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In six stunning issues a year, you’ll fi nd:

•  Drone and equipment reviews.

•  Photo, video, and fl ying tips from the pros.
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•  How-to tips for getting and keeping your 

drones working.
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Guaranteed the most 
      comfortable pillow you’ll ever own!™

How Well Did You Sleep Last Night?
Did you toss and turn all night? Did you wake up with a sore 
neck, head ache, or was your arm asleep? Do you feel like you 
need a nap even though you slept for eight hours? Just like you, 
I would wake up in the morning with all of those problems and 
I couldn’t fi gure out why. Like many people who have trouble 
getting a good night’s sleep, my lack of sleep was aff ecting the 
quality of my life. I wanted to do something about my sleep 
problems, but nothing that I tried worked.

The Pillow Was the Problem
I bought every pillow on the market that promised to give 
me a better night’s sleep. After trying them all, with no success, 
I fi nally decided to invent one myself. I began asking everyone 
I knew what qualities they’d like to see in their “perfect pillow.” 
Their responses included: “I’d like a pillow that never goes fl at”, 
“I’d like my pillow to stay cool” and “I’d like a pillow that adjusts 
to me regardless of my sleep position.” After hearing everyone 
had the same problems that I did, I spent the next two years 
of my life inventing MyPillow.

Unprecedented Guarantee and Warranty
I do all of my own manufacturing in my home state of Minnesota and all materials are 100% 
made in the U.S.A. I’m so confi dent MyPillow will help you, I’m off ering an unprecedented 
60-day money back guarantee and a 10-year warranty not to go fl at! I truly believe MyPillow 
is the best pillow in the world and that if everyone had one, they would 
get better sleep and the world would be a much happier place. God Bless.

Don’t wait—Order MyPillow and get sleep you’ve been dreaming about!  

Save 50% when you use promo code “ ”

BUY NOW AT: mypillow.com or call 

MyPillow® to the Rescue

Flash forward eleven years and MyPillow, Mike Lindell’s 
revolutionary pillow design, has helped 12 million people 
improve the quality of their sleep. MyPillow has received 
thousands of testimonials from customers about how 
MyPillow has changed their lives.

 “Until I was diagnosed with various sleep issues, I had no idea why 

my sleep was so interrupted throughout the night. I watch Imus 

each morning and heard endless testimonials about MyPillow. 

I took his advice and ordered a MyPillow. Now I wake up rested 

and ready to conquer the day ahead. Thank you for helping me 

remember what it’s like to sleep like a baby!” - Jacqueline H.

Lindell has been featured on numerous talk shows, 
including Fox Business News and Imus in the Morning. 
Lindell and MyPillow have also appeared in feature stories 
in major magazines and newspapers across the country. 
MyPillow has received the coveted “Q Star Award” 
for Product Concept of the Year
and has been selected as the Offi  cial 
Pillow of the National Sleep Foundation.

MyPillow’s patented interlocking fi ll 
allows you to adjust the pillow to your 

Mike Lindell
Inventor & CEO
of MyPillow®

In the early days, Mike and his family 

spent countless hours hand-making each 

MyPillow. This hard work and dedication 

to “doing it right” helped MyPillow become 

a classic American success story.

individual needs regardless of sleep position. 

 from QVC, 



4  DISCOVERMAGAZINE.COM

 Contents 
JULY/AUGUST 2016
  VOL. 37, NO. 6

Hawking radiation and a jet of energy and matter escape from a black hole’s event horizon. 
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The human thirst for knowledge is 

a mighty thing. From the researchers 

who devote their lives to science, to 

you, our readers, learning how the 

world works is a never-ending quest. 

This issue is filled with everything 

worth knowing on an array of topics. Forge ahead and 

get the rundown on Black Holes, How We Learn, 

Scientific Dating Methods, Sleep Disorders, Human 

Origins, Stem Cells, Sea Level Rise, Creativity, 

Antibiotic Resistance, Moons of Our Solar System, 

Entanglement, Microbiomes, Animal Intelligence, 

Medical Imaging and Dinosaurs. 
Cover illustration by Bryan Christie Design
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Becky Lang

Who Can Really 
Know Everything?
As we age, the brain gets packed. 
Sometimes it feels as if  it’s just 
stuffed to the brim. I remember 
thinking as a new parent about 
how my son’s brain was primed to 
soak up everything around him, 
all his senses firing as he learned 
things like crazy. It’s fascinating 
to watch him now at 12, drawing 
connections between seemingly 
disparate ideas. And, of course, I 
already see signs of that common 
adolescent belief  that he does 
know everything.

This special issue — Everything 
Worth Knowing — isn’t intended 
to take you back to those middle 
school hallways. But I’ll bet that 
for many of us, our knowledge 
of basic biology or paleontology 
topped out in high school. While some things we learned about, say, 
cellular structure, still apply, what science knows about something 
like stem cells has exploded in recent years. Our own extended 
family tree has entirely new branches. We know more about black 
holes every day, but we’re still not sure what happens when you get 
too close to one. We give you the latest on this and more than a 
dozen other areas of science. 

In addition, we’re introducing a new column called Prognosis. It will 
bring you medical science across a broad range, from research that’s 
gotten scant coverage to trends in medicine told through the work of 
a compelling scientist. Don’t worry — the medical mystery column 
Vital Signs will return next issue. We hope to see you there, too.

facebook.com/DiscoverMag
twitter.com/DiscoverMag
plus.google.com/+discovermagazine
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MAMMOTH HARVEST
This massive mammoth skull from Michigan may have been part of a prehistoric larder for early humans, who stashed the animal’s meat in a 
cold pond. Excavation director and University of Michigan paleontologist Daniel Fisher said the bones, estimated to be 11,700 to 15,000 years 
old, could help researchers more accurately determine when humans first inhabited the area. Farm owner James Bristle found the remains 
during a digging project and donated them to the university.  ERNIE MASTROIANNI; PHOTO BY DARYL MARSHKE/MICHIGAN PHOTOGRAPHY
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Cracking Open a Mystery
Some strange geology pops up in Michigan.

Major geologic transformations 
don’t usually happen in real time 
without explanation — especially  
in seismically quiet areas like the 
Upper Midwest.

So, when Michigan Technological 
University geophysicist Wayne 
Pennington saw reports about a 
crack the length of a football field 
suddenly appearing in some swamp 
and woods in the northern area 
of the state’s Upper Peninsula, he 
assumed it was a small landslide. 
As local media attention continued, 
however, he decided to check it out.

The crack appears to be a pop-
up, or A-tent, a geological feature 
caused by rock layers springing up 
after weight above them is suddenly 
removed. It’s typically seen in quarries 
or the path of a retreating glacier. But 
figuring out what the crack is solves 
only part of the mystery.

I was completely baffled 
by it.

There had been a very 
large pine tree knocked 
down in a windstorm a 
couple of weeks earlier. This 
being the Upper Peninsula 
of Michigan, it’s our habit 
to harvest wood like that to 
use it for firewood. Local 
people hauled the wood 
away one day and then two 

days later, when 
they went back 
to finish cleaning 
up the brush, they 
discovered the 
pop-up.

They had felt the 
pop-up, too — it 
felt like a small 
earthquake. 

But the crack that caught 
so much local attention was 
really not the significant 
feature; it was just the 
surface stretch mark of 
the flexure of the ground 
beneath it. Some significant 
forces were involved in 
creating this.

Going back over aerial 
photographs, we noticed 
that something happened 
alongside the road 20 to 30 
years ago. We suspect that 
it might have been a repair 
of the drainage system and 
ditch work alongside the 
road. It runs for maybe a 
quarter-mile, right to the 
uphill end of the pop-up.

Wild speculation is that 
the drainage system changed 

alongside the road so that 
the water was directed 
to drain downhill, which 
happened to route it right 
where the pop-up eventually 
occurred.

Building speculation on 
speculation, maybe that 
weakened the limestone so 
when the tree was removed, 
that was just enough. That 
was the final straw to cause 
the pop-up.

We couldn’t find anything 
in the literature about 
contemporaneous, naturally 
occurring pop-ups. I imagine 
there are others; they just 
haven’t gotten into the 
literature, or we haven’t 
found them yet.  AS TOLD TO 

STEVEN POTTER

When I got there, I wasn’t at 
all prepared for what would 
deserve some additional 
attention. Coming from a 
meeting, I was still in my 
business clothes — I wasn’t 
dressed for tromping around 
in the woods and a swamp.

I didn’t have any 
equipment to make any 
measurements, so I was 
pacing things off in my dress 
shoes. I used my 
smartphone to 
measure the angles 
of trees and record 
GPS coordinates. 
I used a pad of 
paper that I’d 
taken from the 
hotel so I could 
take notes.

I N H IS OW N WOR DS

PERSONA L

Wayne Pennington

A crack the length of a 
football field (above) 
attracted geophysicist 
Wayne Pennington’s 
interest; it turned out to 
be merely a surface clue 
to the sudden flexing, or 
pop-up, of the limestone 
beneath it (right).

Limestone
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W H AT 
THE...?

Do you know what this is? Bore 
through to page 14 for the answer.

 

Ask Discover

Q ”We see the universe as it was 
hundreds, thousands, millions and 

billions of years ago. Some of what we see 
may not even exist anymore. Do we know 
what the universe looks like today?”

— Michael Schantz, Auburn Hills, Michigan 

A Light only travels so fast and there’s 
always some delay between the 

observer and the observed. To put it 
in perspective, the Milky Way is about 
881,793,805,977,541,160 miles in diameter 
— that’s 150,000 light-years. 

But here’s the thing: To astronomers, 
150,000 years isn’t very long. Though the 
light from the nearest galaxy takes about 
3 million years to reach Earth, what we see 
is a relatively recent picture, considering that 
a sunlike star lives almost 3,500 times longer 
than that. The stars visible in our night sky 
are mostly within 10,000 light-years, so the 
view likely hasn’t changed much. 

As for the very early universe, instruments 
like Hubble and the Spitzer Space Telescope 
allow astronomers to find similar objects 
at varying distances and at different points 
in their life span. By comparing similar 
stars, they can build predictive models for 
how those stars evolve. This means that we 
can have an accurate picture of what a star 
that formed in the early universe looks like 
now, even if we can’t directly observe it. 
Interestingly, most research suggests that 
stars and galaxies are scattered evenly across 
the cosmos. So those remote regions that we 
see as they were billions of years ago may 
look extremely similar to our local universe, 
now.  CLAIRE CAMERON

Visit DiscoverMagazine.com/Ask for 
more. To submit a question, email us at 
Ask@DiscoverMagazine.com

WEB

Should we hide from aliens, 
just to be safe?
Maybe. 

Columbia University astronomers 
David Kipping and Alex Teachey 
proposed beaming a 30-megawatt 
laser for 10 hours once a year into 
space to mask Earth’s transit, or the 
dip in light that occurs as a planet 
passes in front of its home star. 

Discover web readers had mixed 
feelings about the plan. 

“If they were smart enough 
to scan us and have the 
technology to get here, I 
doubt they would be that 
stupid to fall for the old 
cloak-your-atmospheric-
oxygen trick. Geez . . .”— Erik Bosma

“Forget aliens. We need to figure out how to 
deflect/destroy comets coming our way.” — lumpengirl

“A bit late for this. All 
the light-bending in the 
universe isn’t going to 
prevent hostile aliens 
from finding us when 
they get a hold of the 
Golden Record.” — Sharlyn

“Of course, they could 
already be here. So 
the question becomes: 
Why are they not 
visible to us? It’s the 
zoo question posed 
large. Are the animals 
that aware of the 
visitors?” — reed1v

Read more about that plan at DiscoverMagazine.com/Aliens
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Maps show matter is spread similarly (red is most 
dense) across the cosmos. So remote reaches 
should look much like our local ‘hood. 
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Processes  
Named after Aeolus, the Greek god of wind, 
aeolian processes pertain to the godlike ways wind 
can sculpt a landscape. Over time, fine sediments 
such as silt or sand are picked up and deposited, 
building dunes or scouring rock bare. These processes 
play a major role in shaping exposed areas in deserts 
and along coastlines. They can be observed on other 
planets, too: Many of the formations on the surface 
of Mars are a result of aeolian processes.
 LACY SCHLEY; ILLUSTRATION BY CHAD EDWARDS

Aeolian
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Little Mouth of Horrors
Flytraps count down to chow time.

Venus’ flytraps evolved in rough neighborhoods where soil didn’t always provide 
enough nutrients. To survive, they supplement their diets with insects, using a clever 
counting scheme to snap the trap shut and digest the meal. 

When a critter bumps into one of the flytrap’s sensitive hairs, the pressure sends an 
electrical signal racing from cell to cell, priming its jaws to close. Wary of false alarms, 
however, the plant waits for a second touch. That one snaps the trap shut.

As the bug struggles, it keeps bumping into trigger hairs, producing a hormone that 
activates digestion. Larger, more active insects, with more nutrients to offer the flytrap, 
hit more triggers. German biophysicist Rainer Hedrich of the University of Würzburg 
and his colleagues found that flytraps count the triggers to size up their prey, telling 
them how much effort to invest in digesting the meal. 

The fifth hair trigger signals the 37,000 glands that line the inside of the trap to  
start secreting acidic enzymes, which digest the unfortunate insect alive. With every hair trigger, 
the flytrap produces more enzymes, keeping count to keep up with the size of its prey.

Sundews, pitcher plants and other carnivorous species also supplement their diets with insects, 
but it seems that only the flytraps have learned to count. They’re also the most active plant 
predators, and Hedrich says that’s no coincidence. “I think the active ones are smarter,” he says. 
 KIONA SMITHSTRICKLAND

MyScienceShop.com

Huge selection!
Books • Magazines • Globes & Maps • 

Posters • Downloads • And more!
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Earth’s Magnetic Field: 
Old or Very, Very Old?
Scientists disagree about how long our planet has sported 
the magnetic armor that makes it habitable.

The sun spews energetic particles that can pry life-sustaining molecules 
from our atmosphere, but Earth’s magnetic shield, which originates from the 
planet’s hot core of churning, liquid iron, shoos those particles away. Scientists 
disagree, though, about how long our magnetic field has been around, keeping the 
planet habitable. Until recently, the best guess was that Earth’s magnetic armor was 
3.45 billion years old. Now, in Science Smackdown, we look at two recent arguments 
on whether current evidence points to it being even older.

The Magnetic Field Is Very, Very Old
A research team led by John Tarduno of the University of Rochester in New York 
went to Australia’s Jack Hills and collected ancient samples of rock containing the 
crystallized mineral zircon. Once zircon cools below a certain temperature, roughly 
1,085 degrees Fahrenheit, the iron-bearing minerals inside freeze in a tableau, like 
little soldiers aligned with the planet’s magnetic field. The older the crystals, the older 
the tableau, and the older the magnetic field. 

Tarduno contends that the Jack Hills’ zircon is 4 billion years old, according to 
radioactive dating, and that nothing has unfrozen and rearranged its magnetic 
alignment since. That means the magnetic field is also at least that old and has 
swaddled Earth almost since the planet’s birth, just half a billion years before that.

The Magnetic Field Is (So Far) Just Very Old
Another group, led by MIT’s Benjamin Weiss, collected rocks from the same area 
of the Jack Hills but says the zircon, although old, may not have been magnetized 
billions of years ago. Weiss’ team found that the rock conglomerate the zircon crystals 
were in had been magnetized just 1 billion years ago, when it probably formed 
as part of a volcanic eruption nearby. That means the zircon crystals within likely lost 
their former magnetic direction and recorded the magnetic field during the volcanic 
event that made the rock. That “remagnetization” would mean even if Earth’s 
magnetic field existed 4 billion years ago, there’s no evidence left to prove it.  

 SARAH SCOLES

Zircon crystals (inset) found in the Jack Hills of Australia could preserve 
the earliest evidence of Earth’s magnetic field.
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Tested by Leading Doctors and Audiologists

The MDHearingAid PRO® has been rigorously 
tested by leading ENT physicians and audiologists 
who have unanimously agreed that the sound 
quality and output in many cases exceeds more 
expensive hearing aids.

Doctors and patients agree:
“BEST QUALITY SOUND” “LOWEST AFFORDABLE PRICE”

“I have been wearing hearing aids For over 25 years and these are the best behind- the- ear aids I have 
tried. Their sound quality rivals that of my $3,500 custom pair of Phonak® Xtra digital ITE” — Gerald L.
“I have a $2,000 ReSound® Live Hearing aid in my left ear and the MDHearingAid PRO® in the right ear. 
I am not able to notice a signifi cant difference in sound quality between the two hearing aids” 
— Dr. May, ENT Physician
   

Nearly 
Invisible

45-DAY 
RISK-FREE TRIAL

BATTERIES INCLUDED! 
READY TO USE RIGHT OUT OF THE BOX! 

Use Offer Code CS13 and get FREE Batteries for 1 Year Plus FREE Shipping

Amazing price 
breakthrough!

For Less Than $200   

For the Lowest Price Call Today 

800-398-3291  
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W H AT 
THE...?

That image from page 9 is a micro-CT scan of burrow holes 
from the deep-sea shipworm, which eats rotting wood. 

A Better 
Turtle 
Timeline 

INBOX

Alternative Origins Uncovered
Reaction to “20 Things You Didn’t Know 
About Marijuana” from April 2016.

The notion that the name “marijuana” 
may have come to us via China is borne 
out by a story told to me of life in early 
Santa Barbara, Calif. Bobby Hyde, the 
founder of the “bohemian” community 
Mountain Drive, told me that he and 
other 1920s SoCal hipsters would go 
ask for “special herbs” from the back 
of the Chinese grocery. He said the 
proprietor would say something along 
the lines of “Ah, marenmahua,” which 
was assumed to be his pronunciation 
of marijuana.

According to Hyde, marijuana was 
actually an herb called “má ren ma 
hua” that was dispensed by the Chinese 
“doctor.”

Susan
Salinas, CA

Established dating technique offers 
a new look into endangered species. 

Buff and mahogany swirls and starbursts 
form distinctive patterns on the shells of 
hawksbill sea turtles, once common in tropical 
oceans worldwide. But their numbers dropped 
because demand for jewelry, hairpieces and 
other ornaments crafted from their shells 
made them one of the most widely trafficked 
species. Now, those same shells can provide 
critical information about their dwindling 
populations.

A team of scientists in Hawaii has developed 
a way to chart the chronology of a turtle’s 
life using the growth lines in its shell, much 
like the life span of a giant sequoia might be 
measured in tree rings. 

