to block 99.9% UVA and UVB—
plus the added benefit of blue-light eye 
protection.  Eagle Eyes® is the only optic
technology that has earned official
recognition from the Space Certi-
fication Program for this remark-
able technology. Now, that’s
proven science-based protection.

The finest optics: And buy one, get
one FREE! Eagle Eyes® has the highest cus-
tomer satisfaction of any item in our 20 year 
history. We are so excited for you to try the
Eagle Eyes® breakthrough technology that
we will give you a second pair of Eagle
Eyes® Navigator™ Sunglasses FREE––a
$99 value!
That’s two pairs to protect your eyes 
with the best technology available for 
less than the price of one pair of traditional
sunglasses. You get a pair of Navigators
with stainless steel black frames and the
other with stainless steel gold, plus one
hard zipper case and one micro-fiber draw-
string cleaning pouch are included. Keep
one pair in your pocket and one in your car.

Your satisfaction is 100% guaranteed.
If you are not astounded with the Eagle
Eyes® technology, enjoying clearer, sharper
and more glare-free vision, simply return
one pair within 60 days for a full refund of
the purchase price. The other pair is yours 
to keep. No one else has such confidence 
in their optic technology. Don’t leave your
eyes in the hands of fashion designers, 
entrust them to the best scientific minds on
earth. Wear your Eagle Eyes® Navigators

with absolute confidence, knowing your
eyes are protected with technology that was
born in space for the human race.

Urgent: Special Summer Driving Notice

Slip on a pair of Eagle Eyes® and everything
instantly appears more vivid and sharp. You’ll 
immediately notice that your eyes are more 
comfortable and relaxed and you’ll feel no need to
squint. The scientifically designed sunglasses are
not just fashion accessories—they are necessary
to protect your eyes from those harmful rays 
produced by the sun during peak driving times.

simulation

Eagle Eyes®

Lens

To some, sunglasses are a fashion accessory…

Certified EAGLE EYES® was developed
from original NASA Optic technology 

and was recently inducted into the Space
Foundation Technology Hall of Fame.

14101 Southcross Drive W.,
Dept. EEN39503
Burnsville, Minnesota 55337
www.stauer.com

Eagle Eyes® Navigator™ Sunglasses $99†

Offer Code Price $49 + S&P Save $50
PLUS receive the Navigator™ Gold 
absolutely FREE!—2 pairs for the 
price of one!

18003332045
Your Insider Offer Code: EEN39503
You must use this insider offer code to 
get our special price.

Rating of A+

Smart Luxuries—Surprising Prices™

Stauer®

† Special price only for customers using the offer code
versus the price on Stauer.com without your offer code.

But When Driving, 
These Sunglasses 
May Save Your Life!

Navigator™ Gold Stainless Steel Sunglasses

Navigator™
Black Stainless

Steel Sunglasses

Studies by the National Highway
Traffic Safety Administration

(NHTSA) show that most (74%) 
of the crashes occurred 

on clear, sunny days

Drivers’ Alert: Driving can expose you to more 
dangerous glare than any sunny day at the beach can…
do you know how to protect yourself?

Receive  the Navigator™ Gold 
Sunglasses (a $99 value) FREE! 
just for trying the Navigator™ Black

Fitons available for
$39+S&H
Black or TortoiseShell design
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Albert Einstein sits in the study of his Princeton, New Jersey, 
home in the early 1950s.
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26 All in His Head
Albert Einstein’s genius theories changed the rulebook of physics, and it was all 
thanks to his creative thinking. BY ANDY BERGER

32 Amateur Power 
Citizen astrophotographers use their talent and gear — plus some unconventional 
techniques — to produce brilliant images. Even NASA would be jealous. 

EDITED BY ERNIE MASTROIANNI 

40 The Revolution Will Be Edited 
In the San Francisco Bay Area, the gene-editing technique Crispr-Cas9 is sparking 
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50 The Psychopath and the Hare  
Coming face-to-face with coldhearted criminals set prison psychologist Robert 
Hare on a path to becoming a leading expert on one of humans’ most disturbing 
disorders. BY DANIELLE EGAN

Fred Stein Archive/Archive Photos/Getty Images; 
Personality rights of Albert Einstein are used with 
permission of the Hebrew University of Jerusalem, 
represented exclusively by Corbis Entertainment.
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Becky Lang

It All Starts With
Pausing to Think
I’ve been taking a lot of deep 
breaths lately. It helps get my head 
beyond that looming to-do list. 
There’s something that happens 
in your brain when you fill your 
lungs with as much air as possible, 
then let it slowly escape. Sit still, 
noticing only your breath. Go for 
a run, paying attention only to 
the feel of your muscles firing in 
unison. When you focus the mind 
on one central point — and all else 
falls away — it will open up.

Creative thinking hinges on this 
flow. That’s what lies at the heart 
of two feature stories in this issue: 
Einstein’s thought experiments and 
the gene-editing revolution. 

We break down how a young 
Einstein watched everyday events 
with fresh eyes, questioning assumptions and taking the notion of “if  
this, then that” to the extreme. His outside-the-box thinking drove the 
theories that would define a new physics playbook. (See page 26.) 

Biologists ended up with a whole new playbook, too, after they 
paused and noticed bacteria making a sneaky little defense move 
against invading viruses. What would happen if  they could re-enact 
that maneuver in the lab? The result is a gene-editing renaissance, 
a powerful tool that’s sweeping through university research centers 
and high school biology labs alike. (See page 40.)

It all starts with stopping to think. What are some shining 
examples of creative thought and how it played out in science? What 
sorts of amazing discoveries just seem to bend all kinds of rules? 
Send your favorites my way at editorial@discovermagazine.com.

facebook.com/DiscoverMag
twitter.com/DiscoverMag
plus.google.com/+discovermagazine
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EGGHEAD
Look closely at this mass of frog eggs — there’s more than meets the eye. At an Austrian pond, photographer Ewald Neffe documented a 
remarkable annual breeding event, when all male moor frogs transform from dull brown to electric blue. That’s when he noticed one pile of 
eggs had something extra: a big blue male with large yellow eyes, emerging from the water. Researchers conclude that the frogs change color 
not to attract females, but to signal to other males that they’re just one of the guys.  ERNIE MASTROIANNI; PHOTO BY EWALD NEFFE
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 Digging Up
Gravity
Japanese researchers go underground 
to detect gravitational waves.

A new window to the cosmos is open, 
now that the Laser Interferometer 
Gravitational-Wave Observatory (LIGO) 
Scientific Collaboration has detected 
Einstein’s long-predicted gravitational 
waves. LIGO’s detectors, based in 
Washington state and Louisiana, will soon 
be joined by another instrument trying 
to net these elusive ripples in space-time. 
Experts hope to start test operations this 
year at Japan’s Kamioka Gravitational Wave 
Detector (KAGRA); observational data is 
expected by March 2018.  TIM HORNYAK

Unlike LIGO’s ground-
level observatories, 
KAGRA is underground 
to protect it from 
surface seismic activity. 
A tunnel heads straight 
into the flank of 
central Japan’s Mount 
Ikenoyama, the site of 
the former Kamioka 
zinc mine and home to 
the Super-Kamiokande 
neutrino observatory.

To learn more about LIGO’s gravitational waves discovery, check out our in-depth coverage at DiscoverMagazine.com/Gravity

The beam splitter connects to the arms via segments 
like this one.

The central chamber houses the beam splitter, which 
divides an incoming laser into two perpendicular beams. 
After traveling down the arms and reflecting back up 
via mirrors, the beams are recombined. Any passing 
gravitational wave will alter the pattern, which the 
interferometer will pick up.

This dim horizontal shaft continues for about one-third 
mile, or 1,640 feet (500 meters), before leading to the 
computer server room. Beyond that is a larger chamber 
where other tunnels converge — KAGRA’s heart.

Principally operated by the University of Tokyo’s Institute for Cosmic Ray 
Research, KAGRA consists of an array of mirrors and laser beams set up in 
an L-shaped tunnel network with two arms just under 2 miles (3 kilometers) 
long. Gravitational waves can cause minute distortions in lasers as they 
travel back and forth along the vacuum pipes. The interferometer detects 
these distortions.
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Just under 40 feet (12 meters) long and about 31.5 inches 
(80 centimeters) in diameter each, the 250 segments of one of KAGRA’s 
arms extend into the distance in this westward tunnel. Digging 
the shafts, located over 650 feet (200 meters) below ground, took 
20 months.

The mirrors here are silica, with a film that keeps particles from 
clinging to the surface. But once test operations are done and KAGRA 
is up and running, the mirrors will be made of sapphire and cooled 
to minus 424 degrees Fahrenheit, to prevent heat from distorting 
the lasers. They’ll help researchers hunt for gravitational wave signals 
below 100 Hz, the frequency where traces of black hole mergers 
can be found. KAGRA’s designers chose sapphire mirrors because 
they can withstand the necessary extreme cooling.

Ask Discover

Visit DiscoverMagazine.com/Ask for more 
answers. To submit a question, send an 
email to Ask@DiscoverMagazine.com

Q Is there any difference between 
washing our hands with bar soap or 

liquid hand wash? Would it be better if 
we wash with both soap and hand wash 
at the same time?

— Rowena Kong, Vancouver, Canada 

A  The debate over whether bar or liquid 
is best has been ongoing for decades, 

but a 2006 study nearly put an end to bar 
soap’s clean credentials. It found that the more 
consistently wet the bar soaps were and the 
more they were used, the more potentially 
harmful microbes they hosted.

Counterintuitively, this is because of how 
soap works: When it mixes with water, the 
soap’s fats break down and lather, increasing 
the solubility of what’s on your skin, including 
bacteria. But water alone can’t remove all 
bacteria, and since some water remains on the 
soap’s surface after you’ve finished washing, 
some bacteria lingers in that water.

Luckily, soap is water soluble, so just rinsing 
the bar reduces bacteria on it. And there’s 
nothing wrong with using it at home, 
where presumably fewer people 
(and their germs) will touch it. 
Still, the Centers for Disease 
Control and Prevention recommends 
people use liquid hand wash to minimize 
the risk of spreading harmful bacteria. 
Even though refilling liquid hand 
wash dispensers can turn them into 
potential havens for microbes, liquid 
still trumps bar in the CDC’s eyes. That’s 
because people can either dispose of 
the dispensers or thoroughly clean 
them before refilling, decreasing the 
chance they’ll harbor bacteria. 

As for mixing the two, CDC 
spokeswoman Brittany Behm 
says, “We don’t think there is 
any reason to use both bar and 
liquid soap simultaneously.” So 
stick to the soap you like best. 

 CLAIRE CAMERON
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Well Wishes 
In Stephen C. George’s Editor’s Note in the April 2016 issue, his last before 
moving on from his Editor In Chief role at Discover, he once again relayed 
a nugget of wisdom to readers that a science teacher had passed on to 
him. One reader had this heartfelt reaction to George’s closing words. 

To Stephen C. George:
Well, rats. I thought YOU were the constant, not so much the change.
I checked my back issues this morning to see how long I’ve received 

Discover — a little longer than the three years of your column — and 
happened to look into the issue (April 2013) where you titled your Editor’s 
Note “Elements of Change,” mentioning the same teacher who changed 
the seating around: “If you complained, Mr. M would simply say, ‘Change 
is the only constant in life. Get used to it.’ ” 

Good stuff, and better yet that you held onto that priceless piece 
of wisdom. I wish you the best and thank you for all your thoughtful 
sharing — and invites to write in. And the readers responded — one happy 
science-driven family. 

Mr. M might have taken it one yard longer, “Change is the only constant 
in life. But good will prevail.” I’m sure you and Becky will agree.

Emile O.
Macungie, PA

A team including 
biologists from Kyoto 
University reported 
that two elephants 

at Japan’s Kamine 
Zoo blast 

gusts 
of air 
through 

their 
trunks to knock 

out-of-reach food 
into their grasp. 
Sounds like your 
leaf blower could 

have some massive 
competition this 
autumn.
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Dwight D. Eisenhower, John F. Kennedy and Lyndon B. Johnson! These 
2015 coins are struck for 3 months each and will never be minted again. Get 

the 8-coin year set at FACE VALUE – limit one set!
SAVE 65% plus receive a FREE GIFT

Order your Complete Uncirculated 8-coin set today at face value of ONLY $8 and 
SAVE 65% off the regular price of $22.95. Plus, respond by deadline and get 

a FREE Uncirculated 2016 Cumberland Gap quarter – featuring a scenic 
natural gap in the Appalachian Mountains near the convergence of Kentucky, 
Tennessee and Virginia, long used by pioneers and settlers. 
    You’ll also receive our fully illustrated catalog, plus other fascinating 
selections from our Free Examination Coins-o    n-Approval Service, from 
which you may purchase any or none of the coins – return 

balance in 15 days – with option to cancel at any time. 
Order your complete 8-coin set and SAVE!

Get a FREE Uncirculated 
2016 Cumberland Gap Quarter

when you order by deadline.

FREE U.S. Mint 
image



CRUXTHE

12  DISCOVERMAGAZINE.COM

CL
O

CK
W

IS
E 

FR
O

M
 TO

P:
 N

AS
A/

JP
L-

CA
LT

EC
H 

(2
); 

N
AS

A/
JP

L/
CO

RN
EL

L 
U

N
IV

ER
SI

TY
/M

AA
S 

DI
G

IT
AL

; N
AS

A/
JP

L-
CA

LT
EC

H

Voyager 1 and 2
Launched in 1977, these spacecraft were 

originally tasked with flybys of Jupiter 
and Saturn to snap photos and gather 
data on temperature and atmosphere 
composition.

Bonus science: After also taking a 
good look at Neptune and Uranus, 
one of them is off to explore 
interstellar space. Voyager 1 left the 
solar system in 2012, and Voyager 2 
will join it within the next few years. 

Why it’s still on the job: NASA can 
update the software from here on Earth. 

Achilles’ heel: The nuclear batteries that 
they run on will eventually deplete — probably 

within the next 10 years. 

 Spirit and Opportunity
The pair of rovers landed on opposite sides of Mars in 2004, 
carrying identical payloads of instruments, including panoramic 
cameras and spectrometers for examining soil. Their original 
assignment, to explore local rocks for signs of past water, was 
meant to last just three months. Although Spirit is now out of 
commission, Opportunity is still going strong.

Bonus science: Spirit was able to trek to a nearby group of hills 
to collect extra data. Opportunity is currently exploring clay-
bearing rocks in Mars’ Marathon Valley for evidence of minerals 
that formed in water. 

Why it’s still on the job: Martian winds clean 
dust from the rover’s solar panels.

Achilles’ heel: Though the rovers were 
designed to handle the Martian sand, 

Spirit shut down in 2011. Its 
wheels outlived their designed 
life span, and some of them 
stopped working. This caused 
Spirit to get stuck in the sand 
in 2009. No longer mobile, it 
couldn’t turn its panels toward 
the sun to recharge and was 
unprotected against winter 
temperatures of minus 67 degrees 

Fahrenheit. NASA heard Spirit’s last 
few beeps in 2010, and in 2011 was 

unable to make contact with it again. 

 Mars Reconnaissance Orbiter
This satellite left Earth in 2005. With its higher-than-a-bird’s-eye 
view of the Red Planet’s surface, it found the strongest evidence 
yet that salty water currently flows on Mars.

Bonus science: The orbiter is now scouting perfect landing spots 
for future spacecraft — including, potentially, some with human 
passengers in the 2030s. 

Why it’s still on the job: It’s equipped with enough fuel to 
operate through 2030.

Achilles’ heel: Moving components — like the metal rings that 
pivot the solar arrays — are likely to break first. 

 WISE
When this satellite launched into Earth’s orbit in 2009, NASA 
equipped it with a four-channel camera and tasked it with 
scanning the whole sky to take pictures of faraway galaxies 
and stars.

Bonus science: Now repurposed as NEOWISE, the craft looks 
for “near-Earth objects” — like asteroids that could collide 
with Earth. 

Why it’s still on the job: The craft is well insulated from both 
the sun’s and Earth’s heat, so the two camera channels that are 
still in commission stay cool enough to keep operating.

Achilles’ heel: The satellite’s orbit will eventually shift, and 
scattered sunlight and earthshine will flood the barrel of the 
telescope, obscuring its view of the heavens. 

Mission: Extendable 
Sometimes spacecraft go above and beyond their primary duties. 

When spacecraft fail, they often fail dramatically. But “if the mission survives 
entry and landing or insertion into orbit, the spacecraft typically lasts two to 
three times longer than planned,” says Richard Zurek, chief scientist for NASA’s 
Mars Program Office. Here are some examples of craft that have lived to enjoy 
missions well beyond their original assignments.  SHANNON PALUS
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If you prefer to be in the driver’s seat while on the road, good! Researchers at Columbia 
University’s Mailman School of Public Health recently concluded that once older adults stop 
driving, their physical function and cognitive abilities often decrease dramatically.

DID YOU 
KNOW?

Sure-footed Progress
Vibrating insoles that could improve balance in seniors 
are inching closer to market.

James Niemi, an engineer at 
Harvard’s Wyss Institute, knew his 
team had the prototype right for a new, 
vibrating insole intended to improve 
balance when it felt like every other 
insole on the market.

We all have neurons in our feet that 
help control balance, but they’re often 
desensitized in seniors. The result: 
poor balance and falls. Thanks to 
past research he’d read about how 
random vibrations could open up 
neural ion channels, Wyss Core Faculty 
member James Collins discovered 
that those vibrations could improve 
seniors’ motor control and balance 
when applied imperceptibly to soles of 
their feet. In 2013, Discover reported 
that seniors standing on the vibrating 
insoles in the lab demonstrated the 
same balance as people in their 20s.

Since then, Niemi has been working 
to make that technology into a product 
people can use. Original prototypes 
included huge, bulky battery boxes 
clipped to the shoe. Now, the insole 
fits into shoes. It can be inductively 
charged — no cords or wires needed, 
like those pads you just set your phone 
on to charge — and a mobile app 
controls the vibrations’ amplitude and 
reports battery status.

Despite the progress, the insole isn’t 
commercially available yet. The Wyss 
Institute is discussing licensing with 
different companies, but the question 
is whether to partner with a traditional 
footwear company or a medical device 
company. Niemi believes the product 
should have FDA approval, a process 
familiar to medical device-makers, but 

footwear companies would likely 
provide better marketing.

Regardless of  which route the 
insole takes to consumers, Niemi 
believes it’ll have the right look. 
“When we finally put it on the 
table, everyone looked at it and 
said, ‘That looks like a boring 
insole,’ ” Niemi says. “That’s 
exactly what we’ve been trying to 
do.”  KATIE BO WILLIAMS

The sleek new version of the balance-enhancing insole can be charged wirelessly. Users 
can control the amplitude of the vibrations and check battery levels with a mobile app.
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James Niemi, lead senior staff engineer at Harvard’s 
Wyss Institute, demonstrates James Collins’ vibrating shoe 
insoles, which help correct the wearer’s balance problems. 
The patented design (left) originally used a bulky battery.
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Latin for “tough body,” 
this mass of more than 
200 million nerve fibers 
helps connect the left 
and right hemispheres 
of the cerebrum, our 
brain’s largest and 
uppermost section. 
This connection allows 
the two hemispheres 
to communicate more 
efficiently. And while 
there’s been much 
debate over whether or 
not women have bigger 
corpus callosa, there’s 
evidence that musicians 
may have the edge: 
Researchers have found 
that starting musical 
training before the age of 
7 can boost connectivity 
in this brain area.
 LACY SCHLEY; ILLUSTRATION BY

CHAD EDWARDS
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When it comes to the next 
president, analysts at the 
Evolution Institute think 
we’re likely to pick the tallest 
candidate, regardless of party 
affiliation. Their recent report 
on voter preference for height 
noted that we haven’t elected 
a 5-foot-7 or shorter president 
since William McKinley.

DID YOU 
KNOW?

W H AT 
THE...?

It’s the bottom of a gecko’s foot, which is covered with 
microscopic hairs called setae. (See close-up on page 11.)

The setae, which together make up the toes’ ridges (inset), each contain hundreds of smaller 
bristles called spatulae, seen in the image on page 11 at nearly 2,000x magnification. 
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THE DRAGON BEHIND THE GLASS: A True Story of  
Power, Obsession and the World’s Most Coveted Fish
By Emily Voigt

At the center of international intrigue, the shimmering arowana is a predator “the 
length of a samurai sword.” It’s the most expensive tropical fish in the world — and 
one of the most endangered. With the taut suspense of a spy novel, Voigt paints a 
vivid world of murder, black market deals and habitat destruction surrounding a fish 
that’s considered, ironically, to be a good-luck charm.  ALL REVIEWS BY GEMMA TARLACH

OTHER PAGES WE’RE TURNING
THE WINTER 
FORTRESS: 
The Epic 
Mission to 
Sabotage 
Hitler’s 
Atomic Bomb
By Neal Bascomb

Science and 
sabotage tangle 
in the snowy 
mountains of Norway at the 
height of World War II in this 
real-life thriller.

THE BIG 
PICTURE: 
On the Origins 
of Life, 
Meaning and 
the Universe 
Itself
By Sean Carroll

Theoretical 
physicist Carroll 
tackles the big questions with 
short, personable vignettes that 
create a mosaic of understanding 
the enormity of Everything.