The researchers turned to bomb radiocarbon 
dating, which establishes an age based on  
levels of isotopes associated with thermo-
nuclear testing from the mid-20th century. 
The team applied the technique to cross 
sections from 14 mature hawksbill shells 

provided by museums and archives, as well 
as law enforcement agencies that had 
confiscated them from traffickers. As the 
turtles grew, those isotopes left deposits 
in the shells’ thick keratin, the same stuff 
our fingernails are made of. The deposits 
not only revealed each turtle’s life span, 
but a chemical analysis also shed light on 
changes in the animal’s diet that reflect 
increasing habitat pressures. 

Next, researchers will apply the 
technique to hawskbill populations 
outside of Hawaii. They’re also conducting 
a deeper analysis of the hawskbill’s diet in 
Hawaii, to help guide conservation efforts 
of their forage and habitat. 
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The scanned lumber sat half a mile below the surface of the Indian Ocean for two years as 
part of a global study. Pea-sized shipworms, a type of mollusk, appear as white specks in the 
boreholes of a different piece of wood, shown here, which researchers placed nearly a mile 
deep off the Oregon coast as part of a similar study.

Hawksbill sea turtle

The number of growth lines, tallied by 
white lines below, can reveal the age 
and diet changes of hawksbill turtles.



Add SomeWow toYourVows
Long ago, we made a vow: We would not produce a five-opal

anniversary ring until two very specific conditions were met.
First, the opals had to be of superior quality, with the joyous 
iridescence to delight all who saw the precious stone’s colors dance
in the light. Second, the price had to be right, so that we could
provide the value Stauer clients expect from us. So when The New
York Times style section called Ethiopian opal the “undisputed
winner” of the 2014 Gem Show, we decided to pounce. The result
is the astoundingly beautiful Five-Star Opal Anniversary Ring. 
All five of these exotic beauties possess the radiant rainbow of color
we’ve been looking for. Arranged in a sterling silver setting finished
in lustrous gold, this ring is a beautiful tribute to your lasting love. 

So how about our price promise? We
met that too. We want you to know there
is absolutely no reason to overpay for luxury
gemstones. The big name jewelers have
been deceiving the public long enough,
charging as much as $16,000 for an
Ethiopian opal ring. We won’t trump up
the price to make you think it’s luxurious.
This ring is just as luxurious (if not more)
than the big designer name rings, AND it’s
yours for under $100. I think it’s safe to
say we more than met our price promise.
We exceeded it... by about 16,000%!

Your satisfaction is 100% guaranteed. Slip this rainbow on her
finger. If she’s not absolutely delighted simply send it back within
60 days for a complete refund of the sale price. The stud earrings
are yours to keep. See if your jewelry store can match that! 
The FiveStar Opal Ring is one of Stauer’s fastest sellers. 
Supplies are limited. We can’t seem to keep this ring in stock.
Don’t miss this rare opportunity. Plus, call today and receive
the matching opal stud earrings FREE! You’ll want to catch this
radiant rainbow before it’s gone! 

Rating of A+

14101 Southcross Drive W., Dept. OAR12501, 
Burnsville, Minnesota 55337  www.stauer.comStauer®

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

18003332045
Your Insider Offer Code: OAR12501
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.

1.5 total carats of genuine
Ethiopian opal for under $100!
PLUS, FREE matching earrings!

Put a rainbow on her finger with the opal that’s taking the jewelry industry by storm.

The incredible Five-Star Opal
Anniversary Ring fulfills one of
our long-held commitments,

and celebrates yours.

Offer Code Price Only $99 + S&P Save $300!
Plus, FREE opal stud earrings, a $199 value

EXCLUSIVE

FREE
Five Star Opal
Stud Earrings

-a $199 value-
with purchase of 

Five Star Opal Ring

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

“Opal’s spectacular play-of-color can 
display all the colors of the rainbow.”

— Gemological Institute of America

“The play of color in opals is so gorgeous they sometimes don't even
seem real and yet they are.”  — from 2015 Couture Show

1.5 ctw Ethiopian opal  •  Goldfinished .925 sterling silver setting  •  Whole ring sizes 5–10
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GRUNT: The Curious Science of Humans at War 
By Mary Roach

“For every general and Medal of Honor winner, there are a hundred military 
scientists whose names you’ll never hear,” writes veteran science journalist Roach. 
These are the brave men and women toiling to make tastier rations and more 
hygienic field latrines, among other unsung but much-needed achievements. With 
her usual dry wit and relentless curiosity, Roach investigates the novel ways some 
very passionate people try to make war a little less hellish.  ALL REVIEWS BY GEMMA TARLACH

TECHNO PAST AND FUTURE
RISE OF THE 
MACHINES: A 
Cybernetic History
By Thomas Rid

What do selfies, 
robot butlers and 
a self-stabilizing 
machine built in 1946 
have in common? 
Cybernetics, the study 
of how machines 
and the people 
using them connect 
and communicate. 

Birthed during the technological advances of 
World War II and now underpinning every 
automated facet of life, cybernetics itself 
is rarely in the spotlight. Rid, an academic 
expert on cybersecurity, pieces together the 
field’s story with engaging detours into ’60s 
counterculture, Star Wars and, naturally, the 
Terminator movies.

THE INEVITABLE: 
Understanding the 
12 Technological 
Forces That Will 
Shape Our Future
By Kevin Kelly

Longtime Wired 
staffer Kelly 
has been writing 
about technology 
since the days 
of playing Pong 
and Atari. His

decades-deep experience and 
straightforward style grounds 
the book in refreshing reality — 
it’s clear he’s not about to do backflips 
over the latest thing just because 
it’s new. Instead, Kelly breaks down 
how these technologies have evolved 
and charts where he thinks they’re 
heading next.

COYOTE AMERICA: 
A Natural and 
Supernatural History
By Dan Flores

Historian Flores has written 
about the American West 
for decades, so it’s no 
surprise his gaze should 
turn to the region’s scrappy 
mascot. Over the past 500 
years, the original desert-
dweller has expanded 
its territory as far north 
as Alaska, south into the 
tropics and deep into many 
cities. That ubiquity has 
created a host of problems 
for both the animal and 
its neighbors, human and 
otherwise. Flores captures 
all sides of the situation in 
this detailed portrait of an 
American icon.

IDIOT BRAIN: What Your Head Is Really Up To
By Dean Burnett

Neuroscience is not usually associated with snappy one-liners 
and Monty Python-esque farce. But Burnett does his field 
proud with this exploration of our brains that is as funny as it is 
revealing. From the roots of logic and superstition to the nature 
of personality, Idiot Brain may be the most entertaining crash 
course you take all year.

ELEMENTS OF MATHEMATICS: From Euclid to Gödel
By John Stillwell

Though it has the weight of a textbook, Elements is an 
accessible read even for the math-phobic. In fact, although 
it’s intended for aspiring mathematicians, the book’s greatest 
value may be in demystifying the field. Mathematics professor 
Stillwell breaks down the basics, providing both historical and 
practical perspectives from arithmetic to infinity. 



A) Microphone 
B) Volume Control Wheel 
C) Program Button
D) Long Lasting Battery
E) Digital Signal Processor
F) Receiver (Speaker)
G) Sound Tube

(*Each when you buy a pair)
Learn about our great digital 
technology at an aff ordable price.

Digital Hearing Aid Technology...  For Only $299!*
All hearing aids work the same way.  The microphone picks up the sound and 
sends an electrical signal to the digital signal processor.  The digital signal 
processor is the “brains” of the hearing aid.  It takes the sound it receives and 
adjusts the sound to amplify important speech sounds as well as 
fi ltering out unwanted noise.  (To ensure the best in quality, our 
digital processor is designed and manufactured right here in 
the United States.) Once the processor has amplifi ed the 
sound, it is passed to the receiver (also known as the speaker) 
which emits a corrected and amplifi ed sound through the 
sound tube into your ear.

Most importantly, your new HCX hearing aids work at a fraction of the cost of 
name-brand hearing aids.  In addition to the technical components of the hearing 
aid, you also have a volume control that can be modifi ed with a light touch of the 
fi nger.  Your new hearing aids come with 3 diff erent audio programs that help 
you listen in diff erent sound environments.  You will love the Open-fi t design, that 
is so light you probably won’t even feel that you are wearing your hearing aids – 
you’ll just be hearing clearly!

You can spend thousands for a high-end hearing aid or you can spend just $329 
for a hearing aid that just plain works (only $299 each when you buy a pair).  
We are so sure you will love our product, that we off er a 100% Money Back 
Guarantee - Risk Free if you are not satisfi ed for any reason.  It’s time to get great 
digital technology at an aff ordable price!
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Affordable Hearing
Aid Technology
Only $299!*

D

US Company 
Owned And
Operated

FDA
REGISTERED

G

Visit and Save: www.AdvancedHearing.com/D67

More Technical Information At:
www.AdvancedHearing.com/D67

Aff ordable Quality Since 1996!

FREE1 YEAR Supply Of  Batteries*

 Digital sound processing chip 
provides crystal clear sound and 
makes speech easier to understand 
without feedback

 Multiple memory programs adapt to 
most listening situations

 Nearly invisible thin tube design
 Long lasting size 13 batteries and a 

low battery warning
 10 bands of layered noise reduction 

helps to emphasize voices while 
balancing out background noise

 100% Money Back Guarantee

Hear Better With 2 Hearing Aids!
Your brain is designed to use both ears 
working together to fully understand 
what you hear. In fact, studies show that 
you may be able to hear up to 3 times 
better in noisy situations when using 
two hearing aids.

The Revolutionary HCX!

They Are Fantastic! “I just received 
my HCX hearing aids and they are 
fantastic. Advanced Aff ordable is far 
superior and far more aff ordable!” 
- Chuck D. 

Wonderful Company! “I will defi nitely 
recommend your company to my 
patients.”  - Dr. Arun P. 

5 Star Reviews!

BUY A PAIR AND SAVE $60!
1-888-276-8401

*Free 1 Year Supply Of Batteries With

Hearing Aid Order. Use Coupon Code: D67
(Coupon Code & Price Valid For A Limited Time Only) The HCX

The 
HCXTM
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Berger is a brain surgeon; he 
chairs the neurosurgery department 
at the University of  California, San 
Francisco. On Sundays he stands on 
the sidelines of  NFL games, watching 

for players who have been 
“dinged” and lifting them 
from the game if  he deter-
mines they’ve had a minor 
concussion. (Concussions 
leading to a loss of  con-
sciousness mean automatic 
removal.) The NFL has 
responded to what the media 
has called its “concussion 
crisis” by adding new rules 
and medical protocols to 
mitigate the consequences of 
the inevitable blows to the 
head. No doubt the reason 
for the ever-tightening 
response is the link — the 
league now agrees to use the 
word — between CTE and 
a player’s history of  concus-
sion, which may have begun 
in high school.

But Berger does have 
a point: What is meant 
by link? And while we’re 
on the semantics, what 
exactly is chronic traumatic 
encephalopathy? Not the 
football fan’s conception of 
a condition that periodically 
darkens the sports and 

obituary pages. What’s the CTE of 
neurology, the case definition of 
the disease under the harsh light of 
medical science? The answers aren’t as 
clear as we’ve been led to believe.

Berger got in trouble with report-
ers for bringing up the inconvenient 
uncertainties — the gray matter, as 
it were — lying between the special-
ists’ tenuous grasp of  CTE and the 
prospects for diagnosing, treating and 
preventing it.

“PUNCH-DRUNK” BOXERS
CTE was originally characterized in 
boxers. Nearly every research paper 

→During the run-up  
to the Super Bowl in 

early February, physician 
Mitchell Berger, the lead 
consultant to the National 
Football League on the 
long-term effects of  brain 
and spine injury, met with 
the news media. 

It didn’t go well. 
Several reporters quarreled 

with Berger’s assessment  
of the neurological injury 
known as chronic traumatic 
encephalopathy, or CTE. 
Asked if  playing football 
was “linked” to CTE, Berger 
hedged on the meaning of 
link. One newspaper called 
his statements “shame-
ful.” Even as he spoke, the 
Hollywood movie Concussion 
was faulting the NFL for 
having disputed the discovery 
of CTE in a retired player  
10 years earlier. A book 
about the controversy, League 
of Denial, had come out in 
2013, and yet here the facts — 
as reporters understood them — were 
being challenged again.

Since 2005, CTE has been reported 
in more than 50 former football 
players, as well as in players of  other 
contact sports and military veterans. 
Nearly all men, they’d suffered one 
or more concussions during their 
active years. In middle age their health 
declined and their lives fell apart. The 
medical case reports of  CTE hinged 
upon autopsies of  their brains, the 
subjects having died of  other causes. 
There were suicides, too — not many, 
but enough to fan concern about the 
psychological effects of  the condition.

Ahead of the Hit 
The science is still gray on CTE and predicting the effects of impacts. 
BY JEFF WHEELWRIGHT

The NFL has responded 
to what the media 

has called its 
“concussion crisis” 

by adding new rules 
and protocols 
to mitigate the 
consequences 

of the inevitable 
blows to the head. 

Prognosis
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on CTE starts by citing Harrison 
Martland’s 1928 description of 
“punch drunk” boxers, the poor 
fellows who staggered and trembled 
uncontrollably at the end of  their 
careers in the ring. Martland, a 
neuropathologist, examined five such 
boxers, and he was sure that autopsies, 
if  performed, would reveal brain 
damage. (Neuropathologists today 
limit their work to tissue samples 
and leave the assessment of  patients 
to neurologists.) Not until the 1970s 
did pathologists collect enough cases 
to formally characterize CTE. They 
identified brain abnormalities in 15 
deceased boxers who were reported to 
have been punch-drunk. 

The Nigerian-born pathologist 
Bennet Omalu was the first to connect 
CTE to professional football. Omalu 
and colleagues published autopsy 
results of a retired Pittsburgh Steeler, 
Mike Webster, in 2005. Among the 
evidence, they pointed to amyloid 
plaques, which are unnatural deposits 
of amyloid protein, and neurofibril-
lary tangles and threads, which are 
microscopic aggregations of another 
protein called tau, rarely found in 
healthy brains. The NFL’s neurological 
consultant at the time, Ira Casson, 
immediately pushed back. He disagreed 
that this was a case of CTE. They said 
that Omalu’s description of Webster’s 
pathology was not the same as the 
scarring and structural degeneration 
that had been established for boxers. 

In a normal scientific debate, a 
hypothesis advanced by one group of 
researchers will prompt criticism from 
another group, and the two will go 
back and forth, more or less politely, 
feeding new data into the debate until 
coming to an agreement. But this 
was about pro football — the stakes 
were too high, the money and passion 
surrounding the game too great. The 
angry narrative that emerged in the 
press had the NFL stonewalling the 
evidence and denigrating Omalu.

Although 23 years earlier Casson 
had done more than any other 
neurologist to sound the alarm 
about brain damage in boxers, in this 
instance, obstinately, he stuck to the 
other side. He got the nickname Dr. 
No for saying “no” over and over after 
an interviewer asked him if  evidence 
linked concussions to depression, 
dementia and anatomical changes in 
the brain. It wasn’t just stubbornness, 
though: The doctor’s idea of  the 
evidence was much stricter than the 
public’s. In reaction, Congress held 
hearings. As public outrage grew, a 
frustrated Casson resigned. 

Omalu, hero of  the movie 
Concussion, has never clarified CTE 
to the satisfaction of  most neuro-
pathologists. That job has fallen to 
Ann McKee and her group at Boston 
University. Thirteen years ago, McKee 
was autopsying Alzheimer’s patients 
when she came across the brain of 
an ex-boxer, and then another, and 
then an ex-football player’s brain. She 
detected a novel pattern in the tau-
based neurofibrillary tangles (NFTs) 
on the slides. “I thought my career 
was to discriminate tau in aging,” 
she recalls, “but my career took a 
hairpin turn.” Since 2009, she and her 
colleagues have published a series of 
case reports of  CTE in retired athletes 
and veterans. 

Last year, the National Institutes 
of  Health, with funds provided by 
the NFL, held what it optimistically 
called a consensus workshop, at which 
McKee and other specialists ham-
mered out a definition. According to 
the criteria, CTE progresses in stages 
and can be distinguished from other 
neurodegenerative disorders by the 
location of  NFTs. Specifically, the 

Forensic pathologist and neuropathologist 
Bennet Omalu connected chronic traumatic 
encephalopathy, or CTE, with pro football.

In the brain’s normal microtubules (left), tau proteins bind together. In disintegrating microtubules 
(right), tau proteins break down and form tangled masses, which are thought to contribute to CTE.
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NFTs accumulate within cells 
near the blood vessels at the 
bottom of  the sulci, the folded 
portions, of  the cortex. There are 
other abnormalities supporting 
the case definition, but without 
tau in the cortical sulci, the other 
elements aren’t specific to CTE. 

TEASING OUT A DIAGNOSIS
Is there consensus? Not yet. 
Critics of  the Boston University 
team, most of  whom are not 
associated with the NFL, have 
grudgingly gone along with the 
tau-based definition while raising 
a rash of  other questions. Their 
core objection is that the post-
mortem signs of  the pathology 
are only vaguely correlated with 
concussions and clinical symp-
toms in vivo: what players actually go 
through during life.

Rudy Castellani, a neuropathologist 
at the University of  Maryland, has 
been the lead author on several skepti-
cal reviews of  CTE. “In neuropathol-
ogy we can’t say what a concussion is,” 
Castellani says. “Then, to use tau data 
to say there have been concussions 
upstream [earlier in time] and then 
downstream effects like suicide — I 
think relating suicide to tau is absurd. 
From a neuropathological standpoint 
we have enough difficulty, during life, 
diagnosing dementia and Alzheimer’s 
in patients.”

McKee’s Boston University 
colleague Robert Stern has a study 
underway to classify the 
symptoms and identify 
real-time biological 
markers of  CTE in 
athletes. At UCLA, 
researchers have 
tested PET (positron-
emission) scans as a 
diagnostic tool. But 
other uncertainties will 
be even harder to resolve. 
Why do the great major-
ity of  players who suffer 

repetitive concussions never develop 
the cognitive and psychological prob-

lems associated with CTE? Is there 
a quantifiable risk for the 

disease? That is, if  concus-
sions are comparable to 

a toxic exposure, what 
is the dose-response 
— the number and 
severity of  impacts 
that drive the progres-
sion of  the condition? 

What are the genetic 
factors and lifestyle 

factors, especially drug and 
alcohol abuse, that may 

aggravate or dampen the hazard? 
And since the clinical symptoms 
ascribed to CTE strongly overlap 
with the symptoms of  depres-
sion and Alzheimer’s disease, to 
name just two confounders, how 
can related conditions be teased 
apart? Proponents acknowledge 
that CTE and Alzheimer’s can 
affect a single brain at the same 
time. This wrangling is only over 
diagnosis, which pushes questions 
about prevention and treatment 
further into the future.