SILENT 
SPARKS: The 
Wondrous 
World of 
Fireflies
By Sara Lewis

More than 
summer’s 
most 
enchanting evening 
sight, fireflies are creatures 
of complexity, captured here 
with both rigorous science 
and whimsical asides.

DEATH ON EARTH: 
Adventures 
in Evolution 
and Mortality
By Jules Howard

To understand death, 
one must first define 
life — a task that 
proves trickier than you 
might think. Enlisting 
the aid of everyone 
from astrobiologists 
to self-styled 
“deathsplainers,” 
zoologist Howard sets 
off on a fascinating 
and often funny quest 
to answer what life is 
and why it ends.

AMERICA’S 
SNAKE: The Rise 
and Fall of the 
Timber Rattlesnake
By Ted Levin

Found from Texas to 
New England, Crotalus 
horridus is the most 
evolved of the viper 
family, though most 
of us know it only for 
its distinctive warning 
sound. Zoologist Levin 
schools us on all we’ve 
been missing in this 
detailed, delightful 
love letter to one 
of our nation’s less-
adored animals.

PAPER: Paging 
Through History
By Mark Kurlansky

Globe-hopping 
from ancient 
China to the Aztec 
Empire, from 
glamorous Parisian 
cafes to the mills 
of New England, 
Paper weaves 
culture with 
chemistry, and 
politics with 
pulpwood, as it 
chronicles world 
history through that 
wafer-thin product 
we write on.

THE DANCING BEES: 
Karl von Frisch and 
the Discovery of the 
Honeybee Language
By Tania Munz

Intraspecies communication 
is a hot research topic, 
but Karl von Frisch was 
decoding honeybee 
messages long before 
most of today’s scientists 
were born. Set against 
the backdrop of the Third 
Reich, Munz chronicles 
the Austrian ethologist’s 
life and his Nobel-winning 
study of one of the animal 
kingdom’s most intriguing 
forms of interpretive dance.

CHOICE 
OR CHANCE: 
Understanding 
Your Locus of 
Control and Why 
It Matters
By Stephen Nowicki

It was meant to be . . . 
wasn’t it? Everything 
happens for a reason 
. . . doesn’t it? For half a 
century, psychologists 
have studied how an 
individual’s perception 
of control affects 
everything from 
health to relationships. 
Longtime Emory 
University professor 
and clinical 
psychologist Nowicki 
breaks down the 
research with relatable 
anecdotes that will 
make you think twice 
before posting another 
fatalist meme on social 
media. 

Smart 
Summer 

Reads
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For the Lowest Price Plus 
FREE Shipping Call Now

800-281-3208
www.MDHearingAid.com

Use Offer Code CR76 to get FREE Batteries
for a Full Year! ($40 Value!)

   It took me a LONG time to admit I 
had some hearing loss, even to myself.  
The signs were there: Shirley, my wife, 
“mumbled”, everyone complained that 
the TV was too loud, I hated going out to 
eat with our friends because it was too 
noisy to understand anything.

This began to take a toll.  As much as 
I hate to admit it, I became a grump — 
depressed and withdrawn. My daughter, 
Susan, suggested a hearing aid might help. 
She had done some research and said, 
“You’ve got to try the MDHearingAid AIR. It 
was developed by a board-certifi ed doctor 
and it costs less than my new cell phone.”  

The next afternoon bowling, I told 
the guys what my daughter said. Rick 
chuckled, turned his head and said, “Like 
this?”  That son of a gun was wearing 
one! None of us had noticed! After making 
his next spare, he told us all about his 
AIR — the sound is fantastic, the price 
is downright affordable, plus if he had 
questions, he just grabbed the phone to 
call their hearing aid professionals. 

I called MDHearingAid as soon as I got 
home. It’s the best phone call I’ve ever 
made. The AIR worked right out of the 
box and it has changed my life. Goodbye 
grumpy old man, hello new me! Now 
Shirley and I go out with friends, to the 
movies, to church. Heck, it feels like we’re 
newlyweds again. Our morning walks are 
much more enjoyable now that she doesn’t 
have to repeat herself or scream at me.

Thank you, MDHearingAid, for giving 
me back all the best sounds of life!”

Try It Yourself At Home
With Our 45-Day Risk-Free Trial

Of course, hearing is believing and we invite 
you to try it for yourself with our RISK-FREE 
45-Day home trial. If you are not completely 
satisfi ed, simply return it within that time 
period for a full refund of your purchase price.

8 Reasons to Pick Up   
the Phone Today  

1.  Save thousands with America’s 
best-selling hearing aid! 

2.  Free 1-on-1 Expert Support assures 
you of a successful trial

3.  Developed by an Ear Surgeon with 
world-class components

4.  Real Deal – not an inferior ‘amplifi er’
5.  45-Day Risk-Free Trial 
6.  100% Money-Back Guarantee 

7.  FREE Shipping!
8.  FREE Batteries!

You have to hear it 
to believe it! 

The MDHearingAid® AIR offers 
the same advanced technology 

and features of a $3,500 hearing 
aid  — for 90% less.

— Bob Mitchell

“ People are no longer mumbling!

Gave my social life a boost!

  Put the spark back in my marriage! 

I can enjoy time at church, with 
friends, and with my grandchildren! 

Saved me $3,500!

This Doctor-Invented 
Affordable Hearing Aid 

Changed My Life. Here’s How... 

Doctor Designed.  Audiologist Tested. FDA Registered.
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The Fall and Rise  
of String Theory 

→String theory was once the 
hottest thing in physics. In the 

1980s and ’90s, it promised seemingly 
unlimited bounty. Arising from the 
notion that matter and energy are 
fundamentally composed of tiny, 
vibrating strings rather than pointlike 
particles, this theory attempted to 
unify all the known forces into a single, 
elegant package. Some physicists 
hailed string theory as the long-sought 
“theory of everything.”

Harvard University physicist 
Andrew Strominger, a leader in string 
theory for decades, remembers the 
early enthusiasm. “At the time of its 
new popularity,” he says, “there was a 
declaration that we had solved all the 
problems in physics and had the final 
theory in hand.”

Strominger knew, even in the 
euphoric ’80s, that such assertions 
were overblown. And, sure enough, 
skepticism has seeped in over the 
years. No one has yet conceived of 
an experiment that could definitively 
verify or refute string theory. The 
backlash may have peaked in 2006, 
when several high-profile books and 
articles attacked the theory. But while 
string theory has receded from the 
spotlight, it has not gone away. “The 
theory is still evolving and getting 
better — and better understood,” 
maintains Juan Maldacena of the 

Institute for Advanced Study at 
Princeton University. 

Many of today’s string theorists 
have adopted a utilitarian approach, 
dwelling less on its all-embracing 
potential and more on the here and 
now. Some practitioners are applying 
string theory techniques to problems in 
pure mathematics, while Strominger is 
working to secure a deeper conceptual 
grasp of black holes. Others still are 
relying on string theory for unexpected 
help with calculations relating to 
particle physics and exotic states of 
matter. Emerging from this diverse 
work is a new consensus: String 
theory may not be the fabled theory of 
everything, Strominger says, “but it is 
definitely a theory of something.” 

HIDDEN DEPTHS
Strominger was never one for the 
beaten path. He dropped out of 
Harvard twice in the 1970s to live in 
communes in New Hampshire and 
China before returning to college, 
bent on probing the universe through 
theoretical physics. As an MIT 
graduate student, Strominger was told 
to steer clear of risky subjects like 
string theory; he ignored the advice. 

The gamble paid off. In 1985, 
three years after getting his Ph.D., 
Strominger co-authored one of the 

While the novel theory may never live up 
to the early hype, its innovative tools have helped 
scientists for decades, and the best may be yet to come.  
BY STEVE NADIS

Harvard physicist Andrew Strominger, 
an early champion of string theory, 
still relies on its insights in his current work.

String theory may  
not be the fabled  

theory of everything,  
Strominger says,  

“but it is definitely a 
theory of something.” 

Big
Idea
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field’s seminal papers — part of the 
so-called “first string revolution.” 

A central premise of string 
theory is that strings, the most basic 
unit of nature, vibrate in a 10- or 
11-dimensional universe. The three 
familiar dimensions plus time make 
four, meaning six or seven “extra” 
spatial dimensions must lie hidden, 
shrunk down so small we can’t see 
them. These minute dimensions have 
to be “compactified” in a specific way 
to reproduce the physics we observe, 
and Strominger and his colleagues 
determined what that scrunched-up 
shape had to be: a six-dimensional 
mathematical object known as a 
Calabi-Yau space. A particle’s mass, 
the strength of a given force and 
other fundamental quantities depend 
on the shape, or geometry, of this 
convoluted space. 

String theorists soon made a 
remarkable discovery. By rotating a 
Calabi-Yau space in a special way, they 
could produce a mirror image of sorts, 
though one with a very different shape. 
The surprise was that these apparently 
disparate Calabi-Yau shapes had a 
hidden kinship, both giving rise to the 
same physics. The theorists dubbed the 
phenomenon “mirror symmetry.” 

Scientists quickly learned that 

this newfound symmetry could 
be harnessed to address various 
mathematical puzzles. In 1991, the 
physicist Philip Candelas and his 
colleagues used mirror symmetry to 
solve a century-old problem, in effect 
counting the number of spheres that 
could fit inside a Calabi-Yau space. 

Mathematicians jumped into the act, 
using mirror symmetry to tackle other 
unsolved problems in enumerative 
geometry, typically entailing counting 
lines and curves on complicated 
surfaces and three-dimensional spaces. 
Mirror symmetry helped rejuvenate the 
field, and this line of research is still 
going strong with regular international 
math conferences devoted to it. 

“During the past few years, 
progress has been made toward 
encapsulating this idea within one 
(albeit complicated) formula,” says 
Brandeis University mathematician 
Bong Lian. “The geometric, algebraic 
and physical pictures of mirror 
symmetry are all starting to converge.”

BLACK HOLE REVELATIONS
While Strominger co-authored a 1996 
paper that offered a mathematical 
explanation for how mirror symmetry 
works, his emphasis over the past 
two decades has been on using string 

theory to gain insights into black 
holes. In one foray into this realm, 
he and Harvard colleague Cumrun 
Vafa explored a puzzling finding from 
the early 1970s by physicists Jacob 
Bekenstein and Stephen Hawking. 

Until then, scientists regarded 
black holes as simple objects — quite 
literally holes in space, completely 
described by just three variables: their 
mass, spin and charge. Using general 
relativity, Einstein’s theory of gravity, 
Bekenstein and Hawking devised a 
formula showing that black holes 
have surprisingly high entropy — a 
measure of how many ways particles 
can be arranged inside the object. A 
black hole’s internal structure, in other 
words, was very complex; it could 
assume a large number of potential 
states. The Bekenstein-Hawking 
formula yielded a precise number for 
the entropy, quantifying the possible 
interior states, without indicating what 
those different states might consist of.

In 1996, Strominger and Vafa 
turned to string theory to provide 
a microscopic perspective on black 
holes. Their way of affording an inside 
view, as with Candelas’ work, was 
similar to counting the number of 
spheres that could be configured inside 
a Calabi-Yau space. And the answer 

Calabi-Yau spaces, six-dimensional objects 
represented here on the two-dimensional 
page, measure just 10-33 centimeter. String 
theorists think the universe’s “hidden” 
dimensions take on these tiny shapes.

  In string theory, particles are not points but vibrating strings; 
their identities depend on the vibration’s frequency.

CLOSED-LOOP STRINGS

OPEN-ENDED STRINGS

VibrationsParticle
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Strominger and Vafa arrived at agreed 
perfectly with the Bekenstein-Hawking 
result. This was a major triumph 
for string theory because it could do 
something — offer clues about a black 
hole’s inner makeup — that no other 
approach could. 

Strominger has continued to press 
further. His work with Vafa showed 
that rapidly rotating black holes have 
“conformal symmetry,” which roughly 
means that certain physical properties 
are independent of the black hole’s 
size. Strominger subsequently realized 
that the presence of this symmetry, 
which hadn’t been recognized before, 
could be used to support a range 
of predictions. For example, he 
and his collaborators are currently 
trying to calculate the intensity of 
electromagnetic radiation emanating 
from the vicinity of a black hole. In 
a few years, Strominger says, once 
the worldwide network known as the 
Event Horizon Telescope comes online, 
astronomers can test those radiation 
estimates through direct measurements. 

Using similar techniques originally 
inspired by string theory, Strominger’s 
group has computed the spectrum 
of gravitational waves emitted when 
compact objects like stars fall into 
giant black holes — predictions that 
could be verified by the future Evolved 

Laser Interferometer Space Antenna, 
planned to launch in two decades 
(or maybe sooner). Strominger also 
believes that evidence of conformal 
symmetry might emerge from the 
Laser Interferometer Gravitational-
Wave Observatory, which spotted 
gravitational waves for the first 
time earlier this year. Soon, he says, 
astronomers may be drowning in data 
that they cannot fully interpret. “We’d 
like to use ideas from string theory to 
shed some light on corners of this.”

THE NEW CALCULUS
Other physicists, meanwhile, are 
employing string theory methodologies 
in their study of extreme matter 
states — from the intensely hot 
plasmas produced in particle colliders 
to materials created in laboratories at 
temperatures close to absolute zero. 

University College London physicist 
Andrew Green, who investigates 
the strange phases of matter that 
arise at ultra-frigid temperatures, 

never imagined getting into string 
theory, but has found it extremely 
worthwhile. Although it may not 
offer a comprehensive theory of 
reality, he says, “it has ushered in 
the development of a new set of 
mathematical techniques that are 
useful in broad areas of physics.” 

Many of these approaches involve 
higher-dimensional geometry, he adds, 
“allowing you to draw geometrical 
pictures of what were previously 
algebraic formulations.” Green calls 
string theory “the new calculus,” saying 
that its ideas will ultimately join the 
standard toolkit of theoretical physics. 

Strominger agrees. While physicists 
may not have stumbled upon the 
ultimate theory of everything 30-some 
years ago, he sees string theory as “a 
starting point” from which such a 
theory might still emerge. Regardless 
of how that quest turns out, it’s already 
a proven tool that hints at “how 
seemingly irreconcilable things can fit 
together.” And as new applications 
continue to be explored, it’s becoming 
clear that the one thing string theory 
isn’t is obsolete.  D

Steve Nadis, a contributing editor to Discover 

and Astronomy, is co-author of From the Great 

Wall to the Great Collider. He plays handball 

in Cambridge, Mass., where he also lives. 

Soon astronomers  
may be drowning in  

data that they cannot  
fully interpret.

The upcoming Evolved Laser Interferometer 
Space Antenna could help verify string theory’s 
predictions of gravity waves. Three spacecraft 
(above) will orbit around the sun and measure 
tiny ripples in space-time via sensitive lasers.

Big
Idea
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wrote his way into a research project 
at a local college, and now found 
himself  an Ivy League medical 
student. He knew something about 
timing and persuasion.

“Doesn’t sound like one of 
those ‘-itises,’ ” he said.

“Right,” I replied. “Go back 
and figure it out.”

“On it.”

CHEMICAL CLUES
Ten minutes later, Paul was back. 
He had that “aha” look, but he 
was also shaking his head.

“Well?”
“She didn’t tell us because she 

was ashamed.”
“Of what?”
“K-2.”
I stared at him. “Should’ve 

guessed.”
K-2, spice, AK-47 — pick your 

moniker — is a nine-alarm fire.
Street drugs come in 

categories. Heroin is a sleeper; 
stimulants include cocaine 
and amphetamines; PCP 
and mushrooms qualify as 
hallucinogens. Not K-2. 
Anything and everything its 
partners in crime can do, it can 
do better.

And cheaper.
Chemically, K-2 refers to a family  

of  synthetic cannabinoids. In the 
1980s, researchers tinkered with 
THC — the molecule that induces 
marijuana’s high — to study the 
brain’s cannabinoid receptors. These 
receptors are key players in the 
endocannabinoid system, regulating 
brain functions such as mood, pain, 
appetite and thought processing. Now 
it appears they affect blood vessels and 
almost every organ in the body — and 
new receptors are still being identified.

Synthetic cannabinoids jumped 
from lab to street when bootleg 
chemists began rejiggering molecules 
to get around anti-drug laws. Sold as 

→Estela, 26, lay curled 
up on a stretcher, her 

forehead beaded with sweat. 
Nausea, vomiting and stomach 
cramps had laid her low for two 
days, she said.

She was on methadone, and if  
she’d missed a dose, withdrawal 
could be causing the vomiting 
and stomach cramps. But 
heaving for two days straight 
would be unusual. 

“So you did take this 
morning’s dose?” I asked.

“Seventy-five milligrams at 
eight this morning,” my patient 
replied. “I missed yesterday.”

The facts weren’t fitting my 
tidy theory. I turned to Paul, 
my medical student. “Small 
bowel obstruction?” he offered. 
“Hepatitis? Pancreatitis?”

“Any fever?” I asked Estela.
“No.”
“Diarrhea?”
“No.”
“Alcohol use?”
“No,” she said. The rest of  the 

history was no help. Her abdomen, 
cramps notwithstanding, felt soft. Also 
normal were blood pressure, pulse and 
temperature.

“Abdomen benign,” I mused to Paul. 
“Has to be methadone withdrawal. 
She missed yesterday’s dose.”

“But took this morning’s,” Paul 
pointed out. “Plus, the vomiting started 
two days ago, before yesterday’s miss.”

Mysterious abdominal complaints 
these days often require a CT scan. 
But zapping a young woman with 
three years’ worth of  background 
radiation isn’t trivial.

“Let’s start with labs, IV fluids 
and Zofran,” I said to Estela’s nurse. 
Zofran eases vomiting without 
masking pain, so it buys time.

Back in front of  my computer, I 
pulled up prior visits. There was one, 
exactly a month earlier. I read out 
loud: “Chief  complaint, 26-year-old 
with nausea, vomiting and stomach 
cramps for two days.”

“Huh?” I glanced at Paul. “Exact 
same symptoms a month ago.”

In his native Iran, Paul had been 
an orchestra conductor. When he 
was 22, the whole family decamped 
to California. Quickly mastering 
English, he worked as a bank teller, 

Bad Chemistry
A recovering addict suffers from extreme nausea and stomach 
cramps. But the most obvious explanation may not be the right one. 
BY TONY DAJER
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“herbal incense,” K-2 hit the streets in 
the U.S. in 2008 and is now rampaging 
through the country. In 2015, the drug 
was responsible for thousands of  ER  
visits — and dozens of deaths — 
across 12 states in the South. In early 
2015 in my ER in New York City, cases 
shot from zero to five or six a day.

Production is a cinch: Combine 
precursor chemicals from China (or 
increasingly, homemade), spray the 
mix over dried herbs (the “incense”), 
then seal in square, brightly colored 
foil packages visibly stamped, 
“Not for Human Consumption.” 
Dozens of  varieties now flood 
the streets, each set to punch the 
endocannabinoid system’s keys in its 
own unpredictable way.

What’s baffling, in the face of that 
unpredictability, is the stunning risk 
users take. Sure, the stuff  is cheap — 
maybe a buck a K-2 cigarette versus 
five for “natural” marijuana — but 
a very small amount can pack a 
huge wallop. With K-2, you don’t 
know if  one hit will buzz or buzz saw 
you. Some K-2 variants bind brain 
receptors 100 times more strongly than 
THC and can linger for days. Each 
new concoction produces its own blast 
pattern — and there’s only one way 
to find out.

One recent case was a 60-year-old 
woman who lit up in the basement 
of her homeless shelter. The staff  
found her comatose with critically low 
blood pressure. After 3 liters of saline 
and careful monitoring, she finally 
came around.

It was her birthday. That was the 
celebration.

Another day, a paramedic pulled me 
aside, a frantic look on his face.

“Doc, the heart rate was 180, then it 
dropped to 50, then zoomed to 140. We 
gave him IV saline. Did I do something 
wrong? What should I have given him?”

“Blood pressure?”
“About 100.”
“You did the right thing.” I 

shrugged. “There’s no antidote. Just 

keep them breathing and their blood 
pressure up.”

A RISING THREAT
An hour after Estela’s revelation, Paul 
checked on her.

“Still vomiting,” he reported. “I tried 
to tell her how dangerous it was, how 
many deaths it has caused.”

I shook my head. In 20 years I’d 
never seen a drug like this. Heck, 
even heroin addicts don’t come to the 
ER every day.

I paused. “I guess we’ll try another 

round of Zofran and fluids.”
Trooping back in two hours later, 

we found Estela wan but not curled up 
anymore. I pressed on her abdomen. 
It was soft.

“Your lab results look great,” I said 
brightly. “Would you like to go home?”

She brought a hand over her mouth. 
“I don’t want to go home and vomit,” 
she said.

Paul held her arm. “The worst is 
over.”

“We can give you Zofran to take 
home,” I added.

K-2, made of synthetic 
cannabinoids, caused 
dozens of deaths in 
the U.S. last year. 

Barely nodding, she muttered, “OK. 
I guess so.”

Three weeks later, Estela was back. 
The chief  complaint? Vomiting after 
K-2. And she’d missed her methadone 
dose. We replaced it, but the K-2 made 
her puke again. So we repeated the 
cycle of meds and fluids once more. 