“As the research goes forward, 
it will get more precise,” says 
McKee. A recent study applied 
the McKee criteria to a reposi-
tory of  brain tissue in Florida 
having nothing to do with profes-
sional football. CTE was detect-

able in about a third of  the men who’d 
said they played contact sports, but it 
did not show up in matched controls, 
the men whose histories didn’t refer to 
activities where concussion was a risk. 
The gold standard is to track athletes 
and non-athletes forward through 
their lives and compare what hap-
pens to their behavior, cognition and 
brains. That research has begun, too.

The watchword is patience, often 
in short supply in a football stadium. 
McKee and her associates have been 
quick to publish a CTE finding when 
they diagnose it in a prominent ex-
athlete. She does so, she says, because 
of  the “urgent nature of  this research. 
We need more funding and attention 
to the public health issue.” 

But feelings of  urgency can prompt 
mistakes. Take Todd Ewen’s story. 
Ewen, a 49-year-old former profes-
sional hockey player, a brawler on 
the ice, killed himself  last fall. He 
was terrified of  CTE, said his wife, 
and was sure he had it. An autopsy 
showed he didn’t. Something else was 
tormenting his brain.  D

Jeff Wheelwright is a contributing editor 

at Discover. He first wrote about CTE in 1983.

Why do the great 
majority of players 

who suffer repetitive 
concussions never 

develop the cognitive 
and psychological 

problems associated 
with CTE?

Mike Webster, then of  
the Pittsburgh Steelers

Prognosis



King Solomon was one of the wealthiest rulers of the ancient world. His vast empire
included hoards of gold, priceless gemstones and rare works of art. For centuries,

fortune hunters and historians dedicated their lives to the search for his fabled
mines and lost treasure. But as it turns out, those mines hid a prize more beautiful

and exotic than any precious metal: chrysocolla. 

Prized by the wisest king of the Bible. Known as the “Wisdom
Stone,” chrysocolla was considered a powerful talisman of healing and

calming energy. Ancient rulers of the Biblical era relied on it for 
guidance and now this legendary treasure can be yours with our
stunning Earth & Sea Chrysocolla Necklace. Call today to bring
home 325 carats for ONLY $49!

Nothing like it on Earth. The mesmerizing swirls of color in
chrysocolla come from a unique combination of elements
found in the rich mineral deposits of copper mines. When
miners find a vein of blue-green, all digging stops so that the
delicate chrysocolla can be extracted by hand.      

Masterpieces of natural art. Our Earth & Sea
Chrysocolla Necklace features a strand of polished, 
enhanced chrysocolla ovals—and silver-colored
beads—that meet at a gorgeous teardrop pendant.
Every chrysocolla is unique, showcasing a canvas
painted by Mother Nature herself.  

Your satisfaction is guaranteed. Wear the
Earth & Sea Chrysocolla Necklace for a few

weeks. If you aren’t convinced that it’s one of
nature’s most elegant creations, simply

send it back within 60 days for a full 
refund of your purchase price. But

once you experience this gorgeous
gemstone for yourself, we’re 

betting that you’ll want to
share King Solomon’s 

secret with the world! 

Smart Luxuries—Surprising Prices™

King Solomon’s Secret Treasure: FOUND
Ancient beauty trapped in mines for centuries is finally released and available to the public!

• 325 ctw of chrysocolla
• 18" necklace (with 2" extender) secures with a lobster clasp

14101 Southcross Drive W.,
Dept. ESN333-01, 

Burnsville, Minnesota 55337
www.stauer.com

Stauer®

Earth & Sea Chrysocolla Necklace

Offer Code Price— $49 + s&p
You must use the insider offer code to get our special price.

1-800-333-2045
Offer Code ESN333-01
Please use this code when you order to receive your discount.

Rating of A+

* Discount for customers who use the offer code versus the listed original Stauer.com price.

Necklace enlarged to
show luxurious detail.

TAKE 84% OFF INSTANTLY!
When you use your INSIDER OFFER CODE

Own the Most
Beautiful Stone
You’ve Never 
Seen Before—
325 carats 
for only $49!
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may be the response that’s triggered 
when we touch silk or cashmere or other 
luxurious textiles.

But C-tactile fibers can’t be the entire 
story behind tactile pleasure. They exist 
only in our hairy, or nonglabrous, skin, 
and there are plenty of textures that 
we find appealing on our smooth skin, 
most notably our fingertips. I thought 
of the many textures that feel good 
beneath my hands, like the smoothness 
of my computer keys or the fine wood 
grains of my desk. Were there other cues 
in our hairless skin that tell us when a 
texture feels good? 

Researcher Anne Klöcker wondered 
the same thing. In a 2014 PLOS One 
study, Klöcker, a postdoctorate at 
the Catholic University of Leuven in 
Belgium, blindfolded 22 people and had 
a robot stroke their fingertips with 27 
tactile stimuli that varied in tempera-
ture roughness and force. The robot 
measured each stimuli with three dif-
ferent “touches”: first a simple vertical 
touch, then maintaining contact for five 
seconds and then a horizontal stroke. 
Participants next rated each experience 
on a pleasantness scale. Though other 
research indicates pleasantness rat-
ings were higher when hairy skin was 
stimulated, the findings confirmed we 
can perceive tactile pleasure using just 
our fingertips.

Klöcker and her team found support 
for two components of touch that are 
important to a surface’s appeal: the level 
of roughness and the level of force  
with which it moves across the skin. 

→On vacation in the English 
countryside a few years ago, I 

discovered what a difference luxury bed-
ding could make to a good night’s sleep. 
The fabric was cool and smooth, yet 
sturdy and thick. When I checked out, I 
asked the staff where I could buy those 
sheets. They had no clue; the previous 
owner bought them, they said.

Back in the States, I tried desperately 
to find linens that felt as good. At Bed 
Bath & Beyond, I encountered a slew of 
confusing buzzwords: percale, sateen, 
300-thread-count Egyptian cotton. 
Caressing the display swatches, I started 
to wonder about tactile pleasure — 
where it comes from and what drives it. 
Why does the feel of fancy sheets trigger 
such a strong pleasure response in the 
brain? And could making sense of those 
things help me find the perfect sheets? 

BENEATH THE SKIN
Figuring out why we experience pleasure 
from touch has preoccupied scientists 
since at least the 1960s. That’s when two 
researchers at Uppsala University, Åke 
Vallbo and Karl-Erik Hagbarth, discov-
ered the process of microneurography 
and used it to record electrical impulses 
from people’s peripheral nerves. These 
nerves, which are spread throughout 
the body, relay our sensations, including 
touch and motor control, up the spinal 
cord to the brain. Later work by Vallbo, 
Håkan Olausson and other researchers 
discovered that a pleasant-seeming 
stroke on the arm consistently produced 
two signals, one fast and one slow.

The dual processing left Vallbo and 
Olausson puzzled. They knew earlier 
research had found that painful stimuli 
also create two signals: one immediate 
and one that reaches the brain a couple 
of seconds later. But in that case, the 
fast signal forced the body to respond 
quickly to a stimulus that might cause 
it harm. The slow signal, carried to 
the brain by so-called C-tactile fibers, 
part of the peripheral nervous system, 
reminded the body to protect the injured 
site until it could heal.

But, Olausson, Vallbo and others in 
the field wondered, why would the body 
need to produce two signals when the 
sensation was pleasurable and posed no 
danger? They soon developed a theory: 
The crude first signal simply registered 
the new sensation in the brain. The 
second produced an emotional state 
of closeness. They thought this second 
message, carried by the C-fibers, may 
have been evolutionarily helpful, 
encouraging us to seek protection and 
social connectedness. In the years since, 
several scientists have posited that this 

The Right 
Touch
Why do we get so much 
pleasure from satin sheets 
or a cashmere blanket?  
BY SUSHMA SUBRAMANIAN

I thought of the many 
textures that feel good 

beneath my hands, 
like the smoothness of 
my computer keys or 
the fine wood grains 

of my desk. 

Mind 
Over 
Matter



Unsurprisingly, rougher surfaces applied 
more forcefully felt the most unpleasant. 
In general, smoothness felt better to 
participants, though some preferred 
more texture. The study concluded 
that a pleasing sensation is created by 
the activation of various nerve fibers 
at different rates and intervals, like a 
symphony of instruments. 

I thought back to those English 
sheets. What made them so memorable 
wasn’t just their smoothness. There was 
something more. They had a starchiness, 
a resistance against my skin. I wondered 
what created that perfect combination 
of silky, cool and firm.

In 2014, neuroscientist Harsimrat 
Singh, then a University College 
London research associate, performed 
a study that looked at how subjects’ 
brains reacted to various textures. Using 
electroencephalogram (EEG) imaging, 
Singh and his team found that as the 
brain is first processing touch, it just 
detects differences among the physical 
sensations coming in. Only after that 
does it decide which ones are pleasant. 
And they saw that more activity in the 
parietal lobe, the area responsible for 
most sensory input, corresponded with 
the subject’s preference for a texture. 
But participants didn’t all agree on 
which sensations felt the best — their 
judgments were highly subjective.

How people perceive textiles is also 
of great interest to the companies that 
sell them, of course. For decades, the 
industry has tried to home in on what 
appeals to consumers’ sense of touch, 
and use that information to craft 
products. Back in the 1970s, Japanese 
chemist Takeo Kawabata developed 
the Kawabata system, still widely used 
today. It involves four instruments, 
each measuring a few different fabric 
properties, such as tensile (ability to 
be stretched), shearing (ability to be 
draped), flexibility, compression and 
texture.

I asked Emiel DenHartog, the 
co-director of the Textile Protection and 
Comfort Center at the North Carolina 
State University College of Textiles, 

who regularly uses the method, whether 
these machines could accurately test 
comfort. While the tests were useful for 
objectively comparing fabrics, “we have 
to relate the numbers to people’s own 
perceptions about whether that fabric 
is comfortable,” he says. “The numbers 
alone aren’t much.”

Human testers are expensive though. 
Sliman Bensmaia, an associate professor 
of organismal biology and anatomy at 
the University of Chicago, is working 
on an alternative in partnership with 

Kimberly-Clark, maker of Kleenex and 
Huggies. He uses an artificial finger cre-
ated by the Los Angeles-based company 
SynTouch to “feel” various textures 
and determine their physical qualities. 
He then uses those readings to form a 
model for interpreting how the average 
person would perceive those qualities. 

Using this technique, he can predict 
how the brain will sense differences in 
roughness between two objects. But his 
model can’t yet predict more complex 

qualities, such as fuzziness and silkiness. 
The neural coding that leads to our 

recognition of various textures and 
feelings is complicated, he explained. 
“Touch is so rich, so multidimensional,” 
Bensmaia says. “There’s a lot we do 
understand, but there’s still a lot we 
don’t know.” 

BACK TO THE DRAWING BOARD
Clearly, machines can only go so far in 
measuring the pleasantness of textures. 
But consumers weigh in on this question 
every time they buy new linens. So 
how do people go about making these 
choices? Is there any consensus on what 
makes the best sheet set?

While visiting a textile trade show 
in New York, I posed this question to 
Nina Nadash, the home and interiors 
marketing manager for Austria-based 
fiber producer Lenzing.

She told me that finding the most 
comfortable set of sheets is a personal 
thing. Some people like silky sheets, 
she explained, while others prefer firm 
ones. And in some regions of the world, 
rougher, more textured sheets are 
popular while people from other areas 
prefer linens. It turns out that comfort is 
hard to measure — it’s determined by a 
mix of personal preference, physiology 
and prior experience. Even marketing 
can influence how we perceive comfort. 

After all that research, I realized 
that maybe what I’d liked about those 
English hotel sheets had less to do with 
my neurological response to touch and 
more to do with psychology. Maybe 
they felt so nice because I associated 
them with the luxury of a long vacation. 

In the end, I decided to stick with my 
own sheets. They’re soft from wear and 
washing. But maybe even more impor-
tantly, as I’ve moved from apartment to 
apartment, they’ve remained a constant, 
providing emotional comfort as well as 
physical comfort. And that, I now know, 
is just as important as some unattain-
able, objective measure of pleasure.  D

Sushma Subramanian’s book about the sense 

of touch is forthcoming from Algonquin Books. 
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The experimental robot Anne Klöcker 
developed (top) and SynTouch’s artificial finger 
(above) have helped researchers understand 
the complexity of our perception of touch. 
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EVERYTHING

WORTH
KNOWING

Every month we promise you “science for 
the curious,” but there’s simply too much 
happening to cover it all. Albert Einstein 
himself gave up on the quantum side of 
physics, and nowadays microbiologists 
and nanobiologists barely speak the same 
language. What chance does anyone 
have of keeping up? 

That’s where this issue comes in. We’ve 
taken the liberty of distilling the latest 
and most important essentials in various 
disciplines of science: everything from 
black holes to stem cells to dinosaurs, 
aimed to keep you in the loop and 
informed. It is, in short, everything 
worth knowing.

But this guide certainly isn’t the 
last word. As you wander through the 
following pages, discovering new facts 
or remembering old tidbits, drop us a 
line about what else you want to know at 
editorial@discovermagazine.com.

We realize we can’t really know 
everything — but let’s give it a shot.

Black Holes 
How We Learn

Scientific Dating Methods
Sleep Disorders

Human Origins
Stem Cells

Sea Level Rise 
Creativity

Antibiotic Resistance
Moons of Our Solar System

Entanglement
Microbiomes

Animal Intelligence
Medical Imaging 

Dinosaurs
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p. 36
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BY SARAH SCOLES  ILLUSTRATIONS BY ROEN KELLY/DISCOVER

Black Holes
Get sucked in!

Nothing is stranger than a black 
hole. The darkened corpse of a 
former sun from which not even 
light can escape, a black hole 
forms when a massive, dying star 
crumples under its own gravity. 
It shrinks until all of its mass is 
contained in an infinitely dense 
point, called a singularity. Its 
gravity is so intense, if anything 
ventures within an invisible 
border around the singularity, 
called the event horizon, it 
cannot escape. 

Just outside the event horizon 
whirls high-temperature 
material — the accretion disk — 
waiting to “fall into” the black 
hole like water spiraling down 
a drain. The disk emits X-rays, 
a high-energy form of light, 
because the matter moves so fast 
that its friction generates a lot of 
heat. Jets of energy and matter, 
whose formations remain a 
mystery, can stretch away from 
the accretion disk for hundreds 
of thousands of light-years.

Nudging up against the event 
horizon, a ring of photons 
surrounds the black hole. This 
loop of light, called the innermost 
stable circular orbit, outlines 
the edge of the black hole like 
a bull’s-eye. And from its dead 
center, the black hole evaporates 
energy called Hawking radiation, 
causing the whole thing to shrink 
ever so slightly and slowly. 
Billions or trillions of years after 
its birth, the black hole will 
evaporate entirely.
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Spaghettification
You float carefree 
through space-time, 
gradually approaching 
a black hole. The 
gravitational tug on 
your feet isn’t much 
different from that 
on your head.

The black hole’s 
gravity becomes 
bothersome. Because 
your shoes are 5 or  
6 feet closer, they feel 
more of its pull first.

The black hole soon 
pulls your feet much 
harder than the rest 
of you. They begin 
to stretch away from 
your calves.

That uncomfortable 
feeling grows as 
you’re strung out 
into a thin strand, or 
spaghettified. Game 
over, man.

Singularity

Event Horizon

Accretion Disk

Jets

Innermost 
Stable Circular 

Orbit

Hawking 
Radiation



EVERYTHING
WORTH
KNOWING

28  DISCOVERMAGAZINE.COM

Black Holes

How to See a Black Hole
Just as planets orbit the sun, stars orbit our galaxy’s central 
black hole, Sagittarius A* (pronounced “A star”). Scientists at 
the University of California, Los Angeles, have watched their 
maypole dance for more than 20 years. 

Sagittarius A* recently tried to shred a mysterious object.  
In 2011, astronomers discovered G2, which they thought  
was a gas cloud, on a near-collision course with the galactic 
center. They believed the black hole would rip G2 apart 
before eating it. G2 did spaghettify a bit, but it held together 
and continued on its path. Scientists now believe the gas 
cloaks a secret star, whose gravity kept the clouds safe 
from total annihilation. 

Not all stars are so lucky. In October 2015, astronomers 
watched as a supermassive black hole in the galaxy PGC 043234 
— 290 million light-years away — shredded a star, scooped it 
into the accretion disk and then ate it for space lunch.

Who Will Solve the 
Information Paradox?
When an object crosses the event horizon into a black hole, it can 
never come back out — it, and all information about its identity, are 
trapped forever. But black holes slowly evaporate as they leak Hawk-
ing radiation into space. So when they disappear, what becomes of 
the information trapped inside? Quantum mechanics says such infor-
mation can never be destroyed. Here’s how four different physicists 
have tried to resolve this so-called information paradox.

Leonard Susskind  Information Station
Institution: Stanford University
Year: 2008
Known for: Co-creating string theory
Idea: In his book The Black Hole War, Susskind 
says quantum physics dictates that information 
remains on the black hole’s edge, even while the 
object falls in. Stephen Hawking fought him, saying 
the information is gone forever, so quantum mechanics 
must be flawed.

Joseph Polchinski  Firewall
Institution: University of California,  
Santa Barbara
Year: 2012
Known for: Discovering D-branes, explaining 
what D-branes are (a string theory thing)
Idea: Once a black hole has lost about half of 
itself to Hawking radiation, the event horizon can 
no longer store enough encoded information to tell the 
story of what’s inside. After that, nothing can go inside or else 
its information will be lost, and the singularity essentially collides 
with the event horizon. A “firewall” — a wall of energetic 
particles born from collision — then lies just outside the horizon, 
incinerating anything that tries to cross it. 

Gerard ’t Hooft  Hidden Code
Institution: Utrecht University
Year: 2015
Known for: Winning the Nobel Prize 
in Physics in 1999
Idea: ’t Hooft elaborated on Susskind’s idea. 
As the object approaches the black hole’s edge, 
the latter’s gravitational field changes. That shifts 
the outgoing Hawking radiation in a way that encodes 
information about the object. 

Stephen Hawking  Holograms
Institution: Cambridge University
Year: 2015
Known for: Inventing Hawking radiation, being 
Stephen Hawking
Idea: After contending for years that 
information is destroyed, the famous physicist 
changed his tune. Last year, he said a 3-D object 
leaves a 2-D stamp — a hologram — on the event horizon 
as it goes in. As Hawking radiation travels out, an impression of 
the object’s identity is stamped on the hologram.
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Black Holes in Time
1784 John Michell imagines an object 

so massive that even light cannot 

escape. Twelve years later, Pierre 

Laplace independently comes up with 

the same idea.

1915 Albert Einstein 
publishes his theory 
of general relativity, 
which says the universe 
is made of stretchable 
“fabric” called space-time.

1916 Karl Schwarzschild’s 
equations suggest 
singularities exist,  
and he defines the 
distance between them 
and the point of no  
return as the  
event horizon.