Three days later, she was back. 
While we treated Estela, another 
patient gave us the latest headlines: 
A local dealer who put out hundreds 
of  K-2 pouches every day had been 
beaten up by his clients.

“He made bad stuff, doc,” the 
now-righteous user explained. “One 
kid died. They found him in an alley. 
Everyone was getting sick.”

The worldwide tsunami of synthetic 
drugs is surging. Whether driven by 
Internet-based chemistry, social media 
or an old-fashioned fad, the number 
of dangerous synthetics reported 
to the United Nations shot to over 
500 in 2014 — double the total for 
“traditional” plant-derived drugs. In 
Poland, poisonings from synthetic 
drugs, including K-2, rocketed from 
500 in 2010 to more than 5,000 by 
mid-2015, killing dozens.

In the U.S. and Europe, 
legislators have scrambled 

to eliminate legal 
loopholes that allow 

their manufacture, 
but that still leaves 

enforcement. It’s easy to 
mix K-2’s precursor chemicals 

in your basement. And even if  the raw 
materials still come from China, how 
do you stop bottles of clear fluid at 
the border?

As we watched Estela walk out for 
the third time, Paul softly said, “For 
a cheap high, that’s a pretty expensive 
lesson to keep ignoring.”  D

Tony Dajer is director of the emergency 

department at New York-Presbyterian/Lower 

Manhattan Hospital. The cases described in 

Vital Signs are real, but names and certain 

details have been changed.
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Who could have believed that the world was flat? Or 

that it sits fixed in space, while the cosmos revolves 

around it? Anyone with two eyes, that’s who. It takes 

a leap of imagination to contemplate the alternative 

— that we are standing atop a rapidly spinning 

sphere, hurtling through space.

Albert Einstein, like Nicolaus Copernicus and Galileo 

Galilei before him, redefined our understanding of the 

universe, and he did so thanks to a knack for keeping 

his thoughts clear of unnecessary information. In fact, 

he conducted experiments on the basis of thought 

alone, playing them out in something like  

the construct from The Matrix — a completely  

empty space populated with only items essential to 

his experiments.  A clock. A train.  
A beam of light. An observer or 
two. An elevator.  “Imagine a large portion 

of empty space, so far removed from stars and other 

appreciable masses,” said Einstein, describing his 

mental construct.

How Einstein’s creative thinking 
led to a new rulebook 

for the universe.

All in His 

BY ANDY BERGER

HEAD



Albert Einstein in 1946.



Test your Einstein IQ, hear the gravitational waves he predicted 
and learn more at DiscoverMagazine.com/Einstein 
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Using these ingredients, plus some basic 
physical principles, Einstein came to mind-
boggling yet unavoidable conclusions that 
overturned all of physics. With special 
relativity, he showed that time and 
space are intertwined, not demarcated 
by the same gridlines and tick-tock 
regularity for everyone. A decade later 
with general relativity, he found that 
gravity actually distorts space and time. 

It all started when, at the young 
age of 16, Einstein conjured up a vivid 
thought: What would it be like to race 
alongside a beam of light? The idea seems 
innocuous enough; if I race alongside a motorist on the 
freeway and match its speed, we come to a relative standstill. 
I could say that it is the outside scenery scrolling backward 
past us, as if we were playing an arcade racing game. Einstein 
wondered if the same would hold true for the light beam. If  
he drove fast enough, could he pull neck and neck with the 
beam, bringing it to a virtual halt? What would the world 
look like to such a light-speed traveler? 

It was Einstein’s imagination that allowed him to take 
leaps and make connections that his contemporaries could 
not. He explained his insights by analogy: “When a blind 
beetle crawls over the surface of a curved branch, it doesn’t 
notice that the track it has covered is indeed curved. I was 
lucky enough to notice what the beetle didn’t notice.”

GALILEO’S SHIP
Einstein’s thought experiments are part of a greater tradition 
in physics. “Einstein didn’t invent the thought experiment, of 
course,” says Ben Schumacher, a physicist at Kenyon College. 
“You can find them back at least to Galileo, and I think 
Einstein was in some ways inspired by Galileo.” 

In the 17th century, the Italian Renaissance man used a 
thought experiment to explain why, even as Earth speeds 
around the sun, we don’t feel that motion. He imagined 
being locked inside a windowless cabin of a smoothly 
sailing ship and conducting various experiments: tossing a 
ball with a shipmate, or watching the trajectories of pet fish 
swimming in a tank inside the cabin. Galileo realized these 
experiments could not tell you if  the ship was in motion or 
not. You wouldn’t have to toss the ball any different to get 
it to your friend, whether the ship was traveling or anchored 
in the harbor. 

Only by peering outside, and getting a point of reference, 
could you determine if the ship was moving. So it is on 
Earth’s surface: As it rotates and revolves, everything goes 
along for the ride — trees, oceans, air, us. We don’t notice 
Earth’s motion except by looking at our position relative to 
the sun or the stars.

Einstein felt that Galileo’s thought experiment had much 
deeper implications. Schumacher explains: “The laws of 

physics wouldn’t tell you whether you were moving or not. 
That was the lesson that he read out of Galileo.” In other 
words, it isn’t just tossing a ball that would fail to inform you 
of the ship’s speed. Einstein believed that no experiment — 
conducted within the windowless cabin and without reference 
to the outside world — could detect the ship’s motion. 

One such law of physics was the recently discovered speed 
of light. In the 1860s, James Clerk Maxwell developed 
a theory of electricity and magnetism, describing how 
changes in an electric field give rise to a magnetic field and 
vice versa. Combined, these undulating fields are known as 
electromagnetic waves, and give us visible light, as well as 
invisible radio waves, microwaves and X-rays. Einstein was 
particularly interested in the part of Maxwell’s theory that 
predicted that a beam of light travels at 671 million mph, 
commonly known as the speed of light. 

So Einstein decided to add the speed of light to Galileo’s 
thought experiment. “Even if you didn’t just do experiments 
on balls and fish, and you also did experiments with light, 
then you wouldn’t be able to tell that the ship was moving,” 

Einstein circa 1910.
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says Schumacher of Einstein’s thought process. 
First, Einstein updated Galileo’s ship to a more suitable 

option for the 1900s: the train. Imagine that a train passenger 
— to honor the Italian scientist, let’s call her “Gail” — turns 
on a flashlight and measures the speed at which the light 
travels. Maxwell’s theory told Einstein that Gail should 
calculate 671 million mph. And Galileo’s thought experiment 
demonstrated that she should get exactly that result no 
matter how fast the train traveled. So far, so good. But what 
does “Leo,” a bystander on the train platform, see? 

Everyday experience would lead you astray: You’d think 
that Leo would measure the light traveling at 671 million mph 
plus the speed of the train. Since the time of Isaac Newton, 
both common experience and the mathematics of physics 
suggested that velocities simply add: If Gail throws a ball at 
30 mph in the direction the train is traveling, Leo measures 
the total speed of the ball as 30 mph plus the train’s speed. 
But Maxwell’s theory requires that the light travel at exactly 
671 million mph, no more and no less, regardless of the 
train’s speed. This apparent contradiction puzzled Einstein. 

SLOWING TIME, SHRINKING SPACE
He ended up figuring out the contradiction — and 
revolutionizing physics — by revisiting the idea of chasing 
a light beam. According to Newton, you should be able 
to pull up alongside the light beam if  you could travel 
fast enough. But in Einstein’s empty mental construct, 
without landmarks to help gauge how fast you move, 
pulling alongside the light beam would be tantamount to 
measuring the light’s speed to be 0 mph, in direct conflict 
with Maxwell’s laws. Einstein realized that it was impossible 
to catch up to the front of the beam.

The outcome of the light beam race is therefore “a bit 
of an anticlimax,” admits Dennis Lehmkuhl, the scientific 
editor of the Einstein Papers Project, which provides 
annotated versions of Einstein’s manuscripts. “In a way, 
that’s exactly the big outcome of the experiment — that it 
doesn’t work.” Armed with this realization, Einstein could 
finally make sense of the Gail/Leo thought experiment,  
but only after redefining our everyday notions of space  
and time. 

We tend to think of time and space as 
completely separate entities. We move about 
in the three dimensions of space and 
all the while time marches inexorably 
forward. We also assume that 
space and time are the same to 
everyone, everywhere. A mile is 
a mile, and an hour is an hour.

Questioning these basic 
assumptions is where Einstein’s 
imagination really kicked 
in. He realized that in order 
for a fast-moving observer to 
measure the same speed for light 
as a stationary observer, notions of 
universally agreed-upon space 
and time go out the window. 

“There is no audible tick-tock everywhere in the world that 
could be considered as time,” said Einstein. Two people in 
relative motion will experience time differently.

From Leo’s perspective on the platform, Gail will 
experience a slowing of time. Her wristwatch will, to him, run 
slow. Not that there is anything wrong with Gail’s watch. It is 
time itself that slows down for her. In fact, any time-keeping 
device on the train will run slow, even a beating heart. That’s 
right — Gail will age more slowly than Leo. 

And don’t forget the lesson of Galileo: From her seat on 
the train, Gail can’t tell whether she is in motion or not. 
That means she is perfectly justified in saying that Leo has 
zoomed backward past her, and that it is his watch that’s 
running slow since he’s the one moving. If  you insist that 
Gail is the one in motion, try the thought experiment again 
in Einstein’s construct, with Gail and Leo floating in empty, 
featureless space. Either of them can accurately assert that 
it was the other who drifted past. Gail now claims that 
Leo ages more slowly, and Leo swears the opposite. This 
situation — known as the twin paradox — can be resolved 
when one of the two parties reverses direction in order to 
reunite and conclusively compare ages.

To wrap your mind around the concept of time slowing 
down, imagine a specialized clock where a beam of light 
bounces between two mirrors, one suspended above the 
other. Each time the beam makes a round trip, the clock 
“ticks.” We give such a light clock to both Gail and Leo. 
From Leo’s vantage point on the station platform, Gail’s 
light beam isn’t tracing a purely up-and-down path. During 
each journey between the mirrors, the train moves forward 
a bit. So Leo sees Gail’s light beam tracing out a longer 
diagonal path to reach the next mirror — in other words, 
Gail’s clock ticks slower. (And again, Gail would see the 
same happening to Leo’s clock.)

The weirdness doesn’t end there. Leo will also see that 
the train, and everything moving along with it, contracts. 
To him, it becomes shorter. Don’t worry, Gail’s fine. It’s 
just that space isn’t the immutable, rigid structure that 
we assume. Unfortunately, there’s no simple way to wrap 
your mind around this one, but time slowing and length 
contraction are two sides of the same coin. In order for 

all observers to get the same answer for the 
light’s speed — remember, speed is simply 

distance divided by time — the two 
effects must coexist. 

As outlandish as it seems that 
Gail’s clock runs slower, or that 

she and the train are compressed, 
special relativity has passed 
every experimental test thrown 
at it since its publication in 
1905. It has become a pillar of 
physics. The behavior of  
high-speed particles — whether 

the result of physicists’ colliders 
or the sun’s nuclear furnace — 

only makes sense with special 
relativity. 

For this clock, each tick is the round trip of 
a light beam. If the clock moves, it takes 

longer to tick: Time slows down.
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space feels the same as sitting at rest in a gravitational field 
— form what is known as the equivalence principle. With it, 
Einstein realized that the effects of acceleration and gravity 
are equivalent. 

WARPED SPACE AND TIME
Einstein’s main insight from special relativity was to take 
Galileo’s mechanics experiments and try them with light. So, 
he used the same strategy with the equivalence principle. “It 
is known that a gravitational field influences the movement 
of bodies,” Einstein began. “We obtain a new result of 
fundamental importance when we carry out the analogous 
consideration for a ray of light.”

Imagine you are now a lonely astronaut floating through 
the empty void of Einstein’s mental construct. You decide to 
send out an SOS signal with your suit’s built-in laser pointer. 
Just as you begin sending out the rays of light, a spaceship 
zooms up, accelerating past you. You hope they caught a 
glimpse of your signal.

From your point of view, the beam of light emitted from 
your suit travels straight ahead. As the ship zooms past, the 
light luckily hits a window. But as the light makes its way 
through the ship, the ship continues to accelerate. When the 
light finally strikes the back wall of the ship, it hits a spot 
lower than where it entered the window. So, from within 
the ship, the beam you saw travel in a straight line instead 
appears to have curved.

Remember: What’s true for acceleration is true for gravity. 
Passengers aboard the accelerating ship see that the light 
from your distress signal traversed a curved arc on its way 
through the ship. So with the equivalence principle, Einstein 
realized that gravity must bend light! More accurately, gravity 
warps space itself. And light, like a marble rolled across a 
warped trampoline, follows the curvature of space. In 1919, 
astronomers directly observed the bending of light around 
the sun during a solar eclipse. 

IT GETS CRAZIER 
Nevertheless, the scope of special relativity was limited, hence 
the name special relativity — it worked only when objects 
move at constant speeds. Einstein wasn’t satisfied. He wanted 
a theory that encompassed all motion, whether the speed is 
constant or variable.

Just as special relativity was seeded by a simple thought 
(the light beam race), so too was general relativity. One day 
in 1907, the story goes, Einstein was working at his job at 
a patent office in Bern, Switzerland, when he imagined a 
person in free fall, as if a workman fell off a tall scaffold. 
The lightbulb went off. What if, while falling, he dropped 
an object — say, an apple? 

Again, Einstein’s imagination cleared away all of 
the encumbering details of the nearby scaffolding and 
approaching ground. He realized that after letting go of  
the apple, the falling workman would see it sit there, 
hovering where he left it, because they were both falling at 
the same speed. 

It’s not that gravity has “turned off.” Since all objects fall 
at the same rate, and there were no other cues in Einstein’s 
mental construct, the workman would feel like he was 
floating in empty space. (We have a vicarious sense of this 
“zero-g” situation today from footage of space station 
astronauts, who are not outside of Earth’s gravitational field, 
but actually in free fall as they orbit Earth.) Einstein would 
later describe this thought experiment of the falling workman 
as “the happiest thought of my life,” because it provided the 
necessary jump-start for his general theory of relativity.

Continuing the thought a bit further, imagine the workman 
is now safely in a windowless capsule in space. The ship’s 
engines fire, and its floor quickly rises to meet him. The 
workman-turned-astronaut now finds himself pressed to the 
floor, much the way you are currently pressed to your seat. 
If he drops his apple now, he sees it fall to the floor. The 
acceleration of the spacecraft restores his sensation of gravity. 

These two thoughts — free fall feels the same as being at 
rest in gravity-free space, and accelerating upward through 

A light beam 
curves the 

same way in 
an accelerating 

rocket or a 
stationary 

gravitational 
field. 

The essence 
of the 

equivalence 
principle: A 

gravitational 
field mimics 

the effects of 
acceleration.
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we do on the ground, so their clocks run just a bit faster. 
However, the satellites are also orbiting at very high speeds, 
which means that due to special relativity, their clocks 
will run slower too. The two effects don’t quite cancel out, 
so altogether, the satellite’s onboard clock runs about 38 
microseconds too fast each day. Without taking special and 
general relativity into account, a GPS-determined location 
veers off-course by as much as 6.2 miles a day.  

A LEGACY OF THOUGHTS
“Almost every one of Einstein’s advances in relativity had 
a thought experiment at the back of it,” says Schumacher, 
the Kenyon College physicist. Even the famous equation 
E = mc2 was derived not from direct measurements, but 
from mental imagery. “It’s a ridiculous example — a train 
car being pushed around by light,” says Schumacher, 

describing the simplicity of the experiment. 
Imagine an enclosed train car resting on 
a track. Suddenly, the back wall emits a 

single particle of light toward the front. 
This causes the train car to recoil 
backward, much like if  you walked 

from the back to the front of a 
floating canoe: The canoe slides 
backward in the water. When the 
particle of light strikes the front 
wall of the train car, it brings the 
car’s backward motion to a halt. 
In the process, the car has moved 

backward a bit. Einstein knew that 
train cars don’t spontaneously move 

down the tracks, so the backward 
motion was only possible if  some of the 

car’s mass had moved from the back wall 
to the front — just like your mass shifting to the 

front of the canoe. That meant the light energy absorbed by 
the front wall had been converted to mass.

This key insight — energy and mass are themselves 
equivalent — lies at the heart of  nuclear power and  
nuclear weapons. The equation tells us the specifics: 
that energy is equal to mass times the speed of  light 
squared. Since the speed of  light is a huge number (recall, 
671 million mph), even the tiniest mass can create an 
unbelievable amount of  energy. 

All this, from the empty construct in Einstein’s mind. In 
1916, he wrote a popular account of his relativity theories. 
“The original title, if  you translate it directly, would be 
‘Special and General Relativity: To Be Understood by 
the Common Man,’ ” says Lehmkuhl, the Einstein Papers 
Project editor. But Einstein recognized that even he might 
not have been able to make his teachings very accessible, 
joking that “the common man might not be that common.” 
So don’t despair if  you feel you haven’t yet mastered 
the thought experiment — it took Einstein to make 
them look easy.  D

Andy Berger is a physicist at the National Institute of Standards and 

Technology in Boulder, Colo. 

In another thought experiment, Einstein used the 
equivalence principle to show that gravity also warps time. 
He imagined a clock positioned on the perimeter of a 
spinning disc. That’s not exactly a contraption we often 
encounter, so we can instead picture a carnival ride where you 
stand inside a large barrel, back against the wall. The barrel 
begins to spin, pinning you strongly to the outer wall. Again, 
that force is equivalent to the gravity that keeps you seated 
in your chair. But at the same time, special relativity already 
showed that clocks in motion run slower, so as you zoom 
around, time for you will appear to an outside bystander 
to run slow, just as it did for Gail on the train. In fact, the 
faster the carnival ride spins, the slower your watch will tick. 
Because of that equivalence principle, then, the same must be 
true for gravity: As a gravitational field grows stronger, time 
slows even more.

This warping of time has everyday 
consequences, since Earth’s gravity affects 
GPS satellites in orbit. Because they 
are far from Earth’s center, they 
experience weaker gravity than 

Einstein in 1936.
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With just time, talent and their own gear, citizen astrophotographers 
create brilliant and innovative images.  EDITED BY ERNIE MASTROIANNI

AMATEUR POWER

The Pillars 
of Creation
The Hubble Space 
Telescope’s 1995 
image of the Pillars of 
Creation is one of the 
most iconic astronomy 
photographs. 
Pennsylvania 
photographer Bill 
Snyder wanted to try 
a wide-angle photo of 
the same object. He 
combined numerous 
images, totaling 
more than 20 hours 
of exposure from his 
home observatory and 
a remotely operated 
telescope in the Sierra 
Nevada mountain 
range of California. 
The final result 
matches much of the 
detail in the Hubble 
photo, but at a 
smaller scale. Snyder’s 
telescopes: 5.1-inch 
TMB and a 17-inch 
PlaneWave.



ISS Transit 
If you’re at the right 
place on Earth at 
exactly the right 
time, you can see 
the International 
Space Station passing 
directly between 
you and the sun. 
Online software 
such as CalSky.com 
calculates where 
to be and when. 
Paolo Porcellana’s 
backyard in Italy 
happened to be one 
such place. He used a 
4-inch Vixen ED100SF 
telescope and a PTG 
Chameleon camera to 
take multiple photos 
during the ISS transit, 
which lasted only a 
fraction of a second.
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A 
generation ago, many 
of these images could 
be taken only from 
mountaintop observatories 

or spacecraft. For instance, when 
the $1.5 billion Hubble Space 
Telescope revealed the stunning 
Pillars of Creation in 1995, amateur 
astrophotographers armed only 
with grainy film couldn’t come close 
to capturing such a sight. Today, 
one experienced amateur nearly 
matched Hubble’s photo using 
top-of-the-line astrophotography 
gear worth more than $60,000 — 
expensive, but a minuscule price 
compared with a major NASA 
project.

Rapid advances in digital camera 
technology have certainly helped, 
but cameras are only one tool in a 
very large box. A telescope mount 
needs computer control for pinpoint 
tracking. Powerful software is 
necessary to process huge image 
files. And everyone benefits from 
the Internet to share ideas, learn 
from one another and even to use 
websites that calculate exactly 
where to be and when to get the 
perfect shot. 

The pictures on these pages are 
just a few examples of how savvy 
amateurs can capture the beauty 
beyond our horizon. 
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Jupiter 
With Io and 
Ganymede
The detail Damian 
Peach captured using 
an Earth-bound 
Celestron 14-inch 
telescope in Barbados 
rivals images sent 
back by NASA’s 1970s 
Pioneer spacecraft. 
Such land-based 
photos are possible 
due in part to small 
webcam-like cameras 
that snap thousands 
of photos in just a few 
minutes. Software 
then sorts the blurry 
pictures from the 
clear and compiles 
only the sharpest. 
This image also shows 
remarkable detail of 
Io and Ganymede. 
Peach photographed 
the moons separately 
and added them to 
this composite image, 
at the same scale. 
He used a Point Grey 
Research Flea3 CCD 
camera.

Horns of Fire 
When the eclipsed 
sun rose over desolate 
Western Australia 
on May 10, 2013, 
Fabrizio Melandri 
of Italy was there to 
witness the unusual 
spectacle. The moon 
was at its farthest 
distance from Earth, 
so it couldn’t cover the 
entire solar disk. The 
result: a horn-shaped 
sun. Melandri used a 
Nikon D7000 and a 
700mm telephoto lens 
to document the “ring 
of fire” eclipse. 
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Star Trails 
on the Beach
Sebastián Guillermaz 
of Argentina needed 
268 photos to capture 
this scene at Mar de 
Ajo, south of Buenos 
Aires. In the days of 
film photography, 
one long exposure 
would do, but a digital 
camera cannot easily 
record long exposures 
without buildup of 
electronic noise, which 
degrades the image. 
Now, modern photo 
software combines the 
data of many shorter 
exposures into one 
time-lapsed photo. 
Guillermaz used a 
Canon 6D with a 
14mm lens.

Moon 
Balloon 
It used to take a 
space program to see 
Earth’s curvature like 
this. These days, a 
helium balloon and 
an automated camera 
can do the job, and 
a meteorological 
GPS device helps find 
the camera when it 
returns to terra firma. 
Patrick Cullis launched 
his Canon 5D camera 
with a 17mm lens 
from Boulder, Colo. 
It snapped this view 
of the Rockies and a 
distant moon hovering 
in the blackness from 
nearly 17 miles up. 
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A Flawless Point 
A perfect balance of moonlight, the Milky Way and disk-like lenticular clouds set the scene for this dramatic panorama 
centered on Yosemite National Park’s Half Dome. California photographer Rogelio Bernal Andreo stitched together eight 
separate 30-second exposures for the final image. He used a Canon 5D Mark II camera and a 20mm Sigma lens for all the 
individual frames. “The unusual lenticular cloud formation on the horizon was worrying me at first, as I thought it would 
cover the rising Milky Way,” he says. “But in the end, it was almost a blessing, as it added a lot to the image.”
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The Perseus 
Cluster  
Abell 426 
Photographer Robert 
Franke likes the left-to-
right flow and variety 
of galaxies in this view 
of the massive cluster 
250 million light-years 
away. “Although this 
is no Hubble Deep 
Field, over 1,000 
galaxies are visible,” 
Franke said. From his 
Arizona observatory, 
he took 1,230 
15-minute exposures 
using different filters 
over several nights 
to produce the final 
image. He used a  
12.5-inch Ritchey-
Chrétien telescope  
and an SBIG  
STL-11000 camera.

The Witch’s 
Broom 
This synthetic color 
image was created 
with Ha and OIII 
narrow-band filters. 
These filters block 
out light pollution 
and the moon’s 
glow, if present, by 
allowing only specific 
wavelengths of light 
to reach the camera 
sensor. This greatly 
increases detail while 
giving a reasonable 
representation of the 
nebula’s color, said 
Arizona photographer 
Robert Franke. The 
Witch’s Broom is part 
of the Veil Nebula, 
the remnant of 
a supernova that 
exploded about  
8,000 years ago. Franke 
combined roughly  
25 hours of 15-minute 
exposures with a 
12.5-inch Ritchey-
Chrétien telescope over 
several weeks to make 
the final image.



Comet 
Holmes 
U.K. photographer 
Nick Howes invited 
friends to his Wiltshire 
garden to view Comet 
Holmes passing 
through the sky. His 
modest equipment 
included an Orion 
ED80 3.25-inch 
telescope and an Atik 
314L CCD camera to 
capture the unusually 
shaped comet.

Images reprinted with permission, from Astronomy 
Photographer of the Year by The Royal Observatory 
(Firefly Books, 2015). 

The Pleiades 
and the 
California 
Nebula
Known since ancient 
times as the Seven 
Sisters, the Pleiades 
Cluster (below, right) 
contains about 1,000 
young stars that 
formed roughly  
100 million years ago. 
This unusual view 
shows the cluster in 
the broader context of 
its local environment. 
The California 
Nebula, named for its 
resemblance to the 
state, is the cloud of 
glowing red hydrogen 
gas at left. California 
photographer Rogelio 
Bernal Andreo 
assembled this mosaic 
of images totaling 
57 hours of exposure 
using a 4-inch 
Takahashi FSQ-106 
telescope and an SBIG 
STL-11000 camera.
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IN THE SAN 
FRANCISCO 
BAY AREA, 
FROM GLOBAL 
CORPORATIONS 
TO KIDS, 
EVERYONE IS 
EMBRACING THE 
BREAKTHROUGH 
GENE-EDITING 
TECHNOLOGY 

CRISPR.
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An elegant tool with an inelegant name, Crispr-Cas9 has 
electrified the biotech world. Molecular biologists, biomedi-
cal researchers, and movers and shakers throughout the life 
sciences have adopted it. Compared with earlier methods 
to tweak the genomes of bacteria, plants, laboratory mice 
and human cells, the Crispr-Cas9 gene-editing method is 
fast, precise and cheap, an order of magnitude better than 
the others. What’s more, it’s simple enough for high school 
kids to use.

Barely 4 years old, Crispr-Cas9 was pioneered by Jennifer 
Doudna, a scientist across the bay at the Berkeley campus 
of  the University of  California. Doudna and her collabora-
tor Emmanuelle Charpentier, from the Max Planck Institute 
for Infection Biology in Berlin, were studying how bacteria 
recognize and chop up invading viruses to eliminate them as 
a threat. The two realized that the bacterial defense system 
could be harnessed to scientists’ own ends. They designed 
what Doudna calls a “programmable DNA-cleaving enzyme.”

The system has two major parts. Crispr, the program-
mable part, is the mechanism by which bacteria identify 
and target foreign genes introduced by viruses. In bacteria, 
Crispr produces a type of  RNA dubbed guide-RNA. The  

guide-RNA — think of  it as the navigator — delivers the 
enzyme Cas9 to just the right place in the foreign genome, 
whereupon Cas9 performs a disruptive cut. Doudna’s team 
reprogrammed the natural operation by synthesizing their 
own version of  the guide-RNA. Together, the synthetic guide-
RNA and Cas9 form a complex capable of  editing any gene.

Long before the Crispr-Cas9 breakthrough, however, the 
Bay Area was a biotech boomtown. Reaching from swanky 
San Francisco east to erudite Berkeley and industrious Oak-
land, and south to the fiefs of  Apple, Facebook and Google 
in Silicon Valley, the Bay Area contains the largest biotech-
nology complex in the U.S., and new ventures roll out almost 
daily. That sector of  the economy generates almost $100 bil-
lion and more than 100,000 jobs. Cachianes boasts that he 
has former students working in one or another of  1,600 firms. 
The region’s only rival is Cambridge, Mass., where Harvard 
and MIT are the innovators in biotech and the life sciences.

The feverish uptake of Crispr-Cas9 has reshuffled careers 
and empowered new users at all echelons of science in the 
Bay Area: visionaries at Berkeley, East Bay entrepreneurs, 
Silicon Valley corporate types, the DIY community and, 
yes, teenagers.

Smacking a bell on his desk, George Cachianes summons the class to order. 
Twenty-six teenage biotechnologists cluster at three tables. Cachianes 
teaches Principles of Biotechnology — he calls it “Welcome to Graduate 
School” — to a select group of juniors and seniors at Abraham Lincoln 
High School in San Francisco.

His Room 22 is not just a classroom, but a functioning laboratory. Its 
equipment, acquired through grants and donations, can handle tasks such 
as sequencing DNA and analyzing proteins. But today’s lesson is about a 

newer technology, a means for altering the genes of any organism — and, potentially, 
its offspring. It’s called Crispr-Cas9.

George Cachianes (right) shares a laugh with his biotechnology 
students at San Francisco’s Abraham Lincoln High School. 



Bacterial DNA

Cas genes Repeat Repeat RepeatSpacer Spacer

Guide-RNA     +      Cas9    =       Cas9 complex      

Target DNA

DNA

Cas 9 cuts

June 2016  DISCOVER  43

CH
AR

PE
N

TI
ER

: H
EL

M
HO

LT
Z/

HA
LL

BA
U

ER
&

FI
O

RE
TT

I; 
DO

U
DN

A:
 F

O
U

N
DA

TI
O

N
 F

O
R 

TH
E 

N
AT

IO
N

AL
 IN

ST
IT

U
TE

S 
O

F 
HE

AL
TH

; C
RI

SP
R 

IL
LU

ST
RA

TI
O

N
: A

LI
SO

N
 M

AC
KE

Y/
DI

SC
O

VE
R

 THE STUDENT INTERN
Soon after Crispr-Cas9 came out, 
Cachianes put a demonstration into his 
curriculum: His Lincoln High students 
transform E. coli bacteria, which are 
relatively easy to work with. Cachianes 
obtained bacteria genetically engineered 
to express a red fluorescent protein, RFP 
for short. The mission of the students’ 
Crispr-Cas9 project is to shut off the 
RFP gene and return the bacteria to 
their normal color.

On the day I visit, the class listens to 
fellow student Vanessa Arreola share 
what she learned about the technique 
during a summer internship at the Gladstone Institutes, a 
private research foundation in San Francisco. As a lab tech, 
she didn’t manufacture the Crispr-Cas9 complex herself, but 
she did use it.

Dark-haired, petite, with turquoise nail polish, Arreola 
rattles off facts, cramming a summer’s learning into 20 min-
utes. “It’s easy to understand what Crispr-Cas9 does,” she 
begins. “It’s hard to understand how it does it.”

She sketches the system in its natural state, as scientists have 
observed it in bacteria and related organisms called Archaea. 
Crispr stands for Clustered Regularly Interspaced Short 
Palindromic Repeats. These are the bits of foreign DNA 
that the bacteria have taken up during their immunological 
response, which can be triggered again and again. Arreola 
shows how the Crispr DNA produces the guide-RNA for 
the Cas9 enzyme. “Working with RNA is hard,” she says, at 
which Cachianes jumps in: “You know what I say — RNA is 
so unstable that if  you give it a dirty look, it falls apart.”

A hand goes up. “Is this like gene splicing?” Yes, Arreola 
replies. It looks like her peers are getting it.

Next, she turns to the thrust of her summer project: 
editing stem cells from the heart to learn more about a con-
genital heart disorder. Researcher Casey Gifford, Arreola’s 
mentor at Gladstone, asked me not to name the disorder or 
the gene that her lab is tinkering with — she doesn’t want 
to alert any possible competitors. “With Crispr-Cas9, it’s so 
easy,” Gifford says. “I have a head start. But others could 
quickly do it.”

1 Bacterial DNA has unusual repeating sequences that 
are separated by spacers — short, non-coding segments 

sometimes inappropriately called “junk DNA.” These repeating 
sequences have been dubbed CRISPR (or Crispr), for Clustered 
Regularly Interspaced Short Palindromic Repeats. Near each 
Crispr sequence are genes for a variety of Cas (Crispr-associated) 
enzymes, including Cas9.

2 When faced with an external threat such as an invading 
virus, Cas enzymes produce a kind of “most wanted” 

poster: They snip off bits of the invading viral DNA and stuff 
them into the spacers, where they can be used as RNA guides 
to recognize future invaders. Researchers use this natural 
defense mechanism in bacteria as the basis for the Crispr-Cas9 
gene-editing system, creating synthetic guides to search out 
whichever specific string of DNA bases the researchers choose. 
You can think of the system in two parts: the guiding Crispr 
and the cutting Cas9 enzyme.

3 When the guide-RNA locates its target DNA, it latches 
on, and then Cas9 cleaves through both strands of the 

DNA double helix. The cut DNA is then 
either left as-is, silencing it, or repaired 
by using the gene editor to slip in a 
new, functioning segment. 

Lincoln High School senior Vanessa Arreola, bound for UC Berkeley in the fall, illustrates the 
workings of the Crispr-Cas9 gene editor for her classmates.

Crispr-Cas9 pioneers Emmanuelle Charpentier (left) and Jennifer 
Doudna were inspired by a natural defense mechanism in bacteria.

CRISPR-CAS9      how it works
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THE VISIONARY
After the Doudna-Charpentier paper in 2012 announcing 
Crispr-Cas9, Doudna and her associates at UC Berkeley began 
getting requests from investigators elsewhere for help in using 
the technique. The requests turned into “a flood,” says Jacob 
Corn, a biochemist who used to work at Genentech, a major 
biotech company in South San Francisco.

In 2014, Doudna asked Corn to manage the flood but also 
to be proactive: to refine the new technology and to promote it 
through a new institute at the university. Corn leads the flagship 
lab of the Innovative Genomics Initiative (IGI), a consortium 
of 10 Bay Area researchers. They share ideas and laboratory 
materials, hold meetings and lead courses for researchers from 
outside the area.

The excitement over Crispr-Cas9 reprises the hopes raised 
for gene therapy a generation ago. Gene therapy was going to 
take the fruits of the Human Genome Project, the recorded 
sequence of human DNA, and use the information to correct 
scores of conditions. It hasn’t happened, in part because the 
methods for delivering copies of healthy genes to unhealthy 
cells were too crude, and in part because the most common 
human diseases do not have clear-cut genetic targets. That 
doesn’t faze Alex Marson, an IGI investigator at the University 
of California, San Francisco. “After decades of making maps 
and getting the details of the genome,” he says, “now it’s time 
to go in, to change sequences, and see how function is altered.” 

The new method has been a boon to Marson’s career. When 
Crispr-Cas9 came along, “I dove into it.”

Corn, who experiments with Crispr-Cas9 in his own lab, is 
just as enthusiastic. “It’s a special time. There’s a lot of Sturm 
und Drang around Crispr-Cas9,” he says. “What can it do? 
What can it not do? People are realizing that it’ll work all 
over the place. The explosion is coming from a bottleneck of 
backed-up experiments.

“It’s hard to keep up. Right now there are up to three Crispr-
Cas9 papers published [in journals] every day — that’s 21 a 
week. And that’s probably an undercount; some researchers 
haven’t published because they got scooped by others.

“Yes, people had been doing genome editing since the ’90s. 
There were tools to do this, but not everyone had them,” Corn 
adds, referring to other proteins that can cut specific genes, but 
cost more and require more time.

 Crispr-Cas9 has leveled the playing field, Corn says. Inves-
tigators with big labs and deep pockets could afford earlier 
gene editing tools, but Crispr-Cas9 presents almost no barrier 
to entry. As Corn elaborated in a blog post: “This turns an 
exclusive practice, where people with questions had no way 
to get answers, into an inclusive one, where many questions 
lead to many answers. I often call this the ‘democratization’ 
of gene editing.”

Scientific director Jacob Corn leads the flagship 
lab of the Innovative Genomics Institute 
at UC Berkeley. The consortium is a place 
for researchers to share ideas and resources.
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THE ENGINEER
The IGI laboratory at Berkeley consists of row upon row of 
white-coated young people bent over their work, some with 
their backs to one another, others conferring head to head. 
Corn takes me to the bench of a postdoctoral researcher 
named Mark DeWitt. Hired in 2014, DeWitt heads the IGI 
team tasked with curing sickle cell disease in mice — his is one 
of a number of research teams pursuing the idea.

DeWitt’s experiments are intended to be a proof-of-principle 
that Crispr-Cas9 can help the hundreds of thousands of peo-
ple, most of them in Africa and India, who carry two flawed 
copies of the HBB gene. This gene makes hemoglobin, the 
stuff  of red blood cells. In the disease state, the blood cells are 
sickle-shaped instead of round, leading to stabs of pain and 
eventual organ damage. The plan is to extract blood-forming 
stem cells from a patient’s bone marrow and correct as many 
copies of the mutated gene as possible. Theoretically, when 
the stem cells are returned to the patient, they will generate 
enough of the normal hemoglobin to counter the symptoms, 
if  not eliminate the disease.

DeWitt explains that Crispr-Cas9 is used both to insert the 
adverse mutation into mice, and then to reverse the defect by 
installing the normal version of HBB, known as wild-type. In 
both cases, the cut by Cas9 triggers an automatic repair pro-
cess at the site of the gene. In repairing the biochemical break, 
the DNA incorporates the variant of HBB that the researcher 
has provided: the mutated form to cause the disease and then 
the normal form to cure it.

Assembling a Crispr-Cas9 package is not all that difficult, 
DeWitt says. Engineered separately, the purified Cas9 enzyme 
and the guide-RNA solutions are swirled in a tube and come 
together in a protein complex. He calls the third ingredient the 
template, or donor DNA: “It’s the DNA that encodes the edit 
you want to make, in this case wild-type HBB.”

DeWitt adds the Crispr-Cas9 complex and DNA replace-
ment parts to a solution containing mutated stem cells. Using 

electroporation — in Corn’s words, “we run an electric current 
and make holes in the cells” — he’ll inject the complex and 
replacement parts through the cells’ protective membrane.

DeWitt places a plastic tray about the size of a microwave 
dinner, with 16 thimble-sized wells filled with the culture, 
under the hood of the electroporation device. Invisibly, in less 
time than it takes to zap a frozen meal, a portion of the cells 
are transformed, one string of DNA switched for another.

The first team to achieve a genetic rewrite of sickle cell and 
of thalassemia, a related blood disorder, will hit the jackpot. 
Recently, Corn, DeWitt and others of the IGI team published 
a paper on their promising results in mice. Before moving  
on to human trials, they will need to study all instances of 
“off-target” effects: Years before Crispr, the viruses employed 
to deliver DNA in gene therapy trials occasionally damaged 
the whole system, causing cancer. The problem was that 
researchers couldn’t direct the packet to the proper place on 
the chromosomes.

The Innovative Genomics Institute is housed 
in the gleaming Li Ka Shing Center at UC Berkeley.

IGI lab postdoctoral researcher Mark DeWitt demonstrates how 
Crispr-Cas9 works with a 3-D model of the gene-editing system.
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 THE PROSPECTORS
Doudna founded Berkeley-based Caribou Biosciences early in 
2012, just as her paper with Charpentier was published. The 
company is her commercial stake in Crispr-Cas9, and, backed 
by UC Berkeley’s lawyers, she’s launched a patent action against 
MIT researcher Feng Zhang, who contends that he invented 
the technique about the same time and has the right to com-
mercialize it. Caribou aims to bring Crispr-Cas9 to all domains 
of the life sciences, from agricultural and industrial biotech to 
medicine and molecular biology. The company’s coolly boastful 
motto: “Engineering any genome, at any site, in any way.”

Caribou’s one-story office and lab are in a slightly scruffy 
neighborhood near the freeway on the Oakland side of Berke-
ley. I meet there with Chief Scientific Officer Andy May. At 
43, May is one of the older employees at the company, which 
numbers two dozen and counting.

“Why does the sign in your waiting room say ‘The 
Bakery’?” I ask.

“Because this used to be a Twinkie factory,” he says.
According to May, Crispr-Cas9 is the biggest thing to come 

along in molecular biology since the development of PCR, or 
polymerase chain reaction, in the 1980s. Thanks to PCR, scien-
tists could amplify DNA in great volumes and thereby “read” 
the genetic sequences of all sorts of organisms in all their varia-
tions. “We’ve had the ability to read genetic information, but 
we haven’t had the ability to write it back into cells,” May says. 
“Now we can write it back and edit it. We’ve closed the cycle.”

Rachel Haurwitz, Caribou’s 30-year-old CEO and co-
founder, who earned her Ph.D. in molecular and cell biology 
under Doudna, joins us in the conference room. Caribou has 
secured funding from corporate giants DuPont and Novartis 
for Crispr-Cas9 projects, though Haurwitz won’t tell me what 
they are specifically. “We’re a platform technology company,” 
she says. “We make Cas9 proteins, and we have the tools, the 
bioinformatics, to analyze large numbers of experiments. We’re 

driving to understand the details, to gain understanding and 
explain why it’s safe.”

Haurwitz has honed her sales pitch. “To really benefit man-
kind,” she says, “you have to commercialize. There is investor 
excitement, but they understand that [the payout] could be a 
decade away. We’ve been building the plane as we’ve been flying 
it. If you win, it’s a tremendous win.”

From Caribou I crawl south through the traffic to Santa 
Clara, at the base of the San Francisco Peninsula. Here is the 
headquarters of Agilent Technologies, a worldwide supplier 
for the biotech industry and other scientific research with  
$4 billion in annual revenue. The two employees I meet with — 
Stephen Laderman, director of Agilent Research Laboratories, 
and Laurakay Bruhn, who oversees product development for 
Crispr-Cas9 — are a generation older than May and Haurwitz. 
Their conference room is twice as large and their chairs twice 
as plush. Without doubting the importance of what they call 
“the gene-editing explosion,” they aren’t yet sure of the value 
of Crispr-Cas9 to their company.

“It’s a future play,” Laderman says cagily. “We’re not just 
making the tool, [but also] making measurements that deter-
mine what the tool did.” By measurement, he means the vali-
dation of experiments, the part that investigators sometimes 
neglect. It’s one thing to buy a Crispr-Cas9 package, a cool 
new tool for your project, and another thing to ensure that it 
has worked. For example, Agilent might help a drug company 
determine any off-target effects of a new gene-therapy product.

Caribou’s May and Haurwitz, who offer the same service, 
imply they’d do it better. They refer to Agilent as “a hardware 
company, selling picks and shovels.”