1939 J. Robert 
Oppenheimer, future 
head of the Manhattan 
Project, describes how 
a dying massive star 
collapses, leaving behind a 
black hole (though the exact phrase 
wasn’t used).

1962 Maarten Schmidt coins the 
term quasar to describe 3C273, an 
energy-spewing supermassive black 
hole in the center of a galaxy, even 
though no one knew what it was at 
the time.

1967 John Wheeler 
popularizes the term 
black hole.

1973 Astronomers  
reach consensus on 
their first black hole candidate, 
Cygnus X-1.

1974 Stephen Hawking says 
black holes emit energy, called 
Hawking radiation, from inside the 
event horizon. 

2002 German astronomers report the 
first evidence that the dark center 
of our galaxy contains a black hole, 
called Sagittarius A*.
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Black Holes on 
the Big Screen

Physicist Kip Thorne worked with 
the producers of Interstellar 
to make the most scientifically 
accurate black-hole visualization 
ever. The characters got 
fancifully close without being 
spaghettified, though. 

In 2013’s Thor: The Dark World, 
dark elves have black hole bombs 
that whip up a singularity, 
crushing enemies and then 
sucking them in. While that is 
what would happen if a black 
hole bomb went off nearby, black 
hole bombs are not real. 

In the 1997 film Event Horizon, 
a spaceship of the same name 
tries to travel throughout the 
universe by creating black 
holes. Instead, it slips into a 
“dimension of pure chaos,” 
causing the crew to mutilate 
each other. There is, to date, no 
evidence that black holes lead to 
dimensions of pure chaos. 

Beyond Black Holes
While we have solid evidence 
that black holes exist, many 
of the details remain fuzzy, 
leaving open strange doors of 
possibility. On the speculative 
end of the spectrum sits the 
weird world of wormholes and 
white holes. 

Wormholes, also called 
Einstein-Rosen Bridges, are 
shortcuts between two places 
in space. In this scenario, after 
you enter a black hole, you (or 
your spaghettified remains) 
enter a “tunnel” and come out 
many light-years away through 
a white hole, the opposite of a 
black hole. While a black hole 
is like the Hotel California — 
you can check in, but you can 
never leave — you can leave 
a white hole, but never check 
back in. They’re mathematically 
possible, but no one has ever 
found evidence of a worm- or 
white hole. Then again, their 
discoverer could never return to 
tell us about it.
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BY TEAL BURRELL

How We Learn

Learning 
About 
Memory

Amnesiacs, memory champions and rats, oh my! 

Every day, we flood our brains with new information and different 
experiences, packing even more memories into our vast collection. 
But how does that process play out? In the past 200 years, psychologists 
and neuroscientists have worked to learn how our brains learn. 
Researchers continue to piece together how the brain forms memory. Here 
are a few regions thought to be involved: 

Hippocampus 
Critical to memory 
formation, 
it’s involved 
in short-term 
memory (lasting 
perhaps a few 
seconds) and 
helps consolidate, 
or reorganize 
and stabilize, 
memories into the 
cortex. It also plays 
a role in forming 
autobiographical 
memories. 
Together with the 
hippocampus, the 
parahippocampal 
cortex and medial 
entorhinal cortex 
help process 
spatial memories, 
such as where 
events occur.

Cerebellum
Essential for 
learning motor 
skills, such as how 
to ride a bike.

Cortex
Long-term memories 
(of events that 
happened anywhere 
from minutes to 
decades earlier) are 
consolidated here. 

Temporal lobe
The portion of the 
brain that includes 
the hippocampus, 
parahippocampus, 
entorhinal cortex 
and amygdala, 
among other 
structures.

Amygdala
Emotional memories, such as 
those of trauma or fear, 
are processed here. 

1885 German 
psychologist 
Herman 
Ebbinghaus 
creates about 2,300 
nonsense syllables, 
forces himself to memorize 
lists of them, and tests how quickly he 
forgets the lists. He compiles his data 
into an equation that can be plotted 
on a graph as a “forgetting curve.” His 
project launches the study of learning. 

1920s Psychologist Karl Lashley is among 
the first to study learning by testing how rats 
navigate mazes. Before and after training the 
rats, he randomly removes different parts of their 

cortices to see which areas are 
responsible for remembering 

the maze. Since many of his 
lesions disrupt memory, 
he reasons that memories 
live throughout the 
brain, not in only 
one region.

350 B.C. 
Aristotle writes 
in De Anima 
(On the Soul) that 
people are born 
with a mind like 

a blank slate 
onto which 
experiences 
are carved.

Parahippocampus 
and entorhinal cortex
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What We’ve Learned From . . .
THOSE WHO CAN’T REMEMBER: 
To treat his epilepsy, Henry Molaison, known for decades as 
“H.M.” to protect his identity, had parts of his temporal lobe, 
including the hippocampus, surgically removed from both 
sides of his brain in 1953. Although the surgery reduced his 
seizures, he couldn’t form new memories. He remembered 
experiences and people he met before the operation, but 
not after. He learned new skills, but never remembered 
actually practicing them. Molaison’s experience suggested 
the hippocampus helps form new memories, while long-term 
memories and subconscious skill memories reside elsewhere 
in the brain.

AND THOSE WHO ARE MEMORY CHAMPIONS: 
In the 1920s, Solomon Shereshevsky’s extraordinary memory 
piqued psychologists’ interest. His brain automatically 

conjured up images for words — 
blue evoked an image of a person 
waving a blue flag from a window; 
seven was a mustachioed man. 
Although the mental imagery 
overwhelmed Shereshevsky, it also 
helped him remember everything 
he devoted his attention to, such as 
written letters and lines of poetry in 
an unfamiliar language. 

Memory champions — winners of contests that test feats 
of recall, like quickly learning the order of stacks of cards 
— have similar capabilities, thanks to certain mnemonic 
techniques. Joshua Foer, author of Moonwalking With 
Einstein, chronicled his attempt to become a memory 
champion. He concocted visually elaborate stories to 

memorize the cards’ order, such as Michael 
Jackson moonwalking (the king of hearts), 
John Goodman eating a hamburger (king 
of clubs) or Bill Clinton smoking a cigar 
(king of diamonds). Foer says these tricks 

don’t only work for memory champions. 
“All of our memories are extraordinary,” 
he says. “If you can cook up a crazy 
image, really see it in your mind’s eye, it 
becomes very memorable.”

1930s American 
neurosurgeon Wilder 
Penfield pioneers a 
technique to study the 
brain during surgery 
on epilepsy patients: 
While patients are awake, 
he stimulates different brain sections and 
has them report what they see or feel. 
He discovers that stimulating part of the 
temporal lobe causes patients to recall 
forgotten experiences in vivid detail.

1949 Canadian psychologist Donald 
Hebb proposes that synchronized 
activity between neurons promotes 

learning. When one neuron 
continuously “fires” and 

activates another, their 
connection strengthens 
— hence the common 
neuroscience phrase, 
“Neurons that 
fire together, 
wire together.”

1950s Studies of “H.M.” 
demonstrate why the 
hippocampus 
is important 
and that 
different 
brain 
regions 
store 
different 
types of 
memories. 

HOW TO CHUNK
Chunking is another helpful memory technique that entails 
grouping random pieces of information into more meaningful and 
manageable “chunks.” For example, if you’re trying to remember 
a string of numbers, break it up into notable dates. (07041031 is 
Independence Day, then Halloween). 

Henry Molaison’s brain helped spotlight the hippocampus’ role in memory, 
so it was frozen for future study. In 2009, a team at the University of 
California, San Diego dissected the brain and created a 3-D model, a vast 
improvement over the MRI scans performed while Molaison was alive. 

In his quest to become a memory champion, Joshua Foer came up with visually 
elaborate stories to help him memorize the order of cards within stacks. 

Solomon Shereshevsky

Coming up with 
elaborate visual 
stories is one proven 
memory technique.
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How We Learn

How Neurons Learn

A

B

C

D

1973 Terje Lømo, a 
physiologist in Norway, 
publishes results revealing 
that repeated stimulation 
of one hippocampal 
neuron leads to an 
increased response in a 
neuron connected to it. The 
connected neuron “learns” 
the stimulation and remembers 
it hours later. This phenomenon 
is called long-term potentiation.

1970s Columbia University neuroscientist 
Eric Kandel finds that repeatedly triggering 
sea slugs’ reflexes causes a change in the amount 

of chemicals released from neurons. 
This change of the settings controlling 

chemical release is a mechanism 
for short-term memory. His work, 
which earned him the Nobel Prize 
in Physiology or Medicine in 2000, 
also shows long-term memory 
requires protein synthesis and new 

connections between neurons.

A. A neuron receives signals via its dendrites, branches that 
extend from the cell body. 

B. Dendrite signals are organized in the cell body. If the 
signals are strong enough, the neuron will fire, sending a 
burst of electrical activity down its axon. 

C. When the electrical signal reaches the end of the axon, it 
triggers the release of neurotransmitters into the synapse, 
the gap between two neurons. The neurotransmitters bind to 
receptors at the tips of the dendrites on the second neuron.

D. If the first neuron repeatedly activates the second neuron, 
their connection strengthens. When neurotransmitters 
bind to receptors on the second neuron, calcium flows into 
the second cell. Calcium activates enzymes that increase the 
number of receptors on that cell’s surface; more receptors 
mean a greater response the next time around. As a bonus, 
other proteins trigger the production of scaffolding proteins, 
which may stabilize the synapse, solidifying the two neurons’ 
connection.

Calcium

Hippocampus
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Still to 
Learn

Putting a Place to a Face
Itzhak Fried at the University 
of California, Los Angeles, has 
shown that when patients recall a 
video clip, their neural networks 
activate in the same way as when 
they first saw it. In other studies, 
Fried actually saw associations 
forming — neurons that originally 
fired for celebrities (like Clint 
Eastwood) began to also fire for 
landmarks (like the Hollywood sign) 
after patients saw pictures of the 
celebrity-landmark pairings. This 
shows that neural networks can 
change quickly to associate new 
information with old memories.

Neurons connect into 
networks called circuits, which 
change over time as memories 
are formed or forgotten.

False Memories
Without realizing it, we 
often make inferences to 
fill in gaps or remember 
being somewhere we 
weren’t because we’re so 
familiar with the story. 
It’s likely these false 
memories get reinforced 
the same way real ones 
do: During the recall 
process, the circuit gets 
fortified, strengthening 
the inaccuracies. Henry 
Roediger at Washington 
University in St. Louis, who 
studies false memories, 
says the brain can’t tell 
the difference between 
real and false memories, 
making our fabricated 
memories seem authentic. 

Infantile Amnesia
The birth of new hippocampal neurons may 
help explain infantile amnesia — the fact 
that adults can’t remember experiences 
from before age 3. Lots of new neurons 
get added to hippocampal circuitry at that 
age, disrupting existing connections and 
causing us to forget experiences. In adults, 
new neurons pop up more slowly, but the 
forgetting continues, just to a lesser degree, 
and may serve to clear away meaningless 
and irrelevant information. “Luckily, young 
kids don’t forget useful skills like walking or 
talking,” says Paul Frankland of the Hospital 
for Sick Children in Toronto. “They only 
forget how they learned those skills.” 

How to boost memory
Perhaps someday, electrical 
stimulation could be used to 
strengthen specific memories. 
According to a 2014 study, deep 
brain stimulation, a treatment 
currently used for Parkinson’s 
disease, has been shown to spark 
memories and feelings of déjà vu 
in a small subset of people when 
applied to the temporal lobe, 
where the hippocampus lives. 

A surgeon drills 
into a patient’s skull 

to prepare for deep 
brain stimulation.
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When it comes to determining the age of stuff scientists dig out of the 
ground, whether fossil or artifact, “there are good dates and bad dates and 
ugly dates,” says paleoanthropologist John Shea of Stony Brook University.

The good dates are confirmed using at least two different methods, ideally involving 
multiple independent labs for each method to cross-check results. Sometimes only one method 
is possible, reducing the confidence researchers have in the results.

And ugly dates?
“They’re based on ‘it’s that old because I say so,’ a popular approach by some of my older 

colleagues,” says Shea, laughing, “though I find I like it myself  as I get more gray hair.”
Kidding aside, dating a find is crucial for understanding its significance and relation to 

other fossils or artifacts. Methods fall into one of two categories: relative or absolute.

BY GEMMA TARLACH  ILLUSTRATIONS BY JAY SMITH

Scientific 
Dating Methods
This dating scene is dead.

EVERYTHING
WORTH
KNOWING

Biostratigraphy: One of the 
first and most basic scientific 
dating methods is also one 
of the easiest to understand. 
Layers of rock build one atop 
another — find a fossil or 
artifact in one layer, and you 
can reasonably assume it’s 
older than anything above it. 
Paleontologists still commonly 
use biostratigraphy to date 
fossils, often in combination 
with paleomagnetism 
and tephrochronology. 
A submethod within 
biostratigraphy is faunal 
association: Sometimes 
researchers can determine a 
rough age for a fossil based 

on established ages of other 
fauna from the same layer — 
especially microfauna, which 
evolve faster, creating shorter 
spans in the fossil record for 
each species.

Paleomagnetism: Earth’s 
magnetic polarity flip-flops 
about every 100,000 to 
600,000 years. The polarity is 
recorded by the orientation 
of magnetic crystals in 
specific kinds of rock, and 
researchers have established 
a timeline of normal and 
reversed periods of polarity. 
Paleomagnetism is often used 
as a rough check of results 
from another dating method. 

Tephrochronology: Within 
hours or days of a volcanic 
eruption, tephra — fragments 
of rock and other material 
hurled into the atmosphere 
by the event — is deposited 
in a single layer with a unique 
geochemical fingerprint. 
Researchers can first apply an 
absolute dating method to 
the layer. They then use that 
absolute date to establish a 
relative age for fossils and 
artifacts in relation to that 
layer. For example, New 
Zealand’s massive Taupo 
volcano erupted in A.D. 232. 
Anything below the Taupo 
tephra is earlier than 232; 
anything above it is later.

Relative chronology: 
Researchers have often 
constructed timelines of a 
culture or civilization based 
on the stylistic evolution of 
its decorative or dramatic arts 
— that’s why the method is 
also sometimes called stylistic 
seriation. Generally speaking, 
the more complex a poem or 
piece of pottery is, the more 
advanced it is and the later 
it falls in the chronology. 
Egyptologists, for example, 
created a relative chronology 
of pre-pharaonic Egypt based 
on increasing complexity in 
ceramics found at burial sites.

IT’S ALL RELATIVE
Before more precise absolute dating tools were possible, researchers used a variety of comparative approaches called 
relative dating. These methods — some of which are still used today — provide only an approximate spot within 
a previously established sequence: Think of it as ordering rather than dating.
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Radiometric Dating 
This family of dating methods, some more than a century old, takes advantage 
of the environment’s natural radioactivity. Certain unstable isotopes of trace 
radioactive elements in both organic and inorganic materials decay into stable 
isotopes. This happens at known rates. By measuring the proportion of different 
isotopes present, researchers can figure out how old the material is. Here are some 
of the most common radiometric methods.

ABSOLUTELY FABULOUS
Whenever possible, researchers use one or more absolute dating methods, which provide 
an age for the actual fossil or artifact. Unlike observation-based relative dating, most 
absolute methods require some of the find to be destroyed by heat or other means. 

Radiocarbon dating: Sometimes called 
carbon-14 dating, this method works on 
organic material. Both plants and animals 
exchange carbon with their environment 
until they die. Afterward, the amount of 
the radioactive isotope carbon-14 in their 
remains decreases. Measuring carbon-14 
in bones or a piece of wood provides an 
accurate date, but only within a limited 
range. Says Shea: “Beyond 40,000 years 
old, the sample is so small, and the 
contamination risk so great, that the 
margin of error is thousands of years. It 
would be like having a watch that told you 
day and night.”

Single crystal fusion: Also called single 
crystal argon or argon-argon (Ar-Ar) 
dating, this method is a refinement of 
an older approach known as potassium-
argon (K-Ar) dating, which is still 
sometimes used. Both methods date 
rock instead of organic material. As 
potassium decays, it turns into argon. But 
unlike radiocarbon dating, the older the 
sample, the more accurate the dating — 
researchers typically use these methods 
on finds at least 500,000 years old. While 
K-Ar dating requires destroying large 
samples to measure potassium and argon 
levels separately, Ar-Ar dating can analyze 
both at once with a single, smaller sample.

Uranium series dating: U-series dating 
includes a number of methods, each 
based on different uranium isotopes’ 
decay rates. The uranium-thorium 
method is often helpful for dating finds 
in the 40,000- to 500,000-year-old range, 
too old for radiocarbon but too young 
for K-Ar or Ar-Ar.

Trapped Charge Dating
Over time, certain kinds of rocks and organic material, such as coral and teeth, are very good at trapping electrons from 
sunlight and cosmic rays pummeling Earth. Researchers can measure the amount of these trapped electrons to establish 
an age. But to use any trapped charge method, experts first need to calculate the rate at which the electrons were trapped. 
This includes factoring in many variables, such as the amount of radiation the object was exposed to each year. These 
techniques are accurate only for material ranging from a few thousand to 500,000 years old — some researchers argue 
the accuracy diminishes significantly after 100,000 years.

Thermoluminescence: Silicate rocks, like 
quartz, are particularly good at trapping 
electrons. Researchers who work with 
prehistoric tools made from flint — a 
hardened form of quartz — often use 
thermoluminescence (TL) to tell them 
not the age of the rock, but of the tool. 
After shaping flint, toolmakers typically 
dropped the rocks into a fire. Shea 
explains: “The rock gets heated, and the 
heat frees up the electrons; after that 
event, however, the rock starts absorbing 
the electrons again via cosmic rays,” 
essentially resetting the rock’s clock. 
Archaeologists also frequently use TL to 
date ceramics, which are also exposed to 
high temperatures during manufacture.

Optically stimulated luminescence: 
Similar to TL, optically stimulated 
luminescence measures when 
quartz crystals in certain kinds of 
rock last saw sunlight. Exposure to 
sunlight resets the crystals’ clock to 
zero, but, once buried, the trapped 
electrons accumulate what’s called 
a luminescence signal, which can be 
measured in the lab. Researchers 
expose a sample to certain light 
wavelengths that briefly “free” the 
electrons, just enough for each of 
them to emit a photon. That emitted 
light, the signal, can be used to 
calculate when the sample was last 
exposed to sunlight.

Electronic spin resonance: ESR, which 
measures trapped electrons using 
magnetic fields, is related to magnetic 
resonance imaging, the medical 
technique that allows doctors to 
look for tumors or peek inside your 
creaking knee. Because ESR essentially 
tracks the activity — the “spin” — of 
the electrons without freeing them, 
the sample can be subjected to 
repeated dating attempts. ESR also has 
a longer range — some researchers 
claim up to 1 million years — but it’s 
more complicated than other trapped 
charge methods, leaving it more 
susceptible to error.
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BY LISA MARSHALL

Sleep Disorders
Don’t let these ailments keep you up at night.