“We do sometimes talk about ourselves as selling picks and 
shovels,” Laderman concedes. Adds Bruhn: “We make RNA 
really well. [Customers] don’t want to make their own picks. 
They want to find the gold.”

Caribou Biosciences CEO and co-founder Rachel Haurwitz and 
Chief Science Officer Andy May set up shop to change the world 
in a former bakery located in a busy commercial area of Berkeley. 
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THE WIZARDS
The experimental focus and putative benefits 
of Crispr-Cas9 have for the most part cen-
tered on human beings and our biomedical 
concerns, with some nervous speculation 
about permanently enhancing our genes. 
Tests last year by Chinese scientists on 
human embryos prompted an international 
meeting to discourage this kind of research.

The fact is that any creature’s DNA can be 
altered permanently — it’s happening right 
now in the UC Berkeley lab of Nipam Patel. 
A developmental biologist, Patel edits the 
genomes of “non-traditional model species,” 
including butterflies and crustaceans. By 
turning genes off in embryos, Patel and his 
team have gained insights into developmen-
tal pathways, such as how a butterfly grows 
distinctive wing patterns.

Crispr-Cas9 has accelerated the pace of 
exploration in his lab by a factor of 10. “The 
savings are enormous,” Patel says. “It costs 
$75 to knock out a gene. That’s crazy, com-
pared to what we used to pay.” Patel used to 
work with a technique called RNA-interfer-
ence, or RNAi, which he says was 10 times as costly. “And only 
some worked well,” he says. “It took us two years with RNAi 
to transform three genes versus just months to transform seven 
genes with Crispr. The Cas9 enzyme is efficient and robust. The 
animal is changed right from the get-go.”

The genes that interest Patel determine body plans, control-
ling how and when a nascent organism forms its limbs, mouth 
parts, antennae, etc. A subset of such genes, known as Hox 
genes, is found across the animal kingdom, in humans as well 
as fruit flies. Patel zeroes in on the Hox genes of a tiny crusta-
cean, Parhyale hawaiensis, commonly known as a beach hop-
per. When Crispr-Cas9 knocks out a Hox gene in an embryonic 
beach hopper, strange things ensue, like a clawed foot forming 
where a swimming foot ought to be, or an antenna growing out 
of a mouth. The opposite tack, knocking-in, inserts foreign 

DNA into a Hox gene, resulting in, for instance, a claw that 
glows green under fluorescent light.

When I visited, two biologists, Erin Jarvis and Arnaud 
Martin, were harvesting fertilized eggs from female beach 
hoppers swimming around in a petri dish. Next, the research-
ers injected Crispr-Cas9 packets into the eggs before the cells 
divided, to transform as many cells as possible in the develop-
ing crustaceans. The operations took place under a microscope 
with barely visible needles and probes; the investigators must  
have supremely steady hands. “No caffeine on injection days,” 
quips Jarvis.

Asked whether the power they wielded through Crispr-Cas9 
gave them pause, Jarvis offers the standard justification: “We’re 
working to understand genetic processes. It adds to the basic 
science, so we can understand more about ourselves.”

Martin says, “It’s the tool to 
modify nature. But when do we 
stop engineering nature? It’s kind 
of like Frankenstein.”

The discussion turned to gene 
drives, so far just a concept. A 
mutation could be implanted 
in a critical mass of mosquitoes 
or rodents or some other pest, 
and the mutation would spread 
through the population for good 
or for ill. Would biologists do the 
right thing? And the thing they 
thought was right — would it 
work as planned?

“I hope I’m a good wizard,”  
says Martin. “I’m afraid of the 
magic, though.”

UC Berkeley developmental biologist Nipam Patel uses Crispr-Cas9 to edit the genomes 
of butterflies, crustaceans and other animals to learn how an organism forms.

Graduate student Erin Jarvis, a member of Patel’s lab, prepares to inject a tiny dose of Crispr-Cas9 
into embryos of Parhyale hawaiensis, a crustacean commonly known as a beach hopper.
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IT SLICES! IT SPLICES! 
Beach hopper embryos (top left), half a millimeter across, are lined up and 
prepared for an injection by Erin Jarvis, a graduate student at the University 
of California, Berkeley. Without intervention, the embryos would develop  
into normal crustaceans (middle left). But the hair-thin needle (near left) 

delivers a minuscule dose 
of Cas9 protein and guide-
RNA — just 50 trillionths of 
a liter. In a matter of hours, 
it will create mutations 
that permanently alter the 
beach hopper’s DNA. For 
example, in one experiment 
researchers gave mutant 
hoppers forward-walking 
legs (below right) instead 
of jumping legs, as seen 
in a wild beach hopper 
(below left, colorized 
for identification). Both 
are scanning electron 
microscope images. 

The common brewer’s yeast 
Saccharomyces cerevisiae is 
creamy white in its natural 
state (left). It takes on a 
decidedly pink cast (right) 
after self-described biohacker 
Josiah Zayner manipulates it 
with Crispr-Cas9. The gene 
editor cuts the yeast’s ADE2 
gene and inserts a few extra 
nucleotides using donor DNA. 
“The pink color is a well-
known consequence of this 
mutation,” he says.

making mutant beach hoppers

pretty in 
pink yeast

CRISPR-CAS9 GENE EDITING CAUGHT IN THE ACT

Normal Mutated

Beach hopper 
embryos

Needle
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THE BIOHACKER
If  it’s that easy, why only write about Crispr-
Cas9? I wanted to try my hand, you know, trans-
form something.

I turn to Josiah Zayner, a 35-year-old rebel with 
a Ph.D. For Zayner, the term biohacker embraces 
DIY as a political cause.

In the kitchen of his suburban apartment, not 
far from the San Francisco airport, traffic noise 
seeps in from the street. We put on disposable 
gloves — “Though we don’t really need them,” he 
says — and he hands me a test tube. “Have you 
ever pipetted before?”

A pipette is like a large medicine dropper that 
can dispense precise amounts. My first job is to 
squirt a solution of calcium chloride into the tube.

“To do a transformation, you have to trick the 
bacteria,” he says. “You add some calcium chlo-
ride to neutralize the charge of the DNA, allow-
ing it to permeate the cell membrane.”

I press the plunger with my thumb. Next?
“Now we need to get some bacteria in there. 

They’ve been sitting around in my fridge. Let’s 
scrape some off.”

The biohacker movement is about non-scientists, quasi-
scientists and a substantial number of moonlighting profes-
sional scientists who are taking molecular biology into their 
own hands with big and little “why not?” projects. Think yeast 
cultures expressing different colors under fluorescent lights, 
or cheese made not from cows but from microorganisms 
implanted with genes for milk proteins. Those are just two 
of the projects emanating from hangouts hosted by Berkeley 
BioLabs, or Oakland’s Counter Culture Labs, or BioCurious in 
Sunnyvale. From the Counter Culture Labs website: “Our goal 
is to demystify and democratize this technology, putting tools 
into the hands of those who want to learn.”

So Zayner, charging little for his time, would empower the 
likes of me, at least for tonight. Until recently his days were 
spent at NASA; his assignment was to develop bacteria that 
could degrade plastic on long space missions. He didn’t like 
the job very much. He considered joining a leading biotech 
company, but that would have meant changing his appearance: 
two-tone hair and studs lining both ears. For the time being, 
he’s making a go as an “independent scientist.”

He picks up two test tubes and starts twirling them. 
The bacteria are in. The template DNA is 
in. The Cas9 enzyme is in, and the guide-
RNA. A plasmid, a simple kind of DNA-
delivery vehicle, will move a gene 
for antibiotic resistance into the 
bacterial cells, jump-starting the 
Crispr-Cas9 system. The object of 
the experiment is to mutate a gene 
in the bacteria, giving it antibiotic 
resistance, then prove it by dosing the 
cultures with antibiotics. We won’t 
know the outcome for about a day. 
(Spoiler alert: success.)

Zayner’s take on democratization has a harder edge than 
the IGI vision. Sure, it’s good that Crispr-Cas9 is being com-
moditized, as the hard parts of fabrication are taken over by 
industry. Addgene, a company in Cambridge, Mass., reports 
that “since 2012 it has distributed some 50,000 Crispr-Cas9 
plasmids to 15,000 scientists around the world.” Patel and 
Corn may be delighted by the falling costs, but Zayner thinks 
that paying $65 for a Crispr-Cas9 plasmid from Addgene is 
too much.

“Researchers have millions and so companies mark up the 
price,” he grumbles as we move into the living room. “Why 
should I have to pay to access publicly funded research? I think 
science needs democratization. The public doesn’t have the nec-
essary DIY protocols for Crispr-Cas9. What is the best Cas9 
sequence to use? Where do you get the chemicals?

“You have this potentially awesome therapy. What if, at 
hacker spaces, you had 1,000 people working on Cas9? People 
would come in and contribute stuff. You’d have to educate 
them, but then you would unleash them.”

In November, Zayner mounted an Indiegogo campaign 
to fund the production of Crispr-Cas9 kits. The online pitch 
was “DIY Crispr Kits, Learn Modern Science By Doing.” The  
goal was to raise $10,000 via crowdsourcing within a month. 
He got $65,000. Buying the components, he negotiated with 

suppliers abroad and individual manufactur-
ers. Not Addgene or Agilent? No way. “My 
kits are ridiculously cheaper,” Zayner says. 

At press time, he was about to start 
shipping the kits.  D

Contributing editor Jeff Wheelwright 

is author of The Wandering Gene and the 

Indian Princess: Race, Religion, and DNA.

Self-described “independent scientist” Josiah Zayner says gene-editing technology 
should be available to all: “Why should I pay to access publicly funded research?”

Zayner’s DIY 
Crispr-Cas9 kit.



The Psychopath 
      



Fifty years ago, his chilling 
experiences as a prison 

psychologist led ROBERT HARE 
on a lifelong quest to understand 

one of humanity’s most fascinating 
— and dangerous — disorders.  

BY DANIELLE EGAN 
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Robert Hare steps out of the sunlight and 
into a West Vancouver pub. “Let me see your 
eyes,” says the 82-year old, piercing me with 
a cautious gaze that has sized up hundreds 
of criminals, including some of Canada’s 
most notorious psychopaths. The word itself  
has become a synonym for a certain type of 
evil, denoting a specific breed of cunning, 
bloodthirsty predator who lacks empathy, 
remorse and impulse control, readily violating 
social rules and exploiting others to get what 
he or she wants.

Psychopaths are capable of the most heinous 
crimes, yet they’re often so charming and 
manipulative that they can hide behind a 
well-cultivated mask of normalcy for years and 
perhaps their entire lives. Only the ones who 
get caught become household names, such as 
Ted Bundy, “Killer Clown” John Wayne Gacy 
and “Ken and Barbie Killers” Paul Bernardo 
and Karla Homolka.

   The Hare

Clockwise, from top left: Charles Manson, Ted Bundy, John Wayne Gacy, 
Karla Homolka, Paul Bernardo and Aileen Wuornos. 
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Hare’s oblique wariness of a reporter brandishing a voice 
recorder in a busy taphouse is perhaps no surprise, given 
his expertise with the subject and the research that suggests 
1 in 100 people are psychopaths who tend to blend in, like 
cold-blooded chameleons. We know psychopaths make up 
15 to 20 percent of the prison population, at least 70 percent 
of repeat violent offenders and the significant majority of 
serial killers and sex offenders. We know they’re difficult 
to treat using conventional methods, partly because they 
rarely seek out treatment. Yet they’re three times more likely 
to be released — and they get paroled almost three times 
faster — than their non-psychopathic counterparts. With the 
advent of neuroscience, we know the brains of psychopaths 
are atypical, leading some experts to call psychopathy a 
neurodevelopmental disorder, akin to autism, and one that’s 
diagnosable even in small children. 

We know so much about psychopaths 
because of The Hare — officially the 
Psychopathy Check List-Revised  
(PCL-R) — the test that Hare developed 
for researchers in 1980 and released 
publicly in 1991. It’s now the gold 
standard used by researchers, forensic 
clinicians and the justice system to identify 
the hallmark traits and behaviors that 
make psychopaths chillingly unique. 

With his leather jacket, silver goatee 
and circumspect gaze, Hare looks more 
like a retired detective than an emeritus 
academic. Ostensibly, he retired in 2000, 
when he closed his renowned psychopathy 
research lab at the University of British 
Columbia (UBC). But Hare remains 
an active researcher, developing new 
assessment tools, giving keynote addresses 
at conferences around the globe and 
holding workshops for forensic clinicians, 
prison staff and FBI profilers. Since his 
so-called retirement, Hare has spawned 
variations of the PCL-R to assess youth 
and children exhibiting early signs of 
psychopathy. He’s also turned his gaze 
on corporations. Finding that up to 4 percent of corporate 
staffers are psychopaths, he’s validating a research tool that 
HR departments and corporate staffers could eventually use to 
screen prospective and current employees, from mailroom to 
corner office.

What makes these people tick? How can we safeguard 
society against them? Perhaps most importantly, how are these 
predators spawned? Hare, known as “Beagle Bob” among 
his inner circle for his tendency to follow a scent, has devoted 
more than 50 years to wrestling with these questions, starting 
at a time when we didn’t even have a succinct definition  
for psychopath.

AMONG THE PREDATORS
The term was coined in the mid- to late 1800s from its Greek 
roots psykhe and pathos, meaning “sick mind” or “suffering 

soul.” In that era, the condition was typically considered a type 
of moral insanity. But that would start to change in the mid-20th 
century, when psychiatrist Hervey Cleckley published The Mask 
of Sanity, providing character portraits of psychopaths in his care 
at Georgia’s University Hospital.

Cleckley called psychopaths “the forgotten man of 
psychiatry.” He understood that many were violent criminals, 
but even repeat offenders tended to do only short prison stints, 
or they were released from psychiatric hospitals because they 
were diagnostically sane, displaying “a perfect mask of genuine 
sanity, a flawless surface indicative in every respect of robust 
mental health.” 

Unfortunately, Cleckley’s rally call was largely ignored by the 
medical community. By the late ’60s, the bible of psychiatry, 
the Diagnostic and Statistical Manual (DSM), had replaced 

“psychopathic personality” with “antisocial 
personality disorder,” which still didn’t include 
hallmark psychopathic traits such as lack 
of empathy and callousness. This DSM 
classification endures today, yet while most 
psychopaths are diagnostically antisocial, the 
majority of people with antisocial personality 
disorder are not psychopaths. 

Hare’s path into psychopathy research 
happened by chance and circumstance. He grew 
up in a close-knit family in a working-class 
suburb of Calgary, Alberta. Hare found school 
easy but had no clue what he wanted to do with 
his life. He liked math, science and archaeology, 
but he took a mix of courses at the University 
of Alberta, including psychology. By the late 
1950s, he was completing his master’s degree in 
psychology. “I was curious about what drives 
our perceptions, emotions, motivations,” he 
says. “I wanted to know what was going on 
from an experimental scientific perspective.”

He met an undergrad named Averil in an 
abnormal psychology class. They married in 
1959, and a year later, their daughter, Cheryl, 
was born. At the University of Oregon, Hare 
began a Ph.D. program in psychophysiology, 
a branch of biological psychology that studies 

the interplay between emotions, behavior and the nervous 
system. But when Cheryl had medical problems, they returned to 
Canada, where treatment would be more affordable.

In 1960, Hare took the first job he could get, as the 
psychologist at the British Columbia Penitentiary, a maximum-
security prison on the outskirts of Vancouver. 

“What did I know about working with criminals?” Hare asks 
while we wait for brunch to arrive. “I knew about the scientific 
constructs of psychology, not the clinical aspects, the laying 
hands on people part.” 

Hare’s primary job involved assessing prisoners, using 
available tools ranging from personality tests to Rorschach ink 
blots, all of which were scientifically unreliable and, he’d soon 
discover, much less useful than the insights of prison guards. 
He was installed in a remote part of the prison, many locked 
doors away from the guards, making the panic button above his 

In 1960, Robert Hare worked as the 

psychologist at the maximum-security 

British Columbia Penitentiary (below). 
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desk useless. Within the first hour, he encountered his first 
psychopath, an inmate he calls Ray. 

“He was extremely predatory, looked at me like I was food,” 
recalls Hare. “With his eyes, he nailed me to the wall.” Then 
Ray pulled out a crude, handmade knife and waved it at Hare. 
When Hare refrained from pressing the panic button, Ray said 
he planned to use his weapon on another inmate. Hare felt that 
Ray was testing him, so he chose not to report the prisoner or 
the contraband weapon to other staff. Luckily, Ray didn’t carry 
out the threat, but Hare soon realized that Ray had snared him 
in a sort of trap, persuading him to forsake prison rules for 
clinical rapport.

Throughout Hare’s eight-month stint at the penitentiary, 
Ray persuaded Hare to endorse him for various plum prison 
jobs, including the auto shop, which led to a chilling send-off 
for Hare when he left to finish his doctorate degree at the 
University of Western Ontario. Hare brought his car to the 
shop for a tune-up just before his young family took their 
cross-country relocation trip. As they drove down a hill, the 
brakes failed. Luckily they made it to a service station, where 
a mechanic discovered that the brake line had been rigged for 
a slow leak.

Hare was relieved to escape to the academic world, now 
with an interest in studying the behavioral effects of rewards 
and punishment. He came across Cleckley’s book, and in these 
detailed character portraits, Hare recognized Ray, particularly 
his ability to charm and dupe otherwise sensible people. The 
inmate’s smooth-talking personality type had become a puzzle 
that Hare would devote his life’s work attempting to solve.

MAKING THE LIST
In 1963, Hare returned to Vancouver and took a professorship 
at UBC’s psychology department. He hoped to conduct 
experiments into the biological responses to fear, phobias, 

motivation, rewards and punishment. At the time, UBC was a 
small regional school. The psychology department consisted 
of World War II-era army huts on the fringe of campus. Hare 
had no lab space, equipment or volunteers, so he called on 
colleagues at the BC Penitentiary and persuaded Correctional 
Services Canada to let him conduct risk assessment studies on 
the inmate population. 

Hare’s first breakthrough psychopathy experiment measured 
physiological arousal. While hooked up to a sweat gland 
monitor, volunteers, all male, were told that they’d receive a 
brief shock eight seconds into a 12-second countdown. The 
study, published in The Journal of Abnormal Psychology in 
1965, revealed that while most criminals and control subjects 
exhibited significant physiological stress in anticipation of 
the shock, psychopaths did not. In a similar study published 
the following year, participants were given the option to be 
shocked immediately or 10 seconds later. Eighty to 90 percent 
of non-psychopaths and community controls chose to get it 
over with immediately, but only 56 percent of psychopaths 
chose that option, suggesting that they did not mind waiting 
for an unpleasant event.

The results piqued Hare’s interest, but forensic psychology 
was in its infancy, and psychopathy research was virtually 
non-existent. “The literature on the topic was pretty barren,” 
says Hare. “Cleckley and I were two voices crying in the 
wilderness,” he says. “At times, I was ready to pack it in and go 
into archaeology. But I stuck at it.” 

In 1970, Hare published the book Psychopathy: Theory 
and Research, attracting some attention in academia. “Good 
things began to happen,” he says. “I’d get batches of graduate 
students with great ideas. They revived me, and often they 
were the key study authors. I gave them free rein within 
their areas of interest, and the students really kept me going 
whenever I’d hit a plateau.”

By the mid-1970s, Hare had moved out of the barracks and 
into a rudimentary basement lab with that era’s cutting-edge 
equipment, including a 500-pound polygraph machine. His 
biggest hurdle became the lack of a valid assessment tool. 
Clinicians relied on the DSM’s loose construct of antisocial 
personality disorder and also self-report tests, which were 
easy for psychopaths to outsmart. Hare devised a checklist 
based on Cleckley’s key traits, but it wasn’t ideal. “Journal 
editors would say, ‘But what specifics go into an assessment 
of psychopathy?’” recalls Hare. “I needed something like the 
Richter scale for measuring the magnitude of earthquakes.”

Hare put his nose to the grindstone, analyzing data and 
conducting more prisoner interviews, with two independent 
assessors. Using psychometric measures, he weaned the list 
down from 100 to 22 items and in 1980, he published a paper 
describing his new instrument, the Psychopathy Check List. 
It immediately caught on with other researchers in North 
America and the U.K. “They might not have agreed with all 
the elements, but it allowed us to speak the same language 
and put all of us on the same diagnostic page,” says Hare. He 
and a core group of students made further revisions and by 
1985, they had the PCL-R’s 20-item checklist, which boasted a 
high degree of interrater reliability, meaning that the majority 
of researchers agreed on the subject scores. “Its popularity 

Robert Hare, in a park near his Vancouver home. 

His work led to a standard test of psychopathy.
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research attracted many students to the Hare 
Lab, including Kent Kiehl, who completed his 
master’s and doctorate degrees there from the 
mid-1990s until the lab closed in 2000. “We 
discovered very striking differences between 
psychopath and non-psychopath brains,” 
says Kiehl, who has continued his research 
at the University of New Mexico since 2007. 
“But Bob taught me that it’s more important 
to listen to their stories and life histories. 
He’s interviewed some of the most notorious 
psychopaths in Canada. That makes him 
unique. Eighty percent of the researchers in 
psychopathy, some of the biggest names, have 
never actually met a psychopath. They haven’t 
spent time with the material, if you will.”

The 46-year-old Kiehl is executive science 
officer at the Mind Research Network 
forensics lab, which travels to local prisons 
with a mobile fMRI machine, tracking 
blood-flow changes while subjects are 
exposed to neutral and violent words 
and imagery. So far, Kiehl has assessed 
more than 5,000 brains and found that 
psychopaths have functional and structural 
anomalies that affect emotions, impulse 
control and cognition, leading him to view 
psychopathy as a neurodevelopmental 
disorder — a belief  he shares with a number 
of other researchers and psychologists. 

Neuroimaging is now increasingly used 
in the courtroom, including at a 2009 death 
penalty trial for Brian Dugan, a Chicago 
prisoner already serving a multiple murder 
sentence and who was later convicted of 
the 1983 rape and murder of a 10-year-old 
girl. Kiehl was hired by the defense to assess 
Dugan with the PCL-R and a brain scan, 
to convince the jury that the convict with 
an IQ of 140 had a neurological disorder 
that made him not criminally responsible, 
as is already the case for people with low 
IQ (a neurological disorder that qualifies 
for ineligibility for execution in nine 
states). Kiehl doesn’t know whether the 
brain scan and the accompanying PCL-R 
psychopath label impacted the jury’s 
ultimate death penalty conviction. (A year 
later, the death penalty was abolished in 
Illinois.) But like his mentor, Kiehl believes 
that brain scans could be just as common 
in the courtroom as DNA, as long as the 
information is conveyed by credible experts. 
“I think that brain scans will one day be 
routinely used to categorize psychopaths and 
become standard fare in court trials. They’ll 
be just as revolutionary as the use of DNA 
evidence,” contends Kiehl, citing his recent 

exploded after that,” he says. 
One Hare Lab study found that 80 percent 

of PCL-R-rated psychopaths reoffended 
within three years, compared with only 
20 percent of non-psychopaths. Canada’s 
National Parole Board came knocking, 
wanting to test all prisoners. Hare had serious 
qualms about the potential misuse of the 
PCL-R outside controlled research settings, 
but after much deliberation, he sold the rights 
to a publisher in 1991. “The PCL-R was 
designed as a tool for pure research,” he says. 
“But pure research is more valuable when it 
has practical implications. We’re not operating 
in some academic vacuum.”

By the late ’80s, Hare was operating one of 
the biggest labs in UBC’s brand-new psychol-
ogy building, staffed by 18 graduate and Ph.D. 
students, with custom soundproof chambers 
for electroencephalogram (EEG) experiments 
and financial support from a handful of gov-
ernment-sponsored grant programs. “Research 
was really humming along,” says Hare, who 
continued conducting groundbreaking experi-
ments, including one testing Cleckley’s theory 
of semantic aphasia — “that the emotional 
components of language were somehow lost 
to the psychopath,” explains Hare. “For them, 
language is a purely a linguistic intellectual 
thing without the emotional underpinnings 
that color everything we do.” 

While hooked up to an EEG that tracked 
brain activity, study participants looked at 
neutral or emotional words — table, desk, 
carpet, corpse, maggot, torture — followed by 
scrambled words. “With emotional words, 
most people can differentiate between words 
and scrambles very quickly, with high accu-
racy,” says Hare. “But psychopaths responded 
the same way to emotional and neutral words. 
There was no emotional turbo boost. That 
was stunning. In 1991, we submitted the 
paper to Science, and it was turned down at 
first because the editors thought these can’t 
possibly be real people.” 

Science ultimately published the paper later 
that year, and it was replicated a few years 
later in the first-ever brain imaging study of 
psychopathy, a collaboration between Hare 
and the Bronx Veterans Affairs Medical 
Center substance abuse clinic. 

As Hare drives us to his home near 
Horseshoe Bay, commenting occasionally on 
dangerous drivers exhibiting psychopathic 
traits, he points out that “scores of 
researchers doing MRIs have since replicated 
those early studies.”

Hare’s reputation for cutting-edge scientific 

The Hare’s Breadth
The PCL-R — or The Hare, 
as it’s colloquially known — 
measures a constellation of 20 
personality traits and behaviors. 
An accredited clinician, ideally 
one with a background in 
psychopathy, conducts a semi-
structured interview with a 
subject, coaxing out information 
about the subject’s personality, 
lifestyle and personal history. 
The feedback is combined with 
information from the subject’s file 
and ideally interviews with family, 
friends, employers and other 
associates, to help the clinician 
determine whether the subject is 
evasive or deceptive. 

The checklist’s 20 items include 
glibness/superficial charm, 
grandiose sense of self-worth, 
need for stimulation/proneness 
to boredom, pathological lying, 
conning/manipulation, lack of 
remorse/guilt, shallow affect, 
callousness/lack of empathy, 
parasitic lifestyle, promiscuous 
sexual behavior, early behavior 
problems, lack of realistic, long-
term goals, impulsivity, failure 
to accept responsibility, many 
short-term marital relationships, 
juvenile delinquency and criminal 
versatility. 

The clinician scores each item 
with 0 (no presence), 1 (uncertain) 
or 2 (definitely present). 
Psychopaths score 30 to 40 points. 
The general population typically 
scores less than 5, while the 
average score for prisoners is 23. 

Since its inception, the checklist 
has remained the same, but the 
PCL-R manual has grown from 
a small pamphlet of just a few 
pages to the current 200-plus-
page book packed with statistical 
data from psychopathy specialists 
around the globe. It’s now the top 
violence risk assessment tool used 
by forensic psychologists in North 
America, the significant majority 
in post-sentencing and parole 
hearings of the most dangerous, 
high-risk prisoners.  D.E.



June 2016  DISCOVER  55

CO
U

RT
ES

Y 
RO

BE
RT

 H
AR

E

study on impulsivity — “that brain scans were better than the 
PCL-R at predicting that psychopath offenders were four times 
more likely to reoffend.”

Hare is wary about the impact of brain scans in the court-
room. “Neuroscience is sexy right now, and brain scans are 
attention-grabbers,” he acknowledges as we sit on his balcony 
drinking cappuccino. “There’s some dramatic new 
stuff showing there might be anomalies in the cells 
between the frontal cortex and the limbic system, 
referred to as ‘potholes’ along the neural tracks. 
It’s interpreted as evidence of some sort of discon-
nection between frontal and limbic regions.”

But as Hare points out, “we don’t even know 
what the variations of a ‘normal’ brain look like. 
It might turn out that psychopathy is causally 
associated with functional and structural deficits, 
but for now the jury is out. We still have a lot 
to learn.”

EVIL, OR EVOLUTION?
Even though there’s an abundance of scientific 
research on psychopathy, perhaps more than 
with any other personality disorder, specialists 
still can’t agree on the specific origins. “The 
majority interprets anomalies in brain structure 
and function as a cause-effect relationship,” 
says Hare. But some researchers think nurture 
trumps nature, and they equate it with early 
abuse and trauma. “That’s part of the picture,” 
acknowledges Hare. “It’s just as reasonable, and 
more so in my mind, to interpret psychopathy 
as a developmental evolutionary thing,” he 
says, citing work by psychopathy specialists at 
Waypoint Centre for Mental Health Care, a 
clinical and forensic hospital in Penetanguishene, 
Ontario. “They argue that psychopathy is not a 
disorder; it’s what they call ‘an adaptive lifestyle 
strategy,’ ” says Hare. “You can pass on your genes 
by having one or two children and investing a lot 
into their well-being. But we know psychopaths’ 
relationships are impersonal, that they favor the 
strategy of having a lot of children, and then 
abandoning them.” This biological adaptation 
theory qualifies psychopathy as an advantageous, 
albeit deplorable, method of genetic reproduction, 
not as a neurological disorder.

Both etiology theories could have serious 
real world implications. Could children be 
vilified as bad seeds or given special resources or 
medical treatment? Could workers be tested for 
psychopathic tendencies by employers? Could criminals be 
imprisoned for life based solely on brain scans?

“These are big issues,” acknowledges Hare, who now 
fields questions about neurological comparisons between 
psychopathy and autism at every talk he gives. “I don’t think 
psychopaths have a more primitive or a more evolved brain. 
. . . Nature provides for all sorts of diversity — that’s the point, 
isn’t it? We have some super-empathetic people and if a fly dies, 

they feel remorse — one extreme. The other extreme may be 
the psychopath. Most of us are somewhere in-between. 

“From an evolutionary psychology perspective, the structure 
and functions [of psychopaths’ brains] may be a little different, 
but they’re properly designed for engagement in predatory 
behaviors. They could be genetically programmed, but what 

trigger mechanisms might set genes off? We don’t 
know. But we know that environmental factors are 
also a determinant,” says Hare. 

Whether the debate is settled soon or not, Hare 
thinks we need therapy programs designed for 
psychopaths, including ones for children who are 
too young to bear the psychopath label but have 
callous-unemotional traits, alongside conduct 
disorder behaviors like fighting, bullying and 
stealing. “But you have to be very careful with 
labels and treatment. Psychopathy might not 
be so disordered and unnatural; it’s something 
that we can probably work with, help them take 
advantage of and shape in a way that’s pro-social 
and productive, good for the individual and society.

“My view is that psychopaths have the 
intellectual capacity to know the rules of society 
and the difference between right and wrong — and 
they choose which rules to follow or ignore,” says 
Hare. “They might even consider themselves more 
rational than other people. A psychopath I met 
in my research once told me that using his head 
instead of his heart gave him an advantage. He saw 
himself as ‘a cat in a world of mice.’ ” 

After all these decades, Hare claims he’s often 
no better than the next person at identifying 
a psychopath, and that helps explain why he 
periodically eyeballs the proverbial windows 
to my soul. I ask Hare about the root Latin 
definition of psychopathy, which means a sickness 
of the soul. “People will say the behavior is pure 
evil, but what does that mean?” wonders Hare.

“I’ve never used these terms. Psychopaths can 
be dangerous and cause very serious problems in 
society. But I don’t know what the soul is. I think 
a better word is conscience, but what is that? Is it 
the concept of self-awareness? Can a computer 
think in this kind of abstract sense? I don’t 
think so, but maybe we’re also just a bunch of 
algorithms. It’s a mystery of human nature that 
makes my head hurt.”

Journalists have beagle traits, too, so I return to 
the question of what attracted him to specialize 
in such dark matter? Was it like an archaeologist 

discovering a new world?
“OK, sure, that sounds good,” he allows. “It’s funny to think 

that on my tombstone, it’ll say I was the developer of the  
PCL-R. This is my claim to fame? Do you know that Heimlich 
did a lot of basic science research? No, you just know the 
Heimlich maneuver.”  D

Danielle Egan is a freelance journalist based in Vancouver.

Psychopath/
Neutral Words

Psychopath/
Emotional Words

Non-psychopath/
Emotional Words

Psychopaths’ brain scans exhibit little change between neutral and emotional words, and they have much less brain activity, compared with a non-psychopath’s brain.
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The Marine Menagerie 
A long-forgotten collection of glass sea creatures resurfaces, to the delight — and alarm — of biologists. 
BY JONATHON KEATS 

→One afternoon in the late 1980s, 
a young marine biologist named 

Drew Harvell unearthed dozens of 
sea slugs in an upstate New York 
warehouse. She also found many 
species of  jellyfish and octopus, some 
of  which she’d never seen in the 
oceans. The creatures were packed 
in cardboard boxes, and while they 
looked real at first glance, they were all 
made of  glass.

The collection of  nearly 600 glass 
sea invertebrates belonged to Harvell’s 
new employer, Cornell University. 
They had traveled from Germany in 
1885, purchased as teaching aids to 
expose students to ocean life they had 
scant opportunity to experience in 
person. But as technology made both 
underwater photography and fieldwork 
more accessible, the glass sculptures 
became obsolete. They spent decades 
in storage before Harvell rediscovered 
them. “I fell in love,” she says, recalling 
how awestruck she’d been by their 
uncanny resemblance to actual slugs 
and jellies. “I was stunned to see what 
to me were old friends.”

Harvell decided to have the glass 
conserved, hiring expert glassmakers 
to wipe away a century of  accumulated 
dust and to repair fractures with 
removable glue. She also began 
photographing living counterparts 
whenever she did a research dive, 
excited to show off  the models’ 
verisimilitude. But the more she 
looked, the more she realized how 
hard some creatures were to find. 

“I got to thinking that in some ways, 
this collection was a time capsule,” 
she says. Representing biodiversity 
at the beginning of  the Industrial 
Revolution, the obsolete glass 
menagerie has taken on new relevance 

under her watch: The models have 
become a benchmark for assessing 
the loss of  sea life in the current 
Anthropocene epoch.

BLASCHKA FROM THE PAST
The men who made the glass creatures 
would have appreciated Harvell’s focus 
on biodiversity. Leopold Blaschka and 
son Rudolf combined consummate 
craftsmanship with a deep love of 
nature. Glass was the family business 
and had been for generations. Leopold 
grew up making glass eyes and costume 
jewelry, as well as glass orchids for 
the aristocracy. But an ocean voyage 
in 1854 expanded his ambitions. He 
returned to Europe and soon moved 
to Germany, ready to imitate the 

shimmering bodies of sea invertebrates.
Initially Leopold worked from 

illustrated books, fabricating colorful 
glass anemones and squid for 
exhibition in the Dresden Natural 
History Museum. When Rudolf 
entered the business in the 1870s, the 
Blaschkas expanded the collection 
to include the full gamut of  spineless 
sea life — from brittle stars to sea 
cucumbers — which they sold to 
museums and universities worldwide. 
They also started ordering living 
specimens from marine laboratories 
throughout Europe. 

“Their power of  observation was 
very acute, and they were really 
well educated,” says Susan Rossi-
Wilcox, former curator of  Harvard 

Drew Harvell of Cornell University rediscovered a treasure-trove of lifelike glass sea creatures. 
She now works to find as many of the specimens as possible in real life, a task made difficult 
by more than 100 years of human marine interference.

History
Lessons
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A specimen of Argonauta argo, 
a type of open sea octopus, 
created by Leopold and Rudolf 
Blaschka from glass, paint, 
wire and resin.
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University’s Blaschka glass flower 
collection (a later body of  work for 
which the Blaschkas are now most 
renowned). “It’s very easy to think 
you’re copying something, but if  you 
don’t have an understanding of  the 
important aspects, the chances of 
getting it right are pretty low.” The 
Blaschkas got it right every time, 
and they did so with dexterity that 
confounds modern glassmakers. 

“The technology they had to do this 
was a wooden bench with a bellows 
system,” explains Marvin Bolt, curator 
of  science and technology at the 
Corning Museum of Glass in New 
York. From the delicacy of  jellyfish 
bells to the fragility of  their tentacles, 
the models depended on technical 
perfection for their educational value. 
“You get a real sense of  the animals’ 
scale and ornamentation,” says Bolt. 
“Students could see similarities 
between species and therefore their 
evolutionary connections.”

CLASSROOM CREATURES
However, the fine glass details were 
vulnerable to breakage, especially when 
handled by students. It wasn’t long 
before the fragile figures were lost to 
time, packed away in cardboard boxes. 
The Corning Museum of Glass has 
been instrumental in their restoration, 
working at Harvell’s behest, and a 
selection is currently on view in an 
exhibition that runs through the 

beginning of 2017. The museum is 
also screening a film by Harvell and 
underwater videographer David O. 
Brown, documenting her efforts to find 
living likenesses of the glass creatures 
anywhere from the North Atlantic 
to the Mediterranean to the coral 
reefs of Indonesia.

The search has been revealing, 
showing how dramatically biodiversity 
has diminished since the Blaschkas’ 
era. Their cephalopod collection 
— numerous octopus, squid and 
cuttlefish — is a 
good example: 

“Some of  them turn up in the 
stomachs of  whales and sharks, so 
we know they must be out there, but 
nobody has seen them for quite a while 
now,” Harvell says. “For the Blaschkas 
to have had access to them, they must 
have been much more common.”

Still, Harvell is frank about the 
challenges of  drawing conclusions 
from the Blaschka collection. “The 
oceans are a very big place,” she 
observes, and truly comprehensive 
surveys require more resources. 
Harvell thinks the Blaschka models 
will help, and that their artistry can 
inspire greater interest in spineless 
saltwater species. “People are very 
vertebrate-centric,” she says.

The vitreous cuttlefish and sea 
slugs evoke an underwater world 
that few people encounter directly 
even today. Nearly a century and a 
half  after their creation, these glass 
models are once again showing their 
educational worth.  D

Jonathon Keats‘ latest book is You Belong 

to the Universe: Buckminster Fuller and the 

Future (Oxford University Press).

From the delicacy 
of jellyfish bells to 

the fragility of their 
tentacles, the models 

depended on technical 
perfection for their 
educational value. 

Leopold (left) and son Rudolf Blaschka were 
19th-century glass blowers who somehow 
produced these perfect re-creations of sea life.

A depiction of Opheodesoma glabra, a sea cucumber featuring 15 tentacles. Measuring nearly 
11 by 9 inches, this is among the largest sculptures in the collection. 

The Blaschkas’ 
version of 
Abralia veranyi, 
the eye-flash 
squid, found in the 
Atlantic Ocean and 
Mediterranean Sea. 

History
Lessons



June 2016  DISCOVER  59

Visit DiscoverMagazine.com/Blaschka to see more of the Blaschkas’ glass sea creatures.

The Blaschkas’ attention to detail and technical skill was superb. Clockwise from above: a close-up 
of their Anthopleura artemisia, or burrowing anemone. The sea slug Aeolis papillosa are still relatively 
plentiful. Ophiothrix serrata, the brittle star, is another larger specimen at about 9 by 9 inches. The sebae 
anemone, Heteractis crispa, stands proud. It’s clear that the Blaschkas had a strong understanding of 
their subjects, as even their preparatory drawings are immaculately detailed, such as this illustration of 
Holigocladodes lunulatus, a kind of jellyfish. 
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Riding on 
a Beam 
of Light 
Sailships may offer our best 
shot at reaching the edge 
of the solar system and beyond.
BY STEVE NADIS 

→As teenage brothers and 
identical twins growing up in 

1950s Alabama, Gregory and James 
Benford both read Time for the Stars, 
Robert Heinlein’s 1956 novel about 
Tom and Pat Bartlett — identical 
teenage twins who took part in the 
world’s first interstellar space mission. 
The tale made a lasting impression 
on the Benfords, who shared the 
Bartletts’ affinity for space and were 
simultaneously drawn to the world of 
science fiction. 

While still in their teens, the 
Benfords published 29 issues of  the 
fanzine Void. James has since sold a 
few sci-fi stories, whereas Gregory has 
published more than 200 short stories 
and written 31 novels, winning two 
Nebula Awards along the way.

But the brothers’ main pursuit 
is science. Gregory is an emeritus 
physics professor at the University 
of  California, Irvine. James, also a 
physicist, heads his own company, 
designing high-powered microwave 
systems for clients like NASA, the 
Jet Propulsion Laboratory (JPL), 
Lockheed and Boeing. 

Although the Benford twins chose 
different professional paths, they 
share a dream: human travel into 
interstellar space, a quest they liken 
to the exploration of the American 
West. In 2013, the brothers hosted the 
Starship Century Symposium, where 
scientists and sci-fi writers gathered 

to advance the prospect of human 
expeditions to the stars within 100 years.

The Benfords’ rationale for such 
a journey is a modern take on 
Manifest Destiny: “Because we are the 
descendants of  those primates who 
chose to look over the next hill,” they 
say. “Because we won’t survive here 
indefinitely. Because the stars are there, 
beckoning with fresh horizons.”

UPLIFTING LIGHT
But how are we to reach those 
horizons? High-speed nuclear rockets, 

Harnessing the power of light might be the best means of traveling through this enormous 
universe. In this artist’s depiction, a microwave “beamer” in the distance is propelling a sailship 
forward, theoretically up to 10 percent the speed of light, significantly faster than current speeds.

James (left) and Gregory Benford have both 
written science fiction and, as physicists, done 
their part to help science fact catch up. 

Out
There
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the often-cited next-gen vehicles 
of  choice, are not technologically 
close at hand. Chemical rockets, the 
standard since World War II, are too 
slow; the fastest rocket we’ve ever 
launched would take 74,000 years to 
get to Alpha Centauri, our closest 
stellar neighbor. Arriving there sooner 
requires more fuel, but the potential 
gains are limited: Increasing the fuel 
load a hundredfold would only yield, 
at best, a fivefold boost in speed.

Instead, the physics appears 
most favorable for “sailships.” First 
proposed in 1962 by physicist and 
science fiction writer Robert L. 
Forward, and subsequently developed 
and tested by the Benfords, these 
spacecraft are defined by their giant 
sails. The vessels are similar in spirit 
to the sailboats Gregory and James 
piloted in their youth along Alabama’s 
Gulf  Coast, but instead of  exploiting 
the wind, these spaceships would 
harness the power of  light.

Sailships are the conceptual 
descendants of  solar sails, oversized 
kites propelled purely by sunlight, 
like Japan’s 46-foot-wide solar sail, 
IKAROS, which flew past Venus in 
December 2010. Unfortunately, the 
push from sunlight alone is rather 
feeble: It took IKAROS almost 
seven months to get to our nearest 

planetary neighbor. But a focused and 
sustained blast of  electromagnetic 
radiation — either in the form of 
microwaves or lasers — would add 
orders of  magnitude more momentum 
to the craft.