In 1952, when medical student William Dement started measuring brain 
waves and eye movements of slumbering volunteers at the University of 
Chicago, the world still held two deep-seated assumptions about sleep: It 
was a passive state — merely the absence of wakefulness — and if you had 
trouble sleeping, the cause was probably worry. 

The Birth of  
Sleep Medicine
In 1925, University of 
Chicago physiologist 
Nathaniel Kleitman 
began observing sleep-
deprived subjects in a 
makeshift lab. William 
Dement joined Kleitman 
in 1952, using new 
electroencephalograms 
to monitor sleeping 
volunteers. Dement’s 
wife, Pat (above), was 
one of the first women 
to participate.

The Sleeping Brain 
as a Washing Machine
New research by University of Rochester 
neurologist Maiken Nedergaard suggests that 
during sleep, brain cells shrink, expanding the 
space between them to allow fluids to pass 
through and remove toxic waste. One 2013 
study showed that the extracellular space in a 
mouse’s brain expands by 60 percent during 
sleep, and clearance of amyloid plaque (one 
protein implicated in Alzheimer’s) spikes. 
In waking hours, the space shrinks, and 
the cleaning system slows, presumably to 
leave the brain with enough energy for the 
demands of wakefulness.

“We’ve learned that it’s more 
complicated,” says Dement, 
now 87, who later founded the 
world’s first sleep disorders 
clinic at Stanford University 
in 1970. He still teaches a 
class there.

Researchers have since 
identified up to 88 distinct  
sleep disorders. They range 
from REM sleep behavior 
disorder — a dangerous condition in 
which people physically act out their 
dreams — to fatal familial insomnia, a rare 
neurodegenerative disease in which patients 
die from lack of sleep.

Psychological factors clearly play a role 
in some disorders, but recent studies reveal 
other culprits. Nighttime exposure to glowing 
e-screens and LED lights can swiftly switch 
off production of sleep-inducing melatonin 
and throw off our circadian rhythm, or 

internal clock. Obstructive 
sleep apnea — a skyrocketing 
condition in which the airway 
collapses, choking off breath 
and prompting periodic 
awakenings — has been linked 
not just to excess weight but 
also to genetic factors such as 
a small jaw, recessed chin or 
Asian background.

And after decades of 
puzzling over what causes narcolepsy’s 
fits of daytime sleep and muscle paralysis, 
researchers suspect it’s a response to an 
autoimmune disease. 

Far from idle time, slumber not only helps 
us consolidate memories, it also may flush out 
toxic waste from the central nervous system.

Could lack of sleep today lead to dementia 
tomorrow? Some studies say yes. One thing 
is certain: It’s more critical to health than the 
pioneers of sleep medicine ever imagined.

William Dement
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NEW DISCOVERIES
BLUE LIGHT DELAYS SLEEP
As recently as the 1980s, researchers assumed 
the human sleep-wake cycle was not sensitive to 
light, recalls Charles Czeisler, chief of the sleep 
and circadian disorders division at Brigham and 
Women’s Hospital. “In reality, it is the most important 
synchronizer of human circadian rhythms.” In the 
’80s, Czeisler discovered that specialized ganglion 
cells in the retina are finely tuned to tell the brain 
to cut melatonin production when they are hit by 
a short wavelength (around 480 nanometers) — 
precisely that of morning light. Unfortunately, most 
phone and tablet screens and LEDs emit a similar 
bluish wavelength, making them exponentially more 
potent than older yellowish-orange incandescent bulbs. One 2014 study found sleep lab 
subjects who read from an iPad before bed saw nighttime melatonin levels plummet  
55 percent after five days (paper book readers saw no reduction). They also took longer  
to fall asleep, had less REM-stage sleep and were groggy in the morning.

NARCOLEPSY MAY BE AN AUTOIMMUNE DISEASE
A July 2015 study in Science Translational Medicine lends new support to the hypothesis. 
Since the late 1990s, scientists have known narcoleptics lack neurons that produce 
neuropeptides called hypocretins, which regulate wakefulness. Many also carry a gene 
variant associated with producing an overzealous immune response when exposed 
to pathogens. During the 2009 H1N1 flu epidemic, millions of Europeans were given 
the vaccine Pandemrix; 1,300 developed narcolepsy. The drugmaker discontinued it. 
Relying on tests that used blood from Pandemrix recipients, the study authors showed it 
triggered antibodies that not only attack the virus but also bind to hypocretin receptors, 
potentially killing them. “There is an immunological case of mistaken identity,” explains 
study author Lawrence Steinman of Stanford’s Beckman Center for Molecular Medicine. 
Previous research suggests exposure to a virus may elicit a similar reaction in genetically 
predisposed people, leading to narcolepsy. One highly publicized 2013 study linking 
autoimmune disease and narcolepsy was retracted when its authors could not replicate 
it. But this new study adds to a growing body of data that further confirm the theory, 
says Steinman.

DREAMS CAN COME ALIVE
When most people enter the dream-filled REM stage of sleep, their brain mercifully 
paralyzes most muscles. But for those with REM sleep behavior disorder, abnormal 
activity in the brain stem prompts the system to break down. First identified in the 

1980s by Minnesota sleep researchers, 
the disorder prompts patients to act out 
their dreams, sometimes severely injuring 
themselves or others. According to a 2015 
review in JAMA Neurology, 0.5 percent 
of people have the disorder. Interestingly, 
half develop Parkinson’s disease or related 
neurodegenerative disorders within a decade 
of onset, and 80 to 90 percent go on to 
develop it in their lifetime. “It is the canary 
in the coal mine,” says review author Michael 
Howell of the University of Minnesota. He 
hopes to follow those with the disorder to 
better understand Parkinson’s.

NEW REMEDIES
Smart lights: In October 2016, the 
International Space Station plans to 
replace its fluorescent lightbulbs with 
new lamps that emit blue light by day, 
and by night, emit longer wavelengths, 
which are less disruptive to sleep.

A new sleeping pill: In 2014, the FDA 
approved suvorexant, which blocks 
the alertness-modulating molecule 
hypocretin — the very compound 
that narcoleptics lack. 
“It is essentially giving 
you a mini-version of 
narcolepsy at night,” says 
specialist Rafael Pelayo.

An alternative to CPAP: Despite 
smaller, lighter and quieter designs, 
as many as half of patients prescribed 
a continuous positive airway pressure 
(CPAP) device to control sleep apnea 
stop using it within a year. In 2014, 
scientists rolled out a hypoglossal 
nerve stimulator, a small pacemaker-
like device implanted in the chest 
that monitors breathing and, when 
necessary, synchronizes it with the 
tongue to prevent airway collapse.

A Pickwickian Epidemic
Obstructive sleep apnea was first referenced in 1836 in Charles Dickens’ Posthumous Papers of the Pickwick 
Club, which told of a child, Joe the Fat Boy, who snored at night and was sleepy all day, explains Stanford sleep 
specialist and historian Rafael Pelayo. Today, it’s estimated that 13 percent of men and 6 percent of women 
have obstructive sleep apnea, up sharply from decades past, even among those of normal weight. “We see a 
ton of thin people with it too,” says Pelayo.

Hypoglossal nerve

Stimulation 
lead

Sensing lead

Neurostimulator

NASA is using this module to test the 
advantages of light-emitting diode (LED) 
lighting systems within the space station.

A neurostimulator delivers electrical pulses 
via the stimulation lead to the hypoglossal 
nerve, which controls the tongue.

A series of false-color traces shows brain and 
muscle activity during the REM stage of sleep.

Using blue-light-emitting mobile 
devices at bedtime can affect sleep.
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BY GEMMA TARLACH

Human Origins
The skeletons in our closet.

There’s a dirty little secret in paleoanthropology: What we know 
about human evolution is that we don’t know much of the story.

Let’s be clear: That Homo sapiens evolved from earlier hominin species isn’t in question. 
Although the fossil record is incomplete, we have more than enough to see that, in broad terms, 
our big-brained, long-limbed, built-for-distance-walking species evolved from arboreal ancestors 

with smaller brains, larger teeth and broader 
chests. We can also say, more confidently 
than even a few decades ago, that our family 
tree isn’t a tall pine, with a single trunk 
progressing upward to a lone pinnacle (us). 
Instead, the story of hominin evolution is a 
gnarly tree with multiple branches, some of 
them tangled through interbreeding.

“Our provisional family tree shows 
typically several hominids were living at the 
same time,” says paleoanthropologist and 
best-selling author Ian Tattersall. “It’s only 
very recently that we’ve had the planet to 
ourselves. ‘Normal’ is having more than one 
hominid running around.”

In the opening decades of this millennium, 
researchers have unearthed several 
breathtaking fossils from the caves of 
South Africa to the mountain valleys of the 
Republic of Georgia. (See map, pages 40-41.) 
At the same time, advances in sequencing 
ancient DNA have allowed us to determine 
not only when one species branched from 
another, but also whether they reunited, 
briefly, in isolated examples of interbreeding.

“In the 45 years I’ve been doing this, 
the human fossil record has expanded 
enormously,” Tattersall says. “In 50 years, 
what we believe now will look just  
as quaint.”

”Lucy” is the 
best known 
Australopithecus 
afarensis, but not the 
only individual found: 
This 3-year-old female 
(above) was discovered 
in 2000, just a few 
miles from Lucy’s site. 
A computer model 
compares five hominin 
skulls from a single site 
in Dmanisi, Georgia, 
revealing a wide range 
of traits (right).
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Spend any amount of time reading about human evolution, and you’ll come across 
the terms hominin and hominid, which seem to mean different things to different 
researchers. It’s a fascinating moment in taxonomic evolution.

For centuries, researchers classified species mostly based on observable traits. 
Within the class Mammalia and the order Primates, humans, other members of the 
genus Homo (such as Neanderthals) and our closest ancestors, Australopithecus and 
Ardipithecus, fell into family Hominidae. Meanwhile, the other higher primates — 
chimpanzees, gorillas and orangutans — were assigned to the family Pongidae.

In the late 20th century, however, as scientists began to compare and classify 
species based on their genomes, we realized we’re genetically very closely related 
to gorillas and chimpanzees and, to a lesser extent, orangutans. Some taxonomic 
reshuffling was needed. 

Now, the family Hominidae includes those other higher primates, and the subfamily 
Homininae includes gorillas, chimpanzees, humans and our immediate extinct 
ancestors. (Sorry, orangutans.) Zooming in more, the tribe Hominini — hominins for 
short — now refers to just the genus Homo, the australopiths and the ardipiths.

The process of revising textbooks — and reminding old-guard researchers of the change — takes time, which is why you may 
still see hominid referring to humans and our closest kin. It’s not technically wrong, since we are hominids — but so are other 
higher primates, genetically speaking. For greater precision, the preferred term for our species and the extinct species nearest to 
us is hominin.
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For all the strides made in the past few decades in the field and the 
lab, big questions remain, including perhaps the biggest one of all: 
Where does our hominin family tree start — where do we branch 
away from the last species that was ancestral to both hominins and 
great apes?

“If I were a betting man, I would put my money on central Africa as 
the origin of the last common ancestor (LCA),” says Dominic Stratford, 
an archaeologist at South Africa’s University of the Witwatersrand.

Stratford has focused his research on Sterkfontein Cave, in the 
world’s richest hominin fossil area: a UNESCO World Heritage site 
known as The Cradle of Humankind, just outside Johannesburg. 
While South Africa and the rift valleys of eastern Africa have been 
the most productive areas to find remains of our ancestors, it’s not 
necessarily where they evolved.

“Our perspectives on the distribution of these species are heavily 
biased by the processes of preservation,” Stratford explains. South Africa’s fossils have been 
found mostly in caves and other protected sites, while the eastern African fossils tend to be 
discovered in layers of sediment along lakeshores and flood plains.

“Unfortunately, many areas that may have provided ideal environments for the evolution 
of the LCA are not conducive to fossil preservation because their soils are too acidic and 
forest [growth] turns over buried sediments all the time,” Stratford says.

In short, we may never find the ultimate missing link, which occurred an estimated  
5 million to 8 million years ago. For now, the nearest we got was in 2001, when researchers 
described the partial skull and jaw fragments of a 6- to 7-million-year-old hominin from the 
deserts of northern Chad. Named Sahelanthropus tchadensis, the specimen is significant 
even though it’s so fragmentary: The hole in the cranium through which the spinal cord exits 
appears to be at the bottom, as it is for upright, two-legged hominins, rather than toward the 
back, as seen in chimpanzees and other knuckle-walkers.

The Root of the Matter

AD HOMININ

Members of 
Homo genus
Australopiths

Ardipiths

HOMINIDAE
“HOMINIDS”

Orangutans

EARLIER

CURRENT
HOMINIDAE
“HOMINIDS” HOMININAE

Chimpanzees
ApesHOMININI

“HOMININS”
Members of 
Homo genus
Australopiths

Ardipiths

PONGIDAE
Chimpanzees

Apes
Orangutans

The partial skull and jaw fragments 
of Sahelanthropus tchadensis are 
the earliest hominin finds known.

Archaeologist Dominic Stratford looks down into South Africa’s 
fossil-rich Sterkfontein Cave from a catwalk above the entrance.
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Human Origins

HOMININ HOT SPOTS 
Mapping how both modern humans and our hominin kin dispersed across continents is as 
important for understanding our origins as piecing together how we evolved. Here are some 
of the most recent finds, as well as some of the most significant, from our family tree’s roots 
to its newest branches. Gold boxes highlight recent discoveries about modern humans and our 
migrations; blue boxes tell the stories of some earlier members of the Homo genus; and green 
boxes reach back in time to the oldest, pre-Homo hominins. 

AUSTRALOPITHECUS 
PROMETHEUS 

(Sterkfontein Cave,  
South Africa) 

About 3.7 million  
years old

Found in 1994 and 
painstakingly excavated 

over more than a decade, 
the “Little Foot” skeleton 
is the most complete early 

hominin fossil known. 
Originally thought to 
be A. africanus, lead 

researcher Ron Clarke 
argues it’s a separate 
species. In February, 
researcher Dominic 

Stratford and colleagues 
announced additional 
hominin fossils were 

found nearby, suggesting 
the site has more 
secrets to reveal.

SAHELANTHROPUS 
TCHADENSIS 
(Djurab Desert,  
northern Chad) 

6-7 million years old
We have only a partial 

skull and some jaw 
fragments, found in 

2001, but it’s enough to 
make this species the top 

contender for earliest 
hominin found: The shape 
of its cranium suggests it 

walked upright.

SIMA  
DE 

LOS HUESOS 
HOMININS 

(Atapuerca, Spain)
430,000 years old

Through DNA sequencing, 
researchers discovered in 
2015 that this collection 
of more than two dozen 
individuals appears to be 

most closely related to 
early Neanderthals.

ANZICK-1 
  (Montana, U.S.) 
12,600 years old

In 2014, researchers 
reported successfully 

sequencing DNA from 
a child found buried 

with artifacts from the 
Clovis culture — believed 
by many to be the first 

indigenous culture of the 
Americas. Anzick was the 

first ancient American 
genome sequenced: 

The results confirmed 
his people were both 

descended from a Siberian 
population and ancestral 
to all Native Americans.

NAIA 
 (Hoyo Negro,  

Yucatan  
Peninsula, Mexico)  

12,000-13,000 years old
Found in an underwater 

chamber, the nearly 
complete skeleton of an 
adolescent girl included 

her well-preserved 
skull. Together with her 
mitochondrial DNA — 
maternally inherited 

genetic material from 
outside a cell’s nucleus — 
the skull has refined our 
understanding of what 

the First Americans
looked like.

LUZIA WOMAN 
(Minas Gerais, Brazil) 

10,000 years old
The oldest human 

remains on the continent 
were once believed to 
predate those found in 
North America, leading 
to numerous theories 
about how and when 

South America was first 
inhabited — and by 

whom. In 2013, however, 
researchers used a more 

precise radiocarbon 
dating method to 
establish her age.

MONTE VERDE SITE 
(Monte Verde, Chile) 

At least 14,800 years old
Although human remains 

haven’t been found, 
evidence such as mastodon 
bones, shelter foundations 
and arrowheads make it 
the oldest archaeological 

site in the Americas. In 
late 2015, researchers 
published new data  

that suggested the site 
may be much older —  
18,500 years or more.
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AUSTRALOPITHECUS 
AFRICANUS 
(multiple sites 

in South Africa) 
2.1-3.3 million years old
First unearthed in the 

1920s, the multiple 
individuals found have 

given researchers a good 
idea of how A. africanus 

compared with  
A. afarensis: Some suggest 
it’s more likely than Lucy 
to be our direct ancestor.

AUSTRALOPITHECUS 
AFARENSIS 
(multiple sites 

in eastern Africa) 
2.9-3.8 million years old
Best known through the 
Ethiopian fossil “Lucy” 

found in 1974, this species 
has long been considered 
our direct ancestor. More 
recent discoveries suggest 
A. afarensis may be only 

a cousin.

HOMO NALEDI 
(Rising Star cave system, 

South Africa) 
Undetermined age
Announced in 2015, 

the multiple individual 
skeletons represent the 

largest number of hominin 
fossils ever excavated in 

a single dig. Dating them 
remains a challenge for 

several reasons, but once 
an age is established, 

our family tree could get 
a makeover.

ARDIPITHECUS 
RAMIDUS 

(Ethiopia) 
4.4 million years old

A partial skeleton 
described in 2009, in 

combination with earlier, 
more fragmentary finds, 
established “Ardi” as the 

earliest hominin with 
both reduced canine 

teeth (a trait shared by 
all subsequent species) 
and adaptations in the 

limbs and pelvis for 
walking upright.

 ALTAMURA 
MAN 
(Italy) 

128,000-187,000 years old
In 2015, researchers used 

genetics to determine 
that the Altamura Man 
skeleton found in 1993 
was a Neanderthal, our 
closest kin. Neanderthal 
fossils have been found 
from Western Europe 

to Central Asia, but not 
in Africa or southern 
Asia. One other place 

Neanderthals have been 
found? In many of us. Up 
to 5 percent of the DNA 

of modern non-Africans is 
Neanderthal in origin.

HOMO FLORESIENSIS 
(Flores, Indonesia) 

50,000-95,000 years old
Popularly known as 

“the hobbit” after the 
diminutive characters from 

J.R.R. Tolkien’s tales, the 
species stood about  
3½ feet tall. The first 

remains were discovered  
in 2003, and numerous 

traits, including the 
number and size of its 

teeth and its lack of a chin, 
make it a distinct species.

HOMO 
ERECTUS 

ERGASTER 
GEORGICUS 

(Dmanisi, Georgia) 
1.8 million years old

Over the last two decades, 
fossils from at least five 

individuals from the 
same period have been 
found in Dmanisi, the 

oldest archaeological site 
outside Africa. Despite 

being generally classified 
as a subspecies of Homo 

erectus, the skeletons 
have many of the traits of 
the earlier Homo habilis, 

thought to be limited 
to Africa.

   DENISOVANS 
     (Altai Mountains, 

Siberia, Russia) 
At least 46,000 years old

Discovered only in 
2008, this species 

typifies 21st-century 
paleoanthropological 

research. From fragments 
of three individuals found 

at one site, researchers 
have sequenced the 
Denisovan genome 

and determined they 
were closely related 
to Neanderthals. The 

Denisovans also interbred 
with an early wave of 

modern humans migrating 
out of Africa, across Asia 

and into Australia. 

FUYAN CAVE TEETH 
(Daoxian, southern China) 
80,000-120,000 years old

The 47 teeth from 
anatomically modern 
humans predate the 

conventionally accepted 
timing for our species 

migrating out of Africa, 
some 45,000 to 60,000 

years ago. Some skeptics 
question the accuracy 
of the age, published 
in 2015, but if proven, 

we’ll have to rewrite the 
timeline of our dispersal 

across continents.

JAVA MAN 
(Trinil, Indonesia) 

700,000-1 million years old
Java Man, found in the 
late 19th century, was 

the first example of the 
long-limbed species Homo 

erectus, believed to be 
our immediate ancestor. 
Additional individuals 

have since been unearthed 
from northeastern China 
to southern Africa, dating 

from 143,000 to nearly  
1.9 million years in age.

FIRST  
 SEQUENCED 

  ABORIGINAL 
GENOME 

(southwestern Australia) 
100 years old

In 2011, researchers 
sequenced an Aboriginal 

Australian’s genome using 
a century-old sample. 

The genome established 
that Aboriginal people 

descended from a 
separate wave of 

migration from Africa 
more than 60,000 years 
ago, earlier than either 

Europeans or Asians. 
Also revealed: Ancestors 
of Australia’s Aboriginal 
people interbred with 
Denisovans, a species 

more closely related to 
Neanderthals.
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Stem Cells
Superheroes of the cellular world.

Every embryo begins as a single fertilized egg, which develops into a 
human body consisting of trillions of cells, each one specialized to carry 
out specific functions. Since embryonic stem cells can differentiate into 
any type of tissue, they have the potential to treat an almost unending 
array of medical conditions — replacing damaged or lost body parts 
or tissues, slowing degenerative diseases, even growing new organs. 
Researchers working to understand how to manipulate this powerful 
tool get their supply from stem cell lines, groups of stem cells derived 
from animal or human tissue that can reproduce themselves indefinitely.

2 3

What Are They?
Stem cells can morph into all manner of specialized tissue cells. They 
are prized for their potential to treat many different kinds of medical 
conditions, as well as serving as a testing ground for drugs.

EMBRYONIC  
STEM CELLS 
They can turn into 
any of the body’s 220 
different cell types, 
meaning they are 
pluripotent.

Three Distinct Types:

INDUCED 
PLURIPOTENT 
STEM CELLS
These genetically 
reprogrammed skin cells 
regain the “stemness” 
of embryonic stem cells.

ADULT  
STEM CELLS
They have less flexibility 
and “stemness” to change 
into different cell types, 
but they can still produce 
new cells, specialized to 
become part of a particular 
organ or tissue, such as 
muscle cells or neural cells.

Cells begin 
to divide

Fertilized 
egg

8-celled 
embryo

Blastocyst

Cultured stem cells

Different 
cell types
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The Debate A Short History 
Five decades of stem cell research:

1961 Ernest McCulloch and James 
Till isolate stem cells from the bone 
marrow of mice. 

1962 John Gurdon removes the 
nucleus from the egg cell of a frog and 
replaces it with a nucleus of a mature 
cell from a tadpole. 
It still grows into a 
new frog, proving 

that mature cells 
still contain 
the genetic 
information needed 
to form new cells.

1981 Martin Evans and Matthew 
Kaufman isolate 
mouse embryo 
stem cells and 
cultivate them in the 
laboratory. Gail Martin 
also demonstrates this 
around the same time 
and coins the term 
embryonic stem cells.

1998 James 
Thomson 
isolates stem 
cells from 
human fetal 
tissue.

2006 Shinya Yamanaka identifies and 
activates a small number of mouse 
genes in the cells of connective tissue, 
showing they can be reprogrammed to 
behave like immature stem cells.

2007 Yamanaka and Thomson succeed 
in reprogramming adult human 
skin cells into induced pluripotent 
stem cells.

2012 
Gurdon and 
Yamanaka 
share the 
Nobel Prize 
in Physiology 
or Medicine.

In 1998, scientists figured 
out how to derive human 
embryonic stem cells (ESCs) 
for medical research, and 
the method kicked off an 
intense debate. To access ESCs, 
researchers puncture the outer 
walls of early stage embryos, 
known as blastocysts, and reach 
into the inner cell mass to 
extract them — a process that 
destroys the rest of the embryo.
The stem cells are then cultured 
and induced to develop into 
any one of the body’s cell types.
Opponents who believe that 
human life begins the moment 
a sperm fertilizes a single egg 
decry the destruction of early 
stage embryos.

Proponents of ESC research 
counter that most of the new 
cell lines could be derived 
from donated, unused human 
embryos created by couples 
seeking fertility treatment, 
and that more than a third of 
zygotes fail to implant after 
conception, so those would be lost by 
chance anyway.

In 2001, President George W. 
Bush limited the use of federal 
funds for research done with new 
ESCs. The debate has quieted 
down since then. In 2007, scientists 
demonstrated it was possible 
to reprogram adult skin cells 
to behave like embryonic ones. 
Induced pluripotent (iPS) cells are 
not exactly the same as ESCs, but 
evidence has continued to mount 
that they are nearly functionally 

equivalent, leading many scientists to 
make the switch.

George W. Bush

An induced pluripotent stem cell.

Gail Martin

An adult cell nucleus (upper right) is injected into a 
mouse egg that lacks genetic material. The resulting 
embryo will consist of embryonic stem cells. 

A technician in a Kyoto University lab uses an electronic pipette to transfer cells into petri 
dishes before they are placed into an incubator. After eight days, the induced pluripotent 
stem cells are examined and then frozen.
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Stem Cells

Today’s Hot Areas
Stem cells can be manipulated to serve many objectives, but they need the right conditions.

“Stem cells take their cues from the nutrients they receive, the intensity of electrical impulses they 
feel, how much oxygen they get and even how much movement they experience,” says Gordana 
Vunjak-Novakovic of Columbia University. “All these factors, in addition to the physical dimensions 
of their surroundings, indicate to the stem cells what part of the body they’re in. We need to 
create an artificial environment that mimics all of that.”

As scientists decode and find ways to replicate these environments, they are pioneering 
a number of new treatments that can transform medicine, showing how they can be used to 
regenerate damaged tissue, create new muscle where there was none before — even grow 
“organelles” that can be used to test new drugs.

RETINAL EPITHELIAL CELLS
Age-related macular degeneration is the leading 
cause of blindness for people over 65 in the United 
States and affects more than 15 million people. 
The disease occurs when a layer of cells at the back 
of the eye, called the retinal pigment epithelium, 
degenerates.

One researcher has found a way to cultivate retinal 
stem cells and developed an implantation technique 
that aims to reverse the disease’s progression, by 
injecting about 50,000 healthy cells behind the 
retinas of mice with damaged retinas.

“By putting in healthy cells, we can basically 
stop and prevent the degeneration of the 
photoreceptors,” says Sally Temple, the co-founder 
and scientific director of the Neural Stem Cell 
Institute in Rensselaer, N.Y.

Three years after publishing a groundbreaking 
paper in which she isolated adult retinal pigment 
epithelial stem cells, Temple is in preclinical trials 
with rats. She hopes to launch human trials in the 
next two years.

Stem cell source: Temple obtains her raw materials 
from eye banks. Many individuals donate eyes for 
corneal transplants; often, corneas are removed 
from the front of the eye, and the back part, with 
the retina, is tossed. From these normally discarded 
materials, Temple extracts adult stem cells and 
cultivates them in thin sheets. (Masayo Takahashi 
in Japan has launched a parallel effort that uses 
iPS cells.)

MUSCLE CELLS
Muscle is one of the most regenerative 
organs in the body, and it is bustling 
with adult stem cells standing ready to 
repair the many rips and disruptions that 
occur from exercise. Researchers have 
long struggled with a mystery, however. 
When they cultivate muscle stem cells 
in a dish, the cells often lose their 
ability to differentiate into muscle cells. 
Depending on the growth conditions, 
the artificially produced muscle loses its 
innate capacity to repair itself.

Duke University’s Nenad Bursac 
believes he may have found the 
solution. The key is to create a niche, 
3-D microenvironment that encourages 
some cells to become muscle fibers 
and others to go into what he calls a 
“quiescent state.”

“They don’t do much, but if there’s an 
injury, they jump in, they proliferate, and 
they rebuild the muscle,” says Bursac, a 
professor of bioengineering. He hopes 
that one day his technique can be used 

to help treat patients with muscular 
dystrophy, in which their bodies attack 
their own muscle.

Stem cell source: Bursac obtains muscle 
through a biopsy, soaks the cells in a 
cocktail of factors and then adds some 
to a 3-D environment, a hydrogel that 
mimics the geometrical shape of a blood 
clot. This primes the cells to fuse, causing 
some to quickly become muscle fibers 
and others to stick to those fibers and 
remain stem cells in their quiescent states.

“Through this kind of a combination 
of things,” Bursac explains, “we 
managed to get tissue-engineered 
muscle but with a capacity to have 
a stem cell function and be able to 
regenerate the muscle after injury.”

Implanting retinal pigment epithelium 
cells, which nourish the eye’s retinal 
visual cells, aims to stop progression 
of age-related macular degeneration.

Human muscle cells assemble to form 
aligned, multinucleated (purple) muscle 
fibers and resident muscle stem cells (white).



July/August 2016  DISCOVER  45

NEURONS
In the pharmaceutical industry, new stem cell 

technologies are allowing scientists to examine brain 
disease in the petri dish while also testing the 

effectiveness and safety of potential drugs 
in new ways.

“You just don’t have access to the brain 
cells of 500 children with autism,” says 
Ricardo Dolmetsch, the global head of 
neuroscience at the Novartis Institutes for 
BioMedical Research. “The next best thing is 
to make them.”

Dolmetsch is using iPS cells to study 
psychiatric and neurodegenerative diseases, 
and to screen for drugs that might work 
to treat them. He and his colleagues take 
skin cells or blood cells from those with 

the conditions they wish to study. They 
turn those cells into stem cells and coax 

them to become neurons. Because 
every cell from an 

individual carries 

the same genetic blueprint, these neurons should be 
identical to the neurons in each patient’s brain — and 
should carry the same defects that spur disease. They 
can then be used to test drug interventions or to test 
hypotheses about the causes of disease.

“Now that we have the capacity to make cells for 
many, many people in an automated way, we can 
effectively do a kind of clinical trial on their cells before 
we actually expose the patient to the drug,” Dolmetsch 
says. “Ultimately, it should allow us to produce less 
expensive drugs, more quickly.”

Stem cell source: Obtained from skin or blood cells 
of patients. These samples are then infected with 
modified viral vectors, essentially re-engineered to 
contain pieces of DNA that activate specific genes 
and cause the samples to behave like embryonic 
stem cells. Dolmetsch exposes these stem cells to a 
variety of different growth factors that mimic those 
that induce stem cells to become neurons during 
normal development.

LUNG CELLS
The architecture of a lung is as complex 
a structure as a Minotaur’s maze. We 
inhale air through the trachea, a single 
passage, which quickly branches into 
smaller offshoots that project branches 
of their own. There are 23 generations 
of branching in the human lung,  
and hundreds of millions of air sacs  
200 microns in diameter, each one  
filled with capillaries that absorb 
oxygen into the blood.

So when building new lungs, Yale 
bioengineer Laura Niklason prefers 
not to start from scratch. After taking 
lungs from a donated cadaver, she soaks 
them in a combination of detergents 
and strong salt solutions to wash away 
the cellular components. What’s left 
behind is a raw scaffold composed of 
structural proteins. Once the scaffold 
has been cleansed, she suffuses it with 
stem cells and places it in a bioreactor. 
It reproduces the lung’s natural 
environment in the body, from the 
physical forces to the chemical soup 
— all to help manipulate stem cells to 
mature into specific tissue.

“Blood perfuses through our lungs,” 
she explains. “So we had a setup so 
that we could perfuse the lung tissues 
and allow them to breathe as well, 
because breathing is important for lung 
development. Then we spent a lot of 
time working on the soup.”

Once the stem cells are created, 
Niklason relies on different chemical 
markers left behind in the decellularized 
lungs to guide the stem cells to their 
correct locations.

“If you decellularize the lung 
carefully, you actually leave behind 

footprints from the cells,” she explains. 
“It’s probably partly geometry. A lot of 
it is the local proteins, the local matrix 
proteins, that are sitting there left over 
after you take the cells away.”

Stem cell source: With rats, Niklason 
has relied on lung cells from other 
animals to repopulate the scaffold. 
But with humans, she is using iPS cells 
and has been working to develop the 
correct protocols to induce her stem 
cells to differentiate into different kinds 
of lung tissue.

Decellularized, engineered lungs, with 
injection ports, contain raw scaffolds 
of structural proteins. 



EVERYTHING
WORTH
KNOWING

46  DISCOVERMAGAZINE.COM

BA
CK

G
RO

U
N

D:
 M

YK
O

LA
 M

AZ
U

RY
K/

SH
U

TT
ER

ST
O

CK
; F

LO
RI

DA
 IL

LU
ST

RA
TI

O
N

: N
AS

A/
JP

L/
N

G
A

BY APRIL REESE

Sea Level Rise
How many cities will our oceans swallow?

Imagine the Statue of Liberty, water lapping at her skirts. Or the 
Sydney Opera House, seawater filling its seats. 

Coastal areas around the 
globe are losing ground to 
the sea — and faster than 
ever. In the past quarter-
century alone, the ocean has 
risen an average of  almost 
3 inches. 

With nearly half  the 
world’s population living 
within 93 miles of  a coast, 
and much of  the globe’s 
commerce concentrated 
there, sea level rise looms 
as one of  the greatest of  all 
climate change threats. 

Given the vastness of  the 
oceans, it may be hard to 
imagine that warming seas 
and melting glaciers could 
raise sea levels enough to 
inundate thousands of  miles 
of  coastline. But adding 
an inch of  water to a full 
bathtub can still soak the 
floor — it won’t take much 

to flood the world’s cities 
and ecosystems. 

SEA LEVEL SCIENCE
Unlike other climate issues, 
the science of  sea level 
rise is fairly simple. Ocean 
levels are increasing mostly 
because of  what heat does 
to water, in all its various 
states. As global temperature 
rises, most of  the extra heat 
in the atmosphere — about 
90 percent — sinks into 
the ocean. As the water 
warms, it expands, “just like 
mercury in a thermometer,” 
explains R. Steven Nerem, 
a professor of  aerospace 
engineering sciences at the 
University of  Colorado 
Boulder. This thermal 
expansion accounts for one-
third of  sea level rise. The 
other two-thirds comes from 

melting mountain glaciers 
and ice sheets in Greenland 
and Antarctica. 

Scientists know all this 
because of  data collected 
from satellites that detect 
changes in the ocean’s 
height. Using a satellite 
called Jason-3 (part of  the 
Joint Altimetry Satellite 
Oceanography Network), 
scientists track changes in 
sea levels across the planet. 
Equipped with altimeters, 
“[it] bounces a radar signal 
off  the surface of  the ocean, 
then times how long it takes 
to come back,” explains Josh 
Willis, an oceanographer 
at NASA’s Jet Propulsion 
Laboratory. While satellites 
have provided consistently 
good data for years, the 
next frontier in sea level 
rise measurement is a new 
type of  radar that can 
capture a more crisp, higher-
resolution picture of  sea 
surface heights. 

Data from Jason-3 and 
its predecessors, as well as 
tide gauges, show that since 
1992, global average sea 
levels have increased about 
twice as fast as they did over 
the past century. What’s 
not yet clear is just how 
quickly sea levels will swell 
in the future. 

ICE SHEET MYSTERY
Scientists have a pretty 
good idea of how thermal 
expansion and melting 
mountain glaciers will play 
out over the long term, but 

Left: A standard view of Florida, with green indicating low elevations, and white at the highest 
elevations, just 197 feet above sea level. Right: Elevations up to 16 feet above sea level are 
shown in dark blue. The state’s topography makes it vulnerable to flooding from storm surges.
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when it comes to the ice 
sheets, “we have no idea,” 
Willis says. 

So far, the news is not 
good. Studies by glaciologist 
Eric Rignot of the University 
of California, Irvine and 
others suggest that ice  
sheets could melt faster  
than scientists initially 
thought. And there’s new 
evidence that ice shelves in 
Antarctica are melting from 
the bottom as well as the 
top, eaten away by warm 
currents circulating beneath.

Meanwhile, at Earth’s 
opposite end, Greenland’s 

Sea levels  
are expected  
to rise across  

95%  
of the ocean 

Who’s Most 
at Risk?
Sea level rise is not 
an equal-opportunity 
catastrophe. Some 
coastal areas will 
be hit harder than 
others. 

That’s partly 
because the warming 
of the oceans 
is not uniform, 
says R. Steven 
Nerem, a professor 
in aerospace 
engineering sciences 
at the University of 
Colorado Boulder. 
“The ocean takes up 
heat differently in 
different locations,” 
he says. The warmer 
the water, the higher 
it goes. 

Low-lying countries 
in the tropics, such 
as Bangladesh, are 
among the most at 
risk from sea level 
rise. Bangladeshis 
have watched high 
tides rise 10 times 
faster than the global 
average, and sea 
levels there could 
increase as much as 
13 feet by 2100.

But in areas of 
the U.S. West Coast, 
water levels actually 
decreased in the past 
two decades. That 
dip appears to have 
been the result of a 
natural cooling cycle 
called the Pacific 
Decadal Oscillation, 
which has now given 
way to a warmer 
phase that’s expected 
to reverse the trend. 

massive Jakobshavn glacier 
— the fastest-moving glacier 
in the world — last August 
lost a chunk of  ice that 
could cover Manhattan in a 
layer 300 meters thick. 