“The beam stays on the sail for 
hours as acceleration continues and 
velocity grows to interstellar speeds,” 
says James. “Ten hours would get you 
going really fast, about 10 percent of 
the speed of  light.”

Whereas Forward’s fictional 
sailships used lasers, the Benfords 
prefer cheaper microwaves to power 
theirs. Microwave generators, or 
“beamers,” would initially be based 
on Earth but eventually could be 
installed on satellites that convert solar 
electricity into microwaves. 

Gregory sees the beamer as a 
big-ticket infrastructure investment 
analogous to laying down railroad 

tracks. With beamers in place, 
sailships could be assembled in 
space and dispatched from there 
on diverse missions in almost any 
direction, like the trains crisscrossing 
continents today. 

NOT JUST SCI-FI
This vision remained hypothetical 
until 2000, when sufficiently Space 
Age materials — and financial support 
from NASA — allowed projects led 
by James and Gregory to start testing 
these ideas at JPL and UC Irvine. 
They were the first to demonstrate that 
a microwave beam could actually lift 
a real structure — a tiny sail, about 
1.4 inches in diameter, composed of 
lightweight carbon fibers 10 times 
thinner than a human hair. 

Although that first sailship was 
a modest one, the Benfords made 
a surprising discovery: The sail’s 
acceleration was much higher than 
expected because carbon monoxide 
trapped in the fibers rapidly boiled 
off, providing more thrust that turned 
the diminutive object into a virtual 
rocket. “The sail came out at 4 Gs and 
completely slammed into the [ceiling],” 
Gregory says. This unexpected effect 
could be exploited by manufacturing 
sails with special coatings or 
embedded materials.

Whereas Forward’s 
fictional sailships  

used lasers, the  
Benfords prefer  

cheaper microwaves  
to power theirs. 

Sail

In the 1960s, Robert L. Forward imagined 
a beam-propulsion system that relied on a 
laser and a giant focusing lens to propel a 
sail through space, as illustrated below.

Sailing 
Through 
Space

After the laser’s light is focused onto 
the large, flat sail (with its comparatively 
tiny payload), the sail could achieve truly 
impressive velocities without needing 
to store or process fuel.

An artist’s rendering of Japan’s IKAROS solar 
sail, the first spacecraft to use the sun’s light 
as its main means of propulsion.

Payload

Connecting fibers 

Laser

Giant lens Sail
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As an extra bonus, Gregory says, 
“After you’ve blown this stuff  off, 
you’ve made the sail even lighter.” 
And the lighter the sail, the greater 
the acceleration for a given force. 
Scaled-up versions of  the experimental 
sails would weigh about 5 tons per 
square kilometer. But James believes 
that graphene, an ultrathin form of 
carbon just a single atom thick, might 
eventually be used in diaphanous 
sails weighing just 500 pounds per 
square kilometer. 

In other experiments, the researchers 
found that a microwave beam can pro-
vide a restorative force that stabilizes 
the sail and keeps it billowed, assuming 
the sail has the right shape. Previous 
solar sails had been flat, designed that 
way to catch more sunlight, but it was 
difficult to keep them properly aligned 
with the sunlight. A beam-driven sail-
ship should be concave — resembling 
an umbrella — to keep it aligned with 
the beam, so that when light waves hit 
the sail, they naturally tend to center 
it on the beam. 

“What needs to happen next will be 
to carry out real sail experiments in 
space,” says Gregory. He and James 
almost got their chance in June 2005, 
when a Russian Volna rocket was 
scheduled to launch Cosmos 1 — a 
6,415-square-foot solar sail — into 
space. Unfortunately, the rocket  
failed 83 seconds after takeoff, and 
Cosmos 1 never made it into orbit.

The Planetary Society has seen some 
success with its LightSail designs, 
but the Benfords’ plans are currently 
shelved. So, James decided to assess 
the economic feasibility of  beamed 
propulsion in order to “put some 
numbers on this idea.” His 2013 study 
concluded that it would cost about 
$30 billion to build a beamer that can 
send a probe out of  the solar system, 
but once built, the system could be 
operated cheaply. With four and a 
half  hours of  acceleration, a sailship 
could reach Pluto in one year at a cost 
of  about $40 million. By contrast, 

the New Horizons space probe took 
almost nine and a half  years to reach 
Pluto and cost about $700 million.

DECODING THE BEAM
Benford’s analysis convinced James 
Guillochon and Avi Loeb of  the 
Harvard-Smithsonian Center for 
Astrophysics that sailships might 
afford the most practical means of 
space travel, both within and out of 
the solar system. They also applied the 
idea to another sci-fi staple: aliens. 

“It seems reasonable,” Guillochon 
and Loeb wrote in 2015, “that 
intelligent life elsewhere in the galaxy 
may employ similar technology 
to facilitate rapid transit between 
habitable worlds.”

In fact, Guillochon and Loeb’s 
calculations showed that signal leakage 
from an Earth-based beamer would 
be a million times brighter than the 
radio output from the sun in that same 
frequency. Looking for signals of  this 
sort around other planetary systems, 
they said, “could define a new strategy 
in the search for extraterrestrial 
intelligence (SETI).”

“I don’t think it’s nuts,” says SETI 
Institute astronomer Seth Shostak, 
who considers the idea “clever.” 
James Benford also found the SETI 
argument intriguing, and he offered an 
additional twist: Knowing that leakage 
from their beamers would be visible 
elsewhere in the galaxy, advanced 
aliens might deliberately insert a 
message into the beam. 

If  and when we build our own 
apparatus for powering sailships, 
perhaps we’ll put a message in our 
beam as well — assuming, Benford 
adds, there is “some agreement by 
mankind of  what we wish to say.” 
Maybe the twin writers can help in 
that department, too.  D

Steve Nadis, a contributing editor to Discover 

and Astronomy, is co-author of From the 

Great Wall to the Great Collider. He lives in 

Cambridge, Mass. 

With four and a half 
hours of acceleration, 
a sailship could reach 

Pluto in one year 
at a cost of about 

$40 million. By contrast, 
the New Horizons space 

probe took almost 
nine and a half years 

to reach Pluto and cost 
about $700 million.

The ill-fated Cosmos 1, a solar sail experiment 
from 2005, would’ve been the first to fly 
in space, had it actually reached orbit. 

A NASA researcher holds a rigid, lightweight 
carbon-fiber material suitable for building a 
large and efficient solar sail. Without such 
materials, the sails would be impossible.
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lived with profound disability until 
the age of  3 or so, a feat only possible 
with patient, loving care.

So advanced were their artifacts 
that, for years after their discovery 
in the late 1920s, most archaeologists 
believed the people had evolved from 
the Neanderthals whose remains 
were found in neighboring caves. 
For decades, researchers theorized 
that the Skhul-Qafzeh populations 
represented a “missing link” between 
Neanderthals and us.

Beginning in the late 1980s, however, 
more precise dating techniques 
upended that notion. The Qafzeh 
humans were around 92,000 years 
old, and the Skhul people were even 
older, averaging about 115,000 years. 
The age of  the Skhul-Qafzeh people 
challenged the widely held idea that 
Homo sapiens had not left Africa until 
about 60,000 years ago. Even more 
startling: Almost all the Neanderthal 
remains were significantly younger. 
The Skhul-Qafzeh people were not 
an elusive missing link between 
Neanderthals and humans. They 
were humans, and Neanderthals had 
replaced them.

OUR CLOSEST KIN
Since Darwin, we have debated the 
relationship between Neanderthals 
and humans. Neanderthals sometimes 
seem like our defining Other, 
recognizably human yet not: Homo 
sapiens in a funhouse mirror that 
pushes the face forward yet obliterates 
the chin; inflates the brow ridge yet 
compresses the skull; and bulks out 
the chest yet truncates the lower 
limbs. Our elders by 200,000 years or 
more, Neanderthals often have been 
judged by us as inferior. Did we evolve 

→About 100,000 years ago, tall, 
long-limbed humans lived in the 

caves of  Qafzeh, east of  Nazareth, 
and Skhul, on Israel’s Mount Carmel. 
Their remains suggest a surprisingly 
sophisticated people defying the 
conventional timeline of  Homo 
sapiens’ migration out of  Africa. But 
ultimately, the Skhul and Qafzeh 
residents did not survive.

The Skhul-Qafzeh people gathered 
shells from a shoreline more than  
20 miles away, decorated them and 
strung them as jewelry. They buried 
their dead, most likely with grave 
goods, and cared for their living: 
A child born with hydrocephalus, 
sometimes called water on the brain, 

When Neanderthals Replaced Us
Israeli cave finds challenge our theories about evolution’s winners and losers.
BY THEODORA SUTCLIFFE

Within Israel’s Qafzeh Cave (above), 
researchers found evidence of a sophisticated 
culture and remains of modern humans (top) 
that are up to 100,000 years old. 

 Origin
Story
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from them, mate with them, murder 
them, outcompete them? Whatever 
happened, we won.

But our victory was far from 
a foregone conclusion, says 
archaeologist John Shea. “Until 
around 100,000 years ago, a 
dispassionate observer would have 
no basis for predicting either the 
extinction of  rival human species 
or Homo sapiens’ current global 
ecological dominion,” Shea says.

For hundreds of  thousands 
of  years, Neanderthals survived 
harsh climates with bitterly cold 
temperatures — not to mention 
predators including scimitar cats and 
cave lions — using simple tools and 
primitive clothing. They were a long-
lasting and successful lineage.

Skhul-Qafzeh may be one example 
of  Neanderthals outcompeting 

humans, albeit indirectly; Shea and 
other researchers note there is no 
strong evidence of  direct physical 
conflict, or even that both species 
occupied the area at the same time.

Another popular theory is similarly 
imperfect. If  the Skhul-Qafzeh people 
interbred with Neanderthals, the 
sites should contain remains of  both 
species deposited at the same time — 
but they don’t.

Instead, the dominant theory for 
Neanderthal success at Skhul-Qafzeh 
is that 21st-century bête noire: climate 
change. Around 75,000 years ago, 
close to the time the Homo sapiens of  
Skhul and Qafzeh disappear from the 
fossil record, the climate in the Levant 
shifted in Neanderthals’ favor. Rapid 
glaciation left the region both cooler 
and drier. Steppe-deserts advanced, 
and forests retreated.

Neanderthal bodies were adapted 
for colder conditions. Their stocky, 
barrel-chested build lost less heat and 
offered plenty of  insulating muscle, 
and their systems were streamlined to 
extract calories from food and turn 
them into body heat. The Skhul-
Qafzeh people’s slender physiques 
were better at getting rid of  heat 
than making it. Or, as Shea says, 
“Neanderthals liked cold and dry. Our 

ancestors liked warm and wet. It got 
cold, and humans retreated.”

Rather than the missing link, then, 
the Skhul-Qafzeh people seemed 
to represent a rare tale of  failure in 
Homo sapiens’ official record. They 
came from Africa, reached the Levant, 
then retreated or went extinct before 
a second, successful wave of  African 
Homo sapiens arrived in the region 
around 60,000 years ago.

Last year in the journal Nature, 
physical anthropologist Israel 
Hershkovitz described a 55,000-year-
old human skull found in Manot 
Cave, near the Skhul and Qafzeh 
sites. Despite the skull’s proximity 
to the earlier sites, Hershkovitz does 
not believe it challenges the theory 
that the Skhul-Qafzeh people died 
out or moved away. Instead, he 
sees all the fossils in these caves as 

Did Two Species Collide or Coexist?
 

Mt. Carmel area, 
Israel

Saudi Arabia

Iraq

A selection of sites 
from the Middle 
Paleolithic (45,000-
300,000 years ago) 
raises questions 
about when Homo 
sapiens left Africa, 
where they went and 
whether they met 
Neanderthals. 

The mostly complete cranium and mandible 
known as Skhul 5 was among the remains 
of 10 individuals found at the Israeli site. 

Manot

Skhul

Qafzeh

5cm

Homo sapiens  
remains 
Neanderthal  
remains 
Artifacts only 
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One intriguing possibility surfaced 
in Nature in February. A team 
analyzing multiple Neanderthal 
genomes uncovered strong evidence 
that humans and Neanderthals had 
interbred more than 100,000 years  
ago — that’s tens of  thousands of 
years earlier than we thought. The 
genetic admixture appeared in an 
individual found in Siberia, but not 
in the European Neanderthals also 
analyzed in the study.

“It suggests that the interbreeding 
event may have happened in the 
Middle East, and that lineage then 
migrated east” without additional 
contact with Europe, says Adam 
Siepel, a quantitative biologist at New 
York’s Cold Spring Harbor Laboratory 
and a co-team leader for the study.

While evidence of  such early 
contact between the two species has 
yet to be found at Skhul and Qafzeh, 
the new study adds to the theory 
that Neanderthals were successful, 
spreading across Europe and Asia, 
at a time when humans seem to have 
faltered, gone extinct or retreated 
back to Africa. It begs the question: 
Which species was, at least for a time, 
superior?  D

Additional reporting by Gemma Tarlach.

disparate remnants of a succession 
of small populations. Whether they 
were hunter-gathering bands or larger 
tribes, each group, in turn, reached the 
caves and found them favorable, but 
ultimately went extinct.

“Each cave was inhabited during 
thousands of  years by many different 
groups who never actually met each 
other,” he explains. “Each group was 
isolated from the other with probably 
a lot of  inbreeding.”

Hershkovitz considers his find an 
entirely separate lineage, a new arrival 
distant in time from the people of 
Skhul and Qafzeh by 40,000 years or 
more. While analysis of  their DNA 
might solve many of  the riddles about 
these early people, researchers so far 
have been unable to extract usable 
genetic material from the remains.

EXTINCTION IS THE RULE
Some researchers believe the Skhul-
Qafzeh people were not small, isolated 
groups but part of  a broader early 
movement out of  Africa and into 
Eurasia.

In Saudi Arabia’s Empty Quarter, 
University of Oxford professor 
Michael Petraglia is in the middle 
of a multidisciplinary project called 
Paleodeserts. These desert landscapes 
were once fertile lake lands, and 
Petraglia’s team aims to unlock the 
role they played in human expansion. 
So far they have found many tools, 

but not one human fossil. “We know 
that some form of human definitely 
penetrated Arabia, and that some of 
the dates of those sites coincide with 
the appearance of Homo sapiens in the 
Levant around 100,000 years ago,” says 
Petraglia. According to this hypothesis, 
the Skhul-Qafzeh people represent 
the western edge of a larger wave of 
migration that likely continued into 
Eurasia. Did their contemporaries on 
the move also go extinct? 

“The extinction of  hunting and 
gathering populations [was] probably 
far more common than we realize 
today,” Petraglia says. “In Sahara, 
Arabia, the Thar Desert of  India … 
clearly populations got into those 
places, but we don’t know what 
happened to [them].”

Individuals found at the Qafzeh site, such as 
this woman and child buried together, are 
considered to be among the oldest known 
examples of anatomically modern humans.

Neanderthal skulls have several features not 
found in the Skhul-Qafzeh people, including 
a robust but chinless jaw and a protruding 
occipital bun at the back of the cranium.

Origin
Story
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Cook and other scientists aim 
to figure out how these miniature 
ecosystems work — and their role 
in glacial melting — before the ice 
disappears.

→ Joseph Cook took to the ice to 
learn about the polar ice caps 

of Mars, but he found something 
almost as otherworldly on Earth. For 
his graduate research in glaciology, 
Cook’s plan was to study depressions 
on glaciers as a way to learn more 
about mysterious Swiss-cheese pits 
in Martian ice. But, he says, once he 
began exploring the holes in 2009, “I 
was hooked.”

It’s easy to understand Cook’s 
fascination. Each hole is its own tiny 
world, an ecosystem unto itself that 
supports a host of life-forms, including 
tardigrades — or water bears — and 
other small organisms. These water-
filled divots develop when dark grains 
of bacteria-specked dust collect on a 
glacier or ice sheet and absorb heat from 
the sun. The granules, called cryoconite, 
begin to melt the ice, forming cylindrical 
wells 1 to 50 centimeters wide. The 
grains settle into a layer of cryoconite 
sediment on the bottom.

Cryoconite holes appear on glaciers 
all over the world, from Antarctica 
to Greenland to the Himalayas. But 
climate change threatens many of 
these slabs of ice, and as they melt, 
the distinctive divots they harbor are 
vanishing, too — just as scientists are 
beginning to understand them. And 
the cryoconite organisms themselves 
may be speeding up the process. 
“They may well be catalysts of their 
own demise,” says Cook, of the 
University of Sheffield.

Into  
Thin Ice
Small holes in the world’s 
glaciers harbor miniature 
ecosystems that could vanish 
as the slabs melt away.  
BY ELIZABETH PRESTON

AN OASIS ON ICE
Cryoconite was discovered in the late 
19th century, when polar explorers 
noticed the dark grains while trudging 
across the ice. They realized the dust 
was melting holes into the glaciers. But 
it took another century for scientists to 
begin to understand what cryoconite 
is made of, and what lives inside 
cryoconite holes.

In the mid-1990s, Nozomu Takeuchi 
set out to understand the makeup of 
cryoconite. He split open granules 
from the Canadian Arctic and put 
them under microscopes. Takeuchi, 
now at Japan’s Chiba University, saw 

Cryoconite holes 
form when dark 

grains of bacteria-
specked dust collect 

on a glacier or ice 
sheet and absorb 

heat from the sun. 
The granules melt 

the ice, forming 
cylindrical wells.

Dozens of 
cryoconite holes 
fill a 1-meter-
square frame 
(left). Each hole 
hosts an array 
of tiny life-
forms. Glacier 
researcher 
Joseph Cook 
scans the ice 
in Svalbard, 
Norway 
(bottom). 
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each hole — some researchers are 
using DNA and RNA analysis to 
characterize them. But they struggle 
to grow the finicky microbes back in 
the lab, where they could more easily 
figure out their ecosystem functions. As 
glaciers disappear, they may be running 
out of time to study these organisms.

A CHANGING BALANCE
Life at the bottom of a cryoconite hole 
is dark. The chocolate-colored bacteria 
inside each granule produce black 

that the core of each cryoconite grain 
is a mass of mineral bits, assorted 
bacteria and organic material the 
bacteria have produced. The outer 
shell of the granule is a living layer 
of cyanobacteria, a type of bacteria 
fueled by photosynthesis. Their 
filaments hold everything together in 
a tight-knit sphere. “It’s very beautiful 
actually,” Takeuchi says.

Building on Takeuchi’s findings, 
scientists realized that the grains form 
when airborne mineral particles are 
ensnared, along with other debris, in the 
sticky arms of cyanobacteria.

Takeuchi wondered how old these 
odd melds of mineral and life were. 
He noticed that each summer, the 
growing cyanobacteria seem to create 
a new layer on the granule. The layers 
could then be read to reveal the age 
of the cryoconite, much like tree rings. 
In studying the rings on one Chinese 
glacier, Takeuchi found that most of 
the granules were between 3 and 7 
years old, while others may last just a 
year or two.

As Takeuchi picked apart the grains, 
other scientists pieced together how 
they form their own ecosystem. They 
found that despite their small size, 
the organisms stitched together in the 
cryoconite orb are not passive residents 
of the ice. When cryoconite particles 
carve out a melt hole in a glacier, they 
create a new environment: a habitat 
where they and other organisms 
can reside. “I see them as ecosystem 
engineers,” says Cook.

Krzysztof Zawierucha, a biologist at 
Poland’s Adam Mickiewicz University 
in Pozna, is among the scientists 
exploring the food web within a melt 
hole. In addition to the microbes 
tangled together in the granules, they’ve 
found that the watery oases also house 
other bacteria, algae, fungi, single-celled 
animals called protozoans, and even tiny 
invertebrate animals including insect 
larvae, worms and various tardigrades.

These species are made for this 
frigid, ephemeral environment. Their 

special adaptations, including the 
antifreeze proteins that some of the 
bacteria make, may hold promise for 
medical applications, such as preserving 
blood and organs. And these organisms’ 
ability to live in extreme environments 
could teach us about the types of life 
we might one day find elsewhere in the 
universe. “I dream about studies on 
the freeze-avoiding strategies of these 
micro-animals,” Zawierucha says.

Intrigued by the wide variety of 
bacteria — a hundred species in 

Water

Cryoconite

Surface melt

Warm air and 
water vapors

Bottom melt

Glacial ice

Solar radiation

Anatomy of a Cryoconite Hole
Cook (top) examines 
a sample from holes 
on the Greenland 
ice sheet. Krzysztof 
Zawierucha (bottom) 
studies the food webs 
within the holes.
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SUPER COUPON

20%
OFFANY 

SINGLE 
ITEM

Limit 1 coupon per customer per day.   Save 20% on any 1 item 
purchased. *Cannot be used with other discount, coupon or any 
of the following items or brands: Inside Track Club membership, 
extended service plan, gift card, open box item, 3 day parking lot sale 
item, compressors, fl oor jacks, saw mills,   storage cabinets, chests 
or carts, trailers, trenchers, welders, Admiral, Badland, CoverPro, 
Daytona, Diablo, Franklin, Hercules, Holt, Jupiter, Predator,  Stik-Tek, 
StormCat, Union, Vanguard, Viking.  Not valid on prior purchases. Non-
transferable. Original coupon must be presented.  Valid through 9/10/16. 

LIMIT 5 - Good at our stores or HarborFreight.com or by calling 
800-423-2567. Cannot be used with other discount or coupon or prior 
purchases after 30 days from original purchase with original receipt. 
Offer good while supplies last. Non-transferable. Original coupon must be 
presented. Valid through 9/10/16. Limit one coupon per customer per day.

LIMIT 4 - Good at our stores or HarborFreight.com or by calling 
800-423-2567. Cannot be used with other discount or coupon or prior 
purchases after 30 days from original purchase with original receipt. 
Offer good while supplies last. Non-transferable. Original coupon must be 
presented. Valid through 9/10/16. Limit one coupon per customer per day.

LIMIT 9 - Good at our stores or HarborFreight.com or by calling 
800-423-2567. Cannot be used with other discount or coupon or prior 
purchases after 30 days from original purchase with original receipt. 
Offer good while supplies last. Non-transferable. Original coupon must be 
presented. Valid through 9/10/16. Limit one coupon per customer per day.

• 100% Satisfaction Guaranteed
• Over 30 Million Satisfi ed Customers

• HarborFreight.com
• 800-423-2567

• No Hassle Return Policy
• Lifetime Warranty On All Hand Tools

LIMIT 5 - Good at our stores or HarborFreight.com or by calling 
800-423-2567. Cannot be used with other discount or coupon or prior 
purchases after 30 days from original purchase with original receipt. 
Offer good while supplies last. Non-transferable. Original coupon must be 
presented. Valid through 9/10/16. Limit one coupon per customer per day.

LIMIT 4 - Good at our stores or HarborFreight.com or by calling 
800-423-2567. Cannot be used with other discount or coupon or prior 
purchases after 30 days from original purchase with original receipt. 
Offer good while supplies last. Non-transferable. Original coupon must be 
presented. Valid through 9/10/16. Limit one coupon per customer per day.

LIMIT 7 - Good at our stores or HarborFreight.com or by calling 
800-423-2567. Cannot be used with other discount or coupon or prior 
purchases after 30 days from original purchase with original receipt. 
Offer good while supplies last. Non-transferable. Original coupon must be 
presented. Valid through 9/10/16. Limit one coupon per customer per day.

SUPER COUPON

LIMIT 1 - Cannot be used with other discount, coupon or prior 
purchase. Coupon good at our stores, HarborFreight.com or by 
calling 800-423-2567. Offer good while supplies last. Shipping 
& Handling charges may apply if not picked up in-store. Non-
transferable. Original coupon must be presented. Valid through 
9/10/16. Limit one FREE GIFT coupon per customer per day.

FREE
WITH ANY PURCHASE

How Does Harbor Freight 
Sell GREAT QUALITY Tools 

at the LOWEST Prices?
We have invested millions 
of dollars in our own 
state-of-the-art quality test 
labs and millions more in 
our factories, so our tools 
will go toe-to-toe with the 
top professional brands. 
And we can sell them for a 
fraction of the price because 
we cut out the middle man 
and pass the savings on to 
you. It’s just that simple! 
Come visit one of our 
650+ Stores Nationwide.

650+ Stores
Nationwide
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COUPON

72" x 80" 
MOVING BLANKET

LOT  66537 shown
69505 /62418

comp at $17 .97 
 $599 

SAVE 
66%

SAVE 
43%

SAVE 
75%

SAVE 
58%

SAVE 
$29

SAVE 
$230

SAVE 
$75

SAVE 
$264

 $6999 
comp at $99

 1.5 HP ELECTRIC 
POLE SAW 

• Extends from 
6 ft. to 8 ft. 10"

SAVE 
40%

comp at $20.26
 $1199 

LOT  95578
69645 /60625 shown

 4-1/2" ANGLE GRINDER  

comp at $752.99
 $31999 

12,000 LB. ELECTRIC WINCH 
WITH REMOTE CONTROL AND 

AUTOMATIC BRAKE
LOT   61256/60813/61889

68142 shown

SAVE 
$433

$11999 comp at 
$349.99

 26", 4 DRAWER 
TOOL CART 
LOT 95659 shown
61634/61952 • 580 lb. 

capacity

WINNER
– Truckin' Magazine

Customer Rating

 LOW-PROFILE 
CREEPER 

• 300 lb. capacity

comp at $79.99

LOT  69262
69094/61916 

2745 shown

 $1999 
Tools sold separately.

19"

40"

 3 GALLON, 100 PSI 
OILLESS PANCAKE 
AIR COMPRESSOR 

LOT  95275 shown 
60637/61615

comp at $89
 $4999 

 RAPID PUMP®

3 TON HEAVY DUTY 
STEEL FLOOR JACK 

LOT   69227/62116
62584/62590
68048 shown

 $7999 comp at 
$155.95  

• Weighs 74 lbs.

 $13499 
comp at 
$399

LOT  69684 shown
 61969/61970

12" SLIDING COMPOUND 
DOUBLE-BEVEL MITER SAW 

WITH LASER GUIDE

Customer Rating

 LOT 67227  shown
69567/60566/62532

 27 LED PORTABLE 
WORKLIGHT/FLASHLIGHT 

 $299 comp at 
$7.15Batteries 

included.

LOT  68862/62896  shown

7 FUNCTION 
DIGITAL 

MULTIMETER
LOT 90899 shown

98025/69096

VALUE
 $15 

Customer Rating Customer Rating

LIMIT 4 - Good at our stores or HarborFreight.com or by calling 

800-423-2567. Cannot be used with other discount or coupon or prior 

purchases after 30 days from original purchase with original receipt. 

Offer good while supplies last. Non-transferable. Original coupon must be 

presented. Valid through 9/10/16. Limit one coupon per customer per day.

WOW SUPER COUPON

SAVE 
$73

 1650 PSI 
PRESSURE WASHER 

LOT 68333 
 69488 shown

• 1.3 GPM$7654

comp at 
$149. 99 

Customer Rating

LIMIT 3 - Good at our stores or HarborFreight.com or by calling 

800-423-2567. Cannot be used with other discount or coupon or prior 

purchases after 30 days from original purchase with original receipt. 

Offer good while supplies last. Non-transferable. Original coupon must be 

presented. Valid through 9/10/16. Limit one coupon per customer per day.

WOW SUPER COUPON

comp at 
$168.97

$8999SAVE 
$78

900 PEAK/700 RUNNING WATTS 
2 HP (63 CC) 2 CYCLE

 GAS RECREATIONAL GENERATOR
LOT 60338/69381 shown 

Customer Rating

LIMIT 3 - Good at our stores or HarborFreight.com or by calling 

800-423-2567. Cannot be used with other discount or coupon or prior 

purchases after 30 days from original purchase with original receipt. 

Offer good while supplies last. Non-transferable. Original coupon must be 

presented. Valid through 9/10/16. Limit one coupon per customer per day.

WOW SUPER COUPON
10 FT. x 20 FT. 

PORTABLE 
CAR CANOPY

LOT 62858/63054/60728/69034 shown

comp at 
$199 $15999 15999 

$11999

Customer Rating SAVE 
$79

LIMIT 9 - Good at our stores or HarborFreight.com or by calling 

800-423-2567. Cannot be used with other discount or coupon or prior 

purchases after 30 days from original purchase with original receipt. 

Offer good while supplies last. Non-transferable. Original coupon must be 

presented. Valid through 9/10/16. Limit one coupon per customer per day.

WOW SUPER COUPON

comp at $17.97$599SAVE 
66%

 9 PIECE FULLY POLISHED 
COMBINATION WRENCH SETS 

SAE
LOT 69043

42304 shown

METRIC
LOT 42305

69044
63171

YOUR CHOICE
Customer Rating

Customer Rating

Customer Rating

Customer Rating

Customer Rating

Customer Rating
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Ice that’s shifting and melting may 
put more carbon into the atmosphere 
than it removes.

Overall, Cook says, it’s likely that 
cryoconite is amplifying the effects of 
climate change. This is already evident 
in Greenland. Takeuchi says that in 
the past several years the Greenland 
ice sheet — which holds 10 percent of 
Earth’s ice — has become strikingly 
darker and dustier. Formerly clean, 
white ice is now covered in cryoconite. 
It used to be found only inside holes, 
but now it’s scattered across the 
surface of  the ice. Scientists are trying 
to figure out what’s driving this shift, 
but it seems clear that “some balance 
is changing,” Takeuchi says.

For Cook, these complex, delicate 
pockets of  life have become far more 
than an alien-like curiosity.

“This is something really ecologically 
important,” he says. “This isn’t just 
innocuous, benign dirt.”  D

Elizabeth Preston writes the blog Inkfish 

at DiscoverMagazine.com

or dark brown organic matter, and 
certain larger animals in the cryoconite 
holes, such as black tardigrades, are 
also dark. These pigments protect 
against the damaging effects of solar 
radiation, but as Cook discovered, they 
also give cryoconite grains impressive 
ice-carving powers.

On the glaciers of Svalbard, he 
added extra cryoconite sediment 
to existing holes to see what would 
happen. He found that the granules 
spread out as much as possible, 

forming a thin layer. The dark layer 
of cryoconite and the creatures in 
the hole absorb sunlight, warming 
the walls around them and melting 
a wider hole. “What’s really amazing 
is that a cryoconite hole can change 
its shape,” he says.

The advantages of this habitat 
build-out are many, Cook found in 
a 2010 study. With the grains more 
widely distributed, more of the grains’ 
surface area is exposed to sunlight, and 
the additional meltwater lets the glacier 
host more life.

But with the arrival of human-
caused climate change, this age-old 
cycle now has a dark side. The 
very mechanisms that have allowed 

cryoconite organisms to thrive may 
be exaggerating the threat of global 
warming and aiding in the destruction 
of their own home. What’s more, dust 
freed from within glaciers as the ice 
melts can seed new cryoconite granules, 
says Andy Hodson, who studies glacier 
ecology at the University of Sheffield.

But dust is tiny, and glaciers are 
huge. How big of a problem can all this 
granule activity be in the grand scheme 
of things?

According to Cook, the darkening 
effect of cryoconite may be significant 
on a global scale. He and other 
researchers are also exploring 
how glacial life affects the planet’s 
carbon dynamics. On large, stable 
glaciers, Cook says, cryoconite 
holes seem to capture carbon — the 
photosynthesizers in the holes guzzle 
it out of the atmosphere. But on less 
stable ice sheets, where cryoconite 
doesn’t have time to settle into thin 
layers, its carbon dioxide consumption 
may be outweighed by the release of 
the greenhouse gas by other microbes. 

Notes
From 
Earth

The very 
mechanisms 

that have allowed 
cryoconite 

organisms to 
thrive may be 

exaggerating the 
threat of global 

warming and 
aiding in the 
destruction 

of their own home.

A cryoconite granule (top) forms when mineral 
particles and organic matter, such as bits of 
algae (right), are captured by cyanobacteria. 
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Award-winning lodge in Tamshiyacu-Tahuayo  

Reserve, shown to have the world’s greatest  
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daily departures.   1-800-262-9669. 
Visit: www.perujungle.com

CLASS IF IEDS

DO YOU HAVE A PRODUCT,  

OR SERVICE YOU WANT  

TO PROMOTE TO OVER 

6 MILLION READERS?

 

ADVERTISE 
HERE

CONTACT STEVE MENI  
FOR INFORMATION, RATES, AND  

THE NEXT AVAILABLE ISSUE

888-558-1544 
ext. 628

SMENI@DISCOVERMAGAZINE.COM

COMPELLING 
SCIENCE
for curious minds.

Go to 
DiscoverMagazine.com 
or call 
1-800-829-9132

Newton’s apple. 
Edison’s lightbulb. 

Hawking’s 
astrophysics. 

Subscribe to Discover 
magazine and see where 
your curiosity takes you.

Available in print or digital format.

DiscoverSCIENCE FOR THE CURIOUS

THE YEAR IN SCIENCE

Antibiotic Breakthrough

Biggest SETI Search Ever

Human Gene Editing

Limb Grown in a Lab

The End of the Universe?

. . . and More

January/February 2016

PLUTO 
SHINES
A big year for  
the little world. 

100
TOP 
STORIES 
OF 2015

10 issues JUST $19.95

ZOBRIST
CUBE

20,000 Puzzles in a Box!

33 POLYCUBE PIECES
&

52 PAGE CODE BOOK

1 (855) 962-7478
www.ZobristCube.com

Ages 6 - Adult

TM



74  DISCOVERMAGAZINE.COM

 F
RO

M
 TO

P:
 T

ED
 K

IN
SM

AN
/S

CI
EN

CE
 S

O
U

RC
E;

 E
YE

 O
F 

SC
IE

N
CE

/S
CI

EN
CE

 S
O

U
RC

E;
 JE

SS
IC

A 
W

IL
SO

N
 (C

O
LO

RI
ZA

TI
O

N
)/S

CI
EN

CE
 S

O
U

RC
E;

 TA
CI

O
 P

HI
LI

P 
SA

N
SO

N
O

VS
KI

/S
HU

TT
ER

ST
O

CK

1 Mosquitoes, ticks, bedbugs, flies, fleas, lice, 
chiggers, mites … many critters blamed for bug 
bites are not technically bugs. “True bugs” are 
limited to the order Hemiptera — nitpicky types 
would limit them to the suborder Heteroptera 
— which, of the above, includes only bedbugs. 

2 Some biting non-bugs do more than just bite. 
Female botflies, for example, attach their eggs to 

the underside of mosquitoes. When the mosquito 
lands on its victim, the eggs hatch and larvae burrow 
into the victim’s skin, causing painful bumps that 
can lead to sepsis if  untreated. 3 Fleas sometimes 
transmit disease with their host’s help: Their bites 
are itchy, so the host scratches, breaking the skin and 
pushing in flea feces and vomit, which can be loaded 
with pathogens. 4 Bug bites itch because the host’s 
immune system mounts a defense against the biter’s 

saliva by flooding the area with histamines. This 
causes swelling that can be both seen (in a red 

welt) and felt (as an itch). 5 The mechanics 
of some bug bites are impressive. In 2012, 
researchers at the Pasteur Institute in Paris 
recorded, via video microscopy, a mosquito 
feeding on a mouse. After the mosquito’s 
needlelike snout pierces the mouse’s skin, the 
mouthpart becomes flexible and can be seen 

snaking between cells until it locates a blood 
vessel. 6 That blood is a much-needed meal for 

a mosquito getting maternal. Like males, female 
mosquitoes usually get their nourishment from 

nectar. But most lady skeeters need the protein and 
iron in blood to produce eggs. 7 The Toxorhynchites 
mosquito genus, however, which includes some of 
the largest species, doesn’t bite anyone or anything, 
getting everything it needs from nectar. 8 The 
East African jumping spider Evarcha culicivora 
evolved to feed preferentially on female mosquitoes 

that have recently had a blood meal, which it can 
identify by both sight and odor. Now that’s karma. 
9 It seems unfair, however, that female mosquitoes 
out for blood will target other moms-to-be. A 
number of studies have shown that pregnant women 
are about twice as likely to be bitten as women who 
aren’t pregnant. 10 Researchers believe several 
factors make pregnant women more appealing  
to mosquitoes, including their increased body  

temperature. 11 Possible links to birth defects 
recently heightened concern over Zika, which is 
spread primarily by mosquito bites. But the virus 
isn’t new — it was first identified in 1947, during a 
yellow fever research project in Uganda. 12 The first 
outbreak of Zika in humans outside Africa was in 
2007 on the small Pacific island of Yap. Surprisingly, 
none of the mosquitoes captured for study during the 
outbreak carried the virus, known as ZIKV among 
researchers. 13 Years before Zika made headlines, 
West Nile virus saw a similar surge in American 
media attention in 1999 with the first reported U.S. 
infection. 14 The focus on these skeeter-borne viruses 
arriving in the U.S. skews public perception of their 
larger threat. Globally in 2014, the World Health 
Organization estimates that mosquito-borne malaria 
killed 438,000 people, yellow fever killed 30,000 and 
dengue 16,000. West Nile virus killed 500 and Zika 
zero. 15 Mosquitoes get a bad rap for the diseases 
they spread, but ticks actually transmit more diverse 
pathogens to humans and animals. 16 Ticks feed 
differently than other biting insects. They don’t have 
a one-and-done relationship with their host, but 
instead hang on for long periods — days or even 
weeks, depending on the species — and feed multiple 
times. 17 Mosquitoes and ticks may spread more dis-
ease, but many people find bedbugs more repulsive, 
even though documented cases of bedbug-human 
pathogen transmission are rare. 18 They sure are 
sneaky, though. In February, researchers published 
the entire genome of the common bedbug Cimex lect-
ularius. Among their discoveries: The little guys have 
evolved the largest known array of special proteins 
in their saliva that block their host’s pain sensations, 
allowing for repeated, swat-free feeding. 19 Thanks 
to some very dedicated volunteers who offered up 
their flesh for science, one experiment found only 
about 30 percent of bedbug victims experience a reac-
tion to their bites. 20 Case studies have documented 
a bitelike reaction in some cancer patients who were 
not exposed to biting insects. Researchers suspect the 
itchy red lesions may be linked to weakened immune 
systems, but they’ve been unable to determine their 
cause. That’s gotta bug ’em.  D

Senior Editor Gemma Tarlach got itchy just writing this.

Bug Bites
20 Things    You Didn’t Know About …

BY GEMMA TARLACH
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Bedbugs have 
numbing saliva.

A scanning electron 
microscope captures 
a tick going whole 
hog on a human 
host (above).

Aedes aegypti 
mosquitoes (above) 
transmit a number 
of diseases to 
humans, including 
the Zika virus 
(top), an emerging 
public health threat. 



Don’t Let NAIL FUNGUS
Stop You in Your Tracks!

NEW!

RISK-FREE
30-DAY
TRIPLE
GUARANTEE

1  Refund the purchase price.

2  Refund the S&H.

3   Pay the return postage.

Call for  
details

ClearTouch™ uses phototherapy technology,  
which is used around the world by doctors to

Takes Less Than
a Minute Per Day!

NEW home-use device uses  
Light & Heat Energy to kill the bacteria 

responsible for the majority of nail fungus 
infections in just a few treatments.*   

www.ClearTouch5.com
1-800-387-2354

or visit:
Call:

* In vitro. Data on file.

TREAT & KILL NAIL FUNGUS

TRY IT  R ISK-FREE FOR 30  DAYS!

Introducing...

by Radiancy

 No Doctor visits
 No prescription
 No liver testing
 No downtime

 No medication
 No surgery
 No lotions
 No side effects

        Place on infected area 
        Press button for 10 seconds
        Repeat process once

1
2
3

Simple to Use

FDA
CLEARED AS SAFE  

AND EFFECTIVE

If you don’t LOVE your  

ClearTouch, we will:



For over 25 years, The Great Courses has brought 
the world’s foremost educators to millions who 
want to go deeper into the subjects that matter 
most. No exams. No homework. Just a world of 
knowledge available anytime, anywhere. Download 
or stream to your laptop or PC, or use our free 
mobile apps for iPad, iPhone, or Android. Over 550 
courses available at www.TheGreatCourses.com.

Understanding 
Modern Electronics
Taught by Professor Richard Wolfson
MIDDLEBURY COLLEGE

LECTURE TITLES

1. Electricity and Electronics
2. Circuits and Symbols
3. Instruments and Measurement
4. AC versus DC
5. Up the Treble, Down the Bass!
6. Semiconductors—The Miracle Material
7. Transistors and How They Work
8. Transistors as Amplifi ers
9. Building an Audio Amplifi er
10. The Ideal Amplifi er
11. Feedback Magic
12. Electronic Feedback
13. Amplifi er Circuits Using Op-Amps
14. More Fun with Op-Amps
15. Using Op-Amps with Capacitors
16. Digital versus Analog
17. Electronics Goes Digital
18. Flip-Flop Circuits
19. Shift and Divide—Your USB and Your Watch
20. Digital Memory
21. Digital Counters
22. Digital to Analog
23. Analog to Digital
24. Your Future in Electronics

Understanding Modern Electronics
Course no. 1162 | 24 lectures (30 minutes/lecture)

Learn the Amazing Science 
behind the Devices You 
Use Every Day
Electronic devices are fundamental to our global economy, improve 
our lives immeasurably, and underlie virtually every aspect of modern 
life.  Yet very few of us have any idea of how electronic devices actually 
work. In fact, these increasingly complex devices operate on a few basic 
principles that are both fascinating and easy to understand—you can 
even leave the rigorous mathematics behind! 

Now, in the 24 clear and accessible lectures of Understanding Modern 
Electronics, award-winning Professor of Physics Richard Wolfson 
of Middlebury College provides a working explanation of the simple 
principles that govern electronic circuits, then shows these principles 
in action with devices you use every day. Your education in modern 
electronics will take a practical approach suitable for the aspiring 
engineer, the enthusiastic tinkerer, or the curious intellectual.

Off er expires 06/09/16
THEGREATCOURSES.COM/6DISC
1-800-832-2412

DVD $269.95 NOW $79.95
+$10 Shipping, Processing, and Lifetime Satisfaction Guarantee
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