Willis and his team have 
launched a project he’s 
dubbed Oceans Melting 
Greenland, or OMG (“I 
did that on purpose,” he 
admits), to establish how 
much the warming ocean 
is eroding the ice from 
below. The plan is to drop 
sensors into the surrounding 
ocean to measure water 
temperatures, then skim the 

This photo illustration shows the southern Florida coastline and the Jason-3 satellite, which launched in January. 
It will monitor 95 percent of Earth’s ice-free oceans every 10 days.
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Sea Level Rise

ice for signs of  changes in 
surface height. The team 
also wants to figure out 
the effect of  water welling 
up from deep canyons in 
the ocean floor. 

“There’s a small, 
growing community 
that’s looking at this 
interaction between the 
ocean and the ice,” both 
in Greenland and in 
Antarctica, Willis says. 
“It’s definitely a major 
new area of  study because 
we think it’s so key to this 
question of  how much 
sea level rise we’re going 
to get in the next hundred 
years, or 500 years.”

TIME DELAY
It takes a long time for 
the ocean to respond 
to increasing heat, so 
even if  greenhouse gas 
emissions dropped to zero 
tomorrow, the world’s 
seas would continue 
to rise for centuries 
because of  the warming 
that’s already happened. 
But we can still tamp 
down climate change 
projections — and limit 
sea level rise over the long 
term — if  meaningful 
emissions cuts are 
implemented now, climate 
scientists say. That will 
depend in large part 
on the success of  the 
international climate 
agreement adopted in 
Paris in December, which 
calls for keeping warming 
to 1.5 to 2 degrees Celsius 
above pre-industrial 
levels — through an array 
of  individual fossil fuel 
reduction targets.

The Ice Sheets’ Long Reach
Sea level rise along any given stretch of coast depends on how far away it is from the 
globe’s two big ice buckets: Greenland and Antarctica. While it’s easy to think the closest 
countries will see the biggest rise as the ice melts, it’s not so simple. Greenland and 
Antarctica’s massive ice sheets exert a strong gravitational pull on the waters around them, 
but as they melt, the attraction weakens, causing nearby sea levels to fall. In addition, 
without the burden of weight from the ice, the land uplifts, rising slightly more above 
the water. The effect diminishes with distance, so it’s actually the places farther away 
from the melting ice that will see the biggest rise in sea level. Ocean currents help push 
the meltwater around the globe. Take Holland: It will be much more heavily influenced 
by Antarctic ice melt than by falling sea levels around Greenland, says Jerry Mitrovica, 
a geophysicist and sea level modeler at Harvard University. “It’s really an amazing and 
somewhat counterintuitive result, but that’s the reality.”

COASTLINE 
TRENDS
The farther from 
melting sea ice, 
the higher the 
local sea level 
measurements.
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Global Sea Levels Marching Ever Higher
For most of the past 2,000 years, sea levels varied only slightly, dipping during cool periods 
and lifting during warmer ones. But since the Industrial Revolution, they’ve crept ever 
upward. Global sea levels have risen an average of about 8 inches since 1880, when record-
keeping began, and are expected to swell another 1 to 4 feet by the end of this century. 

Turning Back 
the Tide 
Coastal cities are woefully 
underprepared for the rising 
tides. In most places, houses, 
roads, subway systems and 
other infrastructure were 
built long before sea level 
rise was on our radar. But a 
few cities are taking steps to 
fortify themselves against the 
encroaching sea. 

BOSTON: To cope with the 
expected 2- to 4-foot rise in 
sea level expected along the 
Massachusetts coast, the city 
adopted a policy in 2013 that 
requires developers to submit 
sea level preparedness plans 
when seeking approval for new 
projects. Some developers are 
already building with flooding 
in mind: The new Spaulding 
Rehabilitation Hospital was 
constructed with a raised first 
floor, and its electrical systems 
are housed on the roof. 

NEW YORK: Officials are 
considering a $6.5 billion 
harbor wall to keep the water 
out. Gov. Andrew Cuomo 
has proposed buying out 
residents in vulnerable areas 
and replacing their homes 
with wetlands and dunes to 
move people out of harm’s 
way and buffer the city against 
storm surges. 

SAN FRANCISCO: Officials 
have proposed a wetlands 
restoration project that will 
take several decades and 
several million — potentially 
billion — dollars to implement. 
It would help protect the city 
and surrounding areas. 

ROTTERDAM: The low-lying 
Netherlands has battled the 
encroaching sea for centuries. 
The country uses an array 
of dikes, sluices and locks to 
contain the water just beyond 
land’s end, but officials have 
realized that walls are not 
enough; in some places, they 
can cause erosion and begin to 
sink, defeating their purpose. 
Now, officials in some cities are 
taking a new tack, widening 
rivers, replenishing natural 
sand barriers and creating 
parks designed to flood when 
waters rise.

These three illustrations, based on data from 1993 to 2014, show changes in sea level rise. Most of the 
world’s seas are yellow and orange, indicating a pattern of rising levels. Blue reflects areas where levels 
dropped. The middle globe shows a drop in levels west of Mexico, due to a cyclical climate variation called 
the Pacific Decadal Oscillation. The bottom globe shows a rapid rise in the western Pacific.
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Creativity
Igniting the spark.

Original, useful, surprising — some of the main criteria for what it takes 
to consider something creative. However, creativity is an enormously 
complex subject full of seeming contradictions, and the person doing the 
actual creating is just as important as the process and outcome. We offer 
up an overview of what science says about creative people, as well as a 
chance to test your chops.

LOW LATENT  
INHIBITION LEVELS
Creative people usually aren’t  
so great at ignoring things  
that are irrelevant to the task  
at hand. It’s likely thanks to  
their brains. Several studies  
show that creative types tend  
to have low levels of a certain 
kind of dopamine receptor in  
the thalamus, a brain area that 
helps regulate motor function 
and sensory perception. Having 
fewer of those receptors 
probably means the thalamus 
filters out less information, 
so there’s more information 
available to help make unusual 
connections — a hallmark 
of creativity.

AN INNER DRIVE 
TO CREATE
Being passionate about 
something often leads to 
related creative ideas. Research 
supports the notion that if you 
pursued your childhood passions 
into adulthood, you’re more 
likely to test high on creativity 
measures. But simply being 
enthralled with something isn’t 
enough — you also need hard 
work to make it over the hurdles 
that inevitably crop up during 
the creative process. 

AN “OPEN” PERSONALITY 
Perhaps the most important 
factor that leads to creativity is 
how open to experiences you 
are. People who score high in 
this personality trait are more 
likely to want to try new things 
and to be curious, perceptive, 
imaginative, intellectual and, 
naturally, more creative. In 
fact, a 2013 study from The 
Journal of Creative Behavior 
supports the idea that openness 
to experience can be more 
important to creativity than IQ. 
And, the more open you are, 
the more opportunities exist for 
inspiration to strike and fuel an 
innovative idea. 

What Do You ‘Need’ to Be Creative?
There’s no single source of creativity; instead, research suggests that it stems from a complex system of traits.  
Here are just some of the overarching characteristics creative people seem to share.
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Try This!
Test your creative 
abilities with these 
commonly used 
tests: 

Find a word that 
links the three 
words provided 
in each example:

1. plum/daddy/cane 
2. fox/man/peep 
3. lift/card/mask 

Or This! 
Look at the image 
below and use the 
lines already there 
to draw a picture.

Or This! 
You have a candle, 
a box of thumbtacks 
and a pack of 
matches. Use these 
items to fix the 
candle to the wall 
without letting the 
melted wax drip to 
the table below.

How Can You Spark Creativity?

HAVE HOPE 
When you’re hopeful, you’re 
aware the outcome might 
not be positive, but you’re 
motivated anyway. And the 
literature seems to support 
that having hope actually 
helps people come up with 
more original connections 
and ideas. 

TAKE A HIKE
No, seriously. It turns out 
a nice walk, especially in 
the great outdoors, can 
help us solve problems. 
The physiological changes 
associated with walking, like 
lower stress levels, lower 
arousal levels and an overall 
better mood, can promote 
more creative thought 
connections in the brain. 

GO IT ALONE . . . THEN 
PUT YOUR HEADS 
TOGETHER
Alone time and the space it 
provides is vital in coming up 
with a creative solution. But 
once the lightbulb goes on, 
creative types often take that 
idea to a group to hash it out 
and turn it into a solution. 

MEDITATE
Speaking of going it alone, 
meditation can be a boon 
to getting the creative juices 
flowing, though only specific 
types of meditation. You don’t 
want to totally suppress your 
thoughts. Instead, experts 
say, try meditation that 
allows you first to recognize 
wandering thoughts and 
then to bring your focus back 
to the present. According to 
a 2014 Frontiers in Human 
Neuroscience study, this 
nondirective meditation can 
activate brain areas associated 
with memory retrieval and 
emotion. 

THINK DIFFERENTLY
Humans are creatures of habit, 
so it’s all too easy to get stuck 
thinking inside the box. But 
just trying to think differently 
can help. One long-term 
study found that innovative 
leaders spent 50 percent more 
time attempting to think 
differently — and consistently 
succeeding. 

JUST DO IT
It seems like a no-brainer, but 
the more ideas you come up 
with and try out, the more 
likely it is something will stick. 
In analyses of adults who 
were flagged as geniuses, 
only a small percentage of 
their creative ideas ended 
up leading to a substantial 
solution. So keep at it!

1 2
3

4
5

6

Try more tests like these at 
DiscoverMagazine.com/Creativity
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Antibiotic 
Resistance
Can we get ahead of their wily ways?

In 1928, Alexander Fleming discovered penicillin, but the revolutionary 
antibiotic didn’t reach the masses until 1945, after two Oxford scientists 
developed the necessary large-scale production method.

In the intervening 17 years between discovery and distribution, Fleming continued 
to experiment with small batches of penicillin on several bacterial pathogens, including 
Staphylococcus. In the process, he unearthed the earliest signs of a phenomenon that now 
plagues medicine almost a century later: the ability of bacteria to become resistant, even 
immune, to antibiotics. 

Antibiotic drugs are 
tested for whether 
they spur resistance 
in bacteria. 
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So how do bacteria become resistant to antibiotics? The real question is: How can they not?
Measured solely by longevity, bacteria are wildly successful. They were present for the dawn of 

life on this planet, an event as long ago as 3.5 billion years. We are the ones living in their world, 
and in evolutionary terms, they’re much better at surviving in it than we are.

In other words, the very act of using antibiotics is what inevitably leads to the drugs’ defeat. 
Each time they are exposed to the pharmaceuticals, bacteria have an opportunity to create 
mechanisms of defense. And, given frequent enough exposures, they almost always do.

‘‘ I would like to 
sound one note of 

warning. . . . It is not 
difficult to make 

microbes resistant 
to penicillin 

in the laboratory 
by exposing them 
to concentrations 

not sufficient 
to kill them, and 
the same thing 

has occasionally 
happened in the 

body.’’— Alexander Fleming, 1945

‘‘We didn’t give 
bacteria credit 
for being able 
to change and 
adapt so fast. 

Basically, bacteria 
do evolution 

on a 20-minute 
time scale. It takes 

humans about  
20 years to make 

an offspring, 
but bacteria 

are dividing every 
20 minutes, testing 
out new mutations 

for selective 
advantages.’’ 

— Bonnie Bassler, chair, 

Department of Molecular Biology, 

Princeton University, 2009

He identified this potential for resistance in 1940, just five years before penicillin became 
available for widespread use, and he received the Nobel Prize in Medicine for its discovery. 

Ever since Fleming’s first glimpses of trouble, researchers have consistently run into the 
same thing after releasing antibiotics. When tetracycline hit the market in 1950, for example, 
it was an immediate godsend for people diagnosed with several bacterial infections, including 
Shigella, an intestinal bug that can cause 20-plus bouts of diarrhea a day. But by 1959, strains 
of Shigella had already developed resistance to tetracycline.

Those therapeutic windows soon began to close even faster. It took only two years for a 
strain of Staphylococcus to become resistant to methicillin after that drug was introduced 
in 1960. In 1996, when levofloxacin hit prescription pads, a strain of pneumococcus became 
resistant to it that very year. 

The latest statistics also tell dire tales. The U.S. Centers for Disease Control and Prevention 
conservatively estimates that in the United States, more than 2 million people are sickened 
each year with antibiotic-resistant infections, and at least 23,000 die from them. When you 
include Europe, infections that resist antibiotics raise the death toll to at least 50,000 people 
annually. Add in the rest of the world, and that becomes many more hundreds of thousands.

For Bacteria, Resistance Is Not Futile

A CHAIN OF RESISTANCE
All it takes are a few hardy bacteria to survive antibiotics given to animals, and resistance is 
off and running. That resistant bacteria can spread and affect the human food supply. 

RESISTANCE Animals can carry harmful bacteria in their intestines.

When antibiotics are given to animals . . . antibiotics kill 
most bacteria . . . 

but resistant bacteria 
survive and multiply

SPREAD Resistant bacteria can spread to . . .

Animal products Produce through 
contaminated water 

or soil

Prepared food through 
contaminated surfaces

The environment 
from animal waste
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Clostridium difficile

Carbapenem-resistant 
Enterobacteriaceae

Neisseria gonorrhoeae

Multidrug-resistant 
Acinetobacter

Drug-resistant 
Campylobacter

Fluconazole-resistant 
Candida

Extended spectrum 
beta-lactamase 
Enterobacteriaceae

Vancomycin-resistant 
Enterococcus

Multidrug-resistant 
Pseudomonas 
aeruginosa

Drug-resistant non-
typhoidal Salmonella

Drug-resistant 
Salmonella serotype 
Typhi

Drug-resistant Shigella

Methicillin-resistant 
Staphylococcus aureus

Drug-resistant 
Streptococcus 
pneumoniae

Drug-resistant 
tuberculosis

Vancomycin-resistant 
Staphylococcus aureus

Erythromycin-resistant 
Group A Streptococcus

Clindamycin-resistant 
Group B Streptococcus
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Antibiotic Resistance

VIVA LA RESISTANCE
These 18 bugs comprise a rogues’ gallery of microorganisms showing various levels of resistance to the best available 
antibiotics. The CDC categorizes each by level of threat: urgent, serious or concerning.

In the U.S., almost half a million people are sickened by chronic diarrhea caused by a  
C. difficile overgrowth. About 15,000 will die each year.

“CRE are nightmare bacteria,” warns Tom Frieden, director of the CDC. “Our strongest 
antibiotics don’t work.” Development of a CRE infection in a hospital is deadly nearly 
50 percent of the time. The infamous E. coli is part of this group.

The same N. gonorrhoeae known in medieval times as the “perilous infirmity of burning” now infects 
820,000 Americans each year. A third of those will get the drug-resistant strain of gonorrhea, a 
condition that may soon be untreatable.

An opportunistic infection that strikes those already critically ill with another condition, it affects about 
12,000 Americans. At least three different classes of antibiotics are no longer effective 
against Acinetobacter.

There are at least 1.3 million infections by Campylobacter in the U.S. each year, usually 
from eating tainted food. A quarter are resistant to antibiotics.

Although not a bacterium, the fungus Candida is outrunning the drug fluconazole’s 
ability to kill it; overgrowths can cause bacterial bloodstream infections and sepsis.

A broad class of microbes that can cause urinary tract infections and pneumonia. It is 
quickly developing immunity to the strongest antibiotics.

Enterococci bugs thrive in hospitals, causing surgical infections or other complications. About 1 in 3 
infections are resistant to the go-to antibiotic, vancomycin.

Another bacterium commonly found in hospital-acquired infections. Of the 51,000 infections each year, 
6,700 are resistant to multiple antibiotics.

These bacteria are behind food poisoning at its cruelest: 1.2 million annual cases of extreme 
gastrointestinal woe. A tenth of cases are resistant to antibiotics.

This strain of Salmonella causes typhoid fever; the U.S. sees 3,800 drug-resistant cases each year.

Of the half-million annual infections in the U.S., 27,000 resist antibiotics, a chronic consequence of 
which can be a potentially lifelong form of arthritis.

One of the ugliest of superbugs, MRSA can cause everything from deadly pneumonia to disfiguring skin 
infections. It kills over 11,000 Americans each year, about 1 in 7 who are infected with it.

S. pneumoniae is the No. 1 cause of bacterial pneumonia and meningitis in the country. It also causes 
lesser infections of the ear and sinus. Of the 1.2 million infections each year, 7,000 are fatal.

Emerging over 70,000 years ago, tuberculosis has been called history’s biggest killer. In the early 1900s, 
1 out of 7 people in the U.S. and Europe died from what was then called consumption, while others 
were quarantined for life in a sanitarium. The discovery of streptomycin in 1943, the first antibiotic 
effective against TB, coupled with later antibiotics, nearly eradicated the disease. But now it’s clawing 
its way back. Of the 10,500 cases each year in the U.S., over a thousand don’t respond well — or at all 
— to antibiotics.

S. aureus lives on skin, where it is harmless. But it can enter the body through a medical procedure, 
such as catheter insertion, and cause a systemic infection. This happens very rarely, and no 
treatment options exist.

This is a menace of many masks — among them strep throat, scarlet fever, rheumatic 
fever, toxic shock syndrome and flesh-eating disease. About 1,300 such infections prove 
drug-resistant each year, and 160 are fatal.

Group B strep infections sicken at least 27,000 Americans annually, of whom 7,600 don’t 
respond well to antibiotics. About 440 of those people will die.

C. difficile

Campylobacter

Streptococcus
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Phage Therapy
WHAT IT IS: Discovered in the early 
1900s, bacteriophages, or phages, 
are a specific group of viruses with 
a purpose that is given away by 
translating their name from Latin to 
English: “bacteria eaters.” 
HOW IT WORKS: Practitioners select 
a virus or combination of viruses 
that will treat a person’s specific 
bacterial infection. The patient 
usually takes the phages in pill or 
powder form, or applies them as 
an ointment. If the viruses are well 
chosen, they go to work infecting 
and killing the pathogenic bacteria 
without harming other cells.
DRAWBACKS: The practice of phage 
therapy has been honed primarily in 
the former Soviet bloc countries of 
Russia, Georgia and Poland, where 
Western antibiotics were scarce until 
after the fall of the Iron Curtain. 
Here in the U.S., FDA regulations 
prohibit most phage therapies if 
they haven’t gone through the 
approval process of clinical trials, 
so many treatments aren’t avail-
able. That is beginning to change, 
though. In 2014, the U.S. National 
Institute of Allergy and Infectious 
Diseases threw its support behind 
phage therapy, and researchers 

at MIT are working on a phage 
engineered to deliver killer DNA 
specifically to antibiotic-resistant 
bacteria.

Boosting  
Antibiotics
WHAT IT IS: Bacteria almost always 
develop resistance to antibiotics if 
given enough exposure. And since 
most antibiotics currently in use 
are souped-up versions of previous 
ones, strengthening the rest may be 
the quickest path to dealing with 
resistance.
HOW IT WORKS: There is a consider-
able lag period between starting 
work on a drug and bringing it to 
market. So the first step is to keep 
existing antibiotics effective longer 
by limiting exposure. Despite exten-
sive educational campaigns, the CDC 
estimates antibiotics still aren’t pre-
scribed properly about half the time 
— for wrong conditions, in incorrect 
doses or for ineffective durations. 
The second step is to place increased 
emphasis and added incentives on 
identifying ways to provide a boost 
to existing antibiotics.
DRAWBACKS: Time and money. 
Time can be bought — by reducing 
ineffective prescriptions in humans 
and eliminating almost all antibiotic 
use in agriculture. Money can be 
allocated — it costs hundreds of 
millions of dollars to bring a new 
drug to market, even one based 
on an existing version. For several 
reasons, pharmaceutical companies 
have rarely been willing to make 
that kind of investment for antibiot-
ics, likely leaving the funding gap 
in the hands of other organizations 
such as government agencies and 
universities.

Quorum-sensing 
Inhibition
WHAT IT IS: This may flip your 
lid a little: Bacteria talk to each 
other — a lot. They live in close-knit 
communities they build themselves 
out of a substance called biofilm. By 

emitting a constant stream of signal 
molecules, they can communicate 
with their neighbors about impor-
tant issues such as whether to repro-
duce enough to cause an infection 
in their host. Even more amazingly, 
they can do all these things only if 
they know they have a quorum — 
enough fellow bacteria to take on 
whatever tasks are at hand.

HOW IT WORKS: Quorum- 
sensing inhibitors disrupt or divert 
the signaling molecules bacteria 
use to sense when they’ve reached 
a quorum. If the bugs can’t tell 
if there are enough others around 
to cause mass mischief, they float 
in isolated ignorance until the 
host gets rid of them. When 
this happens, they can’t cause 
infections requiring antibiotics, 
much less antibiotic-resistant 
infections. 
DRAWBACKS: Despite more than 
15 years of fairly extensive research, 
microbiologists have been unable 
to find anti-quorum-sensing 
compounds that work consistently 
and reliably in animal models, 
let alone human ones. The theory 
remains solid, but workable 
therapies are years away.

FROM  
FARM 

TO TABLE 

In 2011, 
Americans 

used  
7.7 million 
pounds of 
antibiotics. 
In the same 
year, farm 
animals 

in the U.S. 
were fed 

nearly four 
times that 
amount: 

29.9 million 
pounds.

That has real 
consequences. 
Two years ago, 

Consumer Reports 
tested chicken 

breasts it bought 
from stores across 

the country 
and found that 
about half were 
contaminated 
with bacterial 

strains resistant 
to three or 

more antibiotics 
commonly 

prescribed to 
people. And at 
the end of last 
year, Chinese 

researchers found 
a strain of  

E. coli in farmed 
pigs that was 

highly resistant 
to polymyxins, 

the group of last-
resort antibiotics 
used in humans 
when all others 

have failed.

So Now What? Well, There’s Plan B, and C and D …

Vibrio fischeri bacteria, and their 
habit of talking to each other, clued 
researchers in to quorum-sensing.

In January 2015, an international team of scientists led by Kim Lewis at Northeastern University in Boston 
published a study on the discovery of a new antibiotic. Called teixobactin, it kills pathogens without any sign 
that it promotes resistance while doing so.

Although it’s still years from human trials, teixobactin has shown huge promise by decimating highly resistant 
staph strains of bacteria in mice. But that’s not even the most exciting part. This is: The researchers found 
teixobactin by combing through a gram of plain old dirt. They then cultivated the bacterium that makes it, 
Eleftheria terrae, using a revolutionary new process.

It’s important to remember that, in the din of all the doom-speak, there are smart people working on smart 
solutions to antibiotic resistance. Here are some others:

Bacteriophages, which are viruses that 
attack bacteria, attach to the surface of 
a bacterial cell and add DNA that will 
kill harmful bacteria.
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BY BILL ANDREWS

Moons of Our
Solar System 
There are more than you think.

Each of the solar system’s 178 moons tells 
a story. Whether they started as planetary 
twins or as wayward rocks captured by a 
planet’s gravity, these natural satellites can be 
as geologically active, weather-beaten or just 
plain weird as any planet. Here are a few.

The four Galilean moons, the first objects known to orbit 
another planet, are named for Galileo Galilei, who is credited 
with discovering them in 1610. Io, the large moon closest to 
Jupiter, is the solar system’s 
most volcanically active 
world. Second out, Europa 
likely hides a global ocean 
beneath its icy, cracked crust. 
Ganymede’s claim to fame 
is easy: It’s the largest of all 
moons and outsizes even 
Mercury. Callisto is the solar 
system’s third-largest satellite, 
and might have a subsurface 
ocean of its own.

Near . . .
Scientists only recently learned that our 
moon is mostly made of the same basic 
material as Earth, likely a result of its 
troubled birth. As our planet was forming, 
astronomers think it collided with a Mars-
sized body they’ve named Theia. The two 
crashed so spectacularly that the resulting 
debris had significant chunks of both 
bodies. This, plus the fact that Earth and 
Theia were close enough in composition 
to begin with, meant that when the debris 
coalesced and formed the moon, it had a lot 
in common with Earth’s surface. 

Over the years, the moon became tidally 
locked with Earth, so the same side always 
faces our planet. This means there isn’t a dark 
side of the moon, since the sun shines on 
both hemispheres equally. But there is a far 

side. The two sides are remarkably different: 
The near side sports several maria — dark 
plains of cooled lava — while the far side 
is devoid of them, and appears relatively 
uniform. Scientists still aren’t certain why, 
but if the tidal lock happened soon enough 
after the collision with Theia, the young 
Earth’s heat could have triggered the 
volcanic eruptions that caused the maria — 
but only on the moon’s near side.

It’s hard to get a good sense of scale 
with the moon, but consider this: It’s far 
enough away that every other planet (and 
Pluto!) could fit between it and Earth. And 
it’s the largest moon relative to its planet 
in the solar system, exactly the right size to 
perfectly cover the sun in the sky during an 
eclipse — an amazing cosmic coincidence.

Mercury

0
Planet

# of moons

Earth’s moon: 
near side

Earth’s moon: 
far side

Venus

0
Earth

1
Mars

2
Jupiter

67

Io Europa Ganymede Callisto
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Iapetus is the solar system’s yin-yang 
symbol. Its two faces differ strikingly 
in color, likely the result of thermal 
segregation: Over time, darker materials 
(like carbon) have absorbed more heat 
from the sun, warming up and sending 
lighter, more volatile materials (like ice) 
to the colder hemisphere.

A thick orange haze shrouds Titan (seen 
here in infrared), the solar system’s 
second-largest satellite. It’s so frigid 
that water exists only as rock-hard 
ice. Yet its “methane cycle” of surface 
condensation and precipitation parallels 
Earth’s water cycle to a surprising 
degree. With the Huygens probe 
touchdown in 2005, Titan became the 
most distant body we’ve landed on.

Like Europa, smaller Enceladus probably sports 
an underground global ocean. Uniquely, though, 
it also features regular eruptions of briny water 
from curtain-like geysers near its south pole. 
Scientists have seen signs of hydrothermal activity 
on the moon — and since warm water is one of 
the few requirements for life as we know it, this 
makes Enceladus one of our best bets for finding 
extraterrestrials.

That’s no space station, it’s a moon! Tiny Mimas is the 
smallest known body with enough mass to mold it into 
a rough sphere. It might resemble the Death Star, but 
the round feature is Herschel, a crater 81 miles across.

Like most of Uranus’ 
moons, Titania is named 
after a Shakespeare 
character. And yes, this 
is a color photograph 
— most of the Uranian 
moons share a neutral 
gray color.

Triton is the only large moon with a 
retrograde orbit, circling its planet in 

the opposite direction of the planet’s 
rotation. It’s an oddity that suggests 
Triton originated in the Kuiper Belt, that 
vast swath of comets and tiny worlds 
beyond the planets, before wandering 

too close to Neptune and getting snared 
by its gravity. It’s also the only world 

known to possess “cantaloupe terrain,” a 
pattern of bumpy surface features thought 
to be caused by complex tectonic forces.

. . . And Far
When the New Horizons probe flew past Pluto’s 
largest moon last year, it gave scientists the best 
view of Charon they’ll have for decades. Rather 
than the sedentary world researchers had 
imagined, Charon has a rich geologic history 
including mountains, landslides and canyons — 
one stretches four times longer and up to twice 
as deep as the Grand Canyon. A dark region 
near its north pole, dubbed Mordor, might be 
the result of gases from Pluto’s atmosphere 
condensing on the moon’s surface.

Charon spans about half of Pluto’s diameter 
and has an eighth of the dwarf planet’s mass, 
resulting in a lopsided double orbit; Charon 

goes around Pluto, but the two also orbit a 
point in space known as a barycenter. Because 
of this, some astronomers consider both 
bodies dwarf planets. But the International 
Astronomical Union, which rules in such matters 
(it officially demoted Pluto to dwarf planet in 
2006) considers Charon a moon. Pluto’s other 
four moons orbit the same barycenter.

Officially, the moon is named after the 
mythological ferryman, but it also honors 
discoverer James Christy’s wife, Charlene. 
This has led to some disagreement over its 
pronunciation, but many American scientists 
favor Christy’s choice: “SHAHR-on.”

*Images not to scale
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BY DEVIN POWELL  ILLUSTRATIONS BY ROEN KELLY/DISCOVER 

Entanglement
The “spooky action” really exists.

Up until last year, mathematician Peter Bierhorst had hoped the physicists 
he works with would fail. It was nothing personal. He just found their 
worldview a little disturbing.

Like most physicists, his co-workers 
believe that our universe’s particles can 
influence each other using a sort of 
telepathy. Called “entanglement,” this 
connection allows two particles separated 
by vast distances to behave as a single 
entity. Both instantly react to something 
that happens to one of them.

If you find this very weird and 
counterintuitive, you’re not alone. “I find 
this very weird and counterintuitive,” 
says Bierhorst, a postdoc at the National 
Institute of Standards and Technology. 
Albert Einstein felt the same way. 
Unfortunately for them, experiments have 
finally showed beyond a reasonable doubt 
that entanglement exists.

FUZZY PHYSICS
To understand entanglement, you must 
first accept that reality is unsure of 
itself  at small scales. In 1927, Werner 
Heisenberg argued that it’s impossible 
to know both a particle’s position and 
momentum exactly. Measuring one 
simply makes the other fuzzier. Particles 
are fundamentally indecisive — neither 
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The current record 
for largest entangled 

objects belongs to two 
millimeter-sized chips 

of diamonds linked 
over 15 centimeters.
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precisely here nor there, and both at 
once. Making measurements effectively 
forces particles to choose how to 
behave. Einstein disliked this idea of a 
random universe; the atheist famously 
proclaimed his disbelief that God played 
at dice. (Quantum pioneer Niels Bohr 
supposedly replied, “Einstein, stop 
telling God what to do.”) 

So peeved was Einstein that he and 
his friends came up with a thought 
experiment to show how it was 
possible to learn both the positions 
and momentums of pairs of particles. 
Preserving their uncertainty would 
require one particle in the pair to 
instantly know and react when the 
other is measured — even at the other 
end of the universe. Every story about 
entanglement is obligated to include 
Einstein’s reaction to this apparent 
faster-than-light communication: 
“spooky action at a distance.” Unwilling 
to accept it, he declared quantum 
mechanics incomplete.

In the end, though, Einstein would 
be undone by his own objection. “I 
like to think that he would have come 
around and accepted entanglement 
given the evidence today,” says Don 
Howard, a professor of philosophy at 
the University of Notre Dame.

TESTING THE SPOOKINESS
Proving Einstein wrong is never 
easy. But in the 1960s, an unassuming 
physicist from Northern Ireland found 
a way that eventually earned him a 
Nobel Prize nomination. John Stewart 
Bell’s math set a limit on how similar 
the behavior of particles could be in a 
universe explained only by traditional 
physics. Correlations beyond that limit 

would require something at least as 
spooky as entanglement.

Starting in the 1980s, scientists 
playing with pairs of particles in 
Paris, Geneva and Austria found 
behaviors beyond Bell’s limit. Their 
experiments sought to rule out 
alternative, entanglement-free theories 
that physicists had been crafting for 
decades. Most of the physics community 

An Uncertain Universe

A Paradox of Pairs
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1 Quantum 
physicists of the 

early 20th century 
argued that particles 
are fundamentally 
fuzzy. Their positions 
and momentums are 
inherently uncertain.

1 Einstein argued 
that pairs of 

particles seemed 
to challenge 
uncertainty. What 
would happen 
if two particles 
bounce off each 
other and head 
in opposite 
directions?

3 Because we haven’t 
made any direct 

measurements of the 
second particle, we 
can now measure its 
position. We can then 
calculate the position 
of the other particle. 
We would know 
the momentum and 
position of both!

2 Measuring the 
momentum 

of one makes its 
position more 
uncertain, but 
gives us enough 
information to 
calculate the 
momentum of the 
other particle.

4 Einstein’s solution, 
which he found 

ridiculous: Measuring 
the momentum of the 
first particle sends an 
instant message to the 
second, which reacts as 
if its momentum had 
been measured. Both 
positions thus remain 
uncertain.

2 When we 
measure a 

property of a 
particle (here, 
its position), the 
particle settles 
on a random 
choice. But 
another property 
(its momentum) 
becomes hazier.

3 The same 
is true for 

measuring 
momentum, 
which sacrifices 
knowledge about 
position.

Momentum 
more unclear

Momentum 
known

Momentum 
measured

Momentum 
calculated

Position known

Position more 
unclear

Position calculated

Momentum known 
on both particles, 
but their position 
becomes uncertain

Position 
measured

Erwin Schrödinger,  
who famously poked fun 
at quantum physics with 

his cat in a box, coined the 
term entanglement, using the 
German word verschränkung.
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Entanglement

Testing Entanglement

accepted the results from Europe, 
bringing entanglement into the scientific 
mainstream, but each experiment 
had at least one shortcoming, giving 
hardcore skeptics room for doubt. Some 
of the experiments studied particles 
near each other, which could have sent 
regular, slower-than-light messages. 
Others lost a fraction of the particles 
in transit, leaving questions about 
whether those that were measured were 
representative of all particles. 

“Closing all these loopholes in one 
experiment has been an enormous 
technical challenge,” says Christian 
Kurtsiefer, a physicist at the Centre for 
Quantum Technologies in Singapore. 
But last year, researchers in the 
Netherlands finally reported the first 
loophole-free Bell test. Two other 
groups followed close on their heels 
in the fall, including Bierhorst’s team 
(to his chagrin). The chance that the 
strongest of these results could have 

happened without entanglement is less 
than 1 in 4 million.

And as if  two entangled particles 
aren’t spooky enough, some researchers 
are now thinking about what it means 
for three, 10 or even thousands of 
particles to be entangled. Others hope 
to tie the quantum effect to gravity, 
or use it to explore how reality can be 
thought of in terms of information. 
The weirdest days of entanglement 
may still lie ahead.

2 Horizontally polarized 
light cannot pass 

through a vertical slit. 
Instead, it bounces off and 
strikes a different detector. 

3 A pair of particles polarized 
the same way but not 

entangled have predictable 
behavior. Rotate one of the slits, 
and a particle will sometimes 
pass through it, sometimes 
bounce off. How often pairs set 
off the same detector can be 
calculated based on how much 
the slit is rotated.

4 Quantum physics changes 
the odds. It allows for pairs 

of particles that have the same 
polarization but don’t decide 
until after they pass through 
their slits. These particles cheat, 
and set off the same detector 
more often. 

1 Researchers test entanglement with 
light particles of different polarizations, 

meaning they vibrate 
in different directions. 
Vertically polarized light 
particles can pass through 
a vertical slit to strike a 
detector on the other side. 

Light source

Dual light 
source

Particle 
strikes 
detector A Particle 

strikes 
detector B

Vertically 
polarized

Horizontally 
polarized

Polarization not 
yet determined

Particle will 
sometimes hit A, 
other times B

Entangled particles 
can cheat
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ENTANGLEMENT
By Jane Hirshfield

A librarian in Calcutta and an entomologist in Prague 
sign their moon-faced illicit emails, 
“ton entanglée.”

No one can explain it. 
The strange charm between border collie and sheep, 
leaf and wind, the two distant electrons.

There is, too, the matter of a horse race. 
Each person shouts for his own horse louder, 
confident in the rising din 
past whip, past mud, 
the horse will hear his own name in his own quickened ear.

Desire is different: 
desire is the moment before the race is run.

Has an electron never refused 
the invitation to change direction, 
sent in no knowable envelope, with no knowable ring?

A story told often: after the lecture, the widow 
insisting the universe rests on the back of a turtle. 
And what, the physicist 
asks, does the turtle rest on?

Very clever, young man, she replies, very clever, 
but it’s turtles all the way down.

And so a woman in Beijing buys for her love, 
who practices turtle geometry in Boston, a metal trinket 
from a night-market street stall.

On the back of a turtle, at rest on its shell, 
a turtle. 
Inside that green-painted shell, another, still smaller.

This continues for many turtles, 
until finally, too small to see 
or to lift up by its curious, preacherly head 
a single un-green electron 
waits the width of a world for some weightless message 
sent into the din of existence for it alone.

Murmur of all that is claspable, clabberable, clamberable,  
against all that is not:

You are there. I am here. I remember.

Jane Hirshfield, a current chancellor of the Academy of American Poets, is the 

author of The Beauty, a book of poems, and Ten WIndows, a book of essays.

Entanglement Matters
It’s not just a quirk of physics. Over the years, 
entanglement has inspired a slew of new 
technologies still under development.

Distance records set for entanglement may 
pave the way to a quantum version of the 
Internet in which information hops from place 
to place via pairs of entangled particles. Re-
searchers have sent messages dozens of miles 
using teleportation, a quantum phenomenon 
that has nothing to do with Star Trek. This 
communication does not happen faster than 
the speed of light; making sense of it requires 
a regular, light-speed message in addition to 
the teleportation. But in theory this quantum 
communication is perfectly secure against 
hackers trying to eavesdrop on the data.

Entanglement could also improve the 
world’s best clocks, which keep time via the 
vibrations of atoms. Linking thousands of 
atoms at the quantum level so they vibrate 
together could lead to new clocks that lose 
less than one second in 15 billion years, 
the current record. This helps not just the 
punctiliously punctual, but could also improve 
the precision of GPS systems synchronized 
using such clocks.

Technological improvements have led 
to simple quantum computers that could, 
if scaled up, do certain things better than 
today’s computers, such as searching through 
unsorted lists and factoring big numbers. At 
a more fundamental level, playing with the 
building blocks of those devices has opened 
the door to understanding why the quantum 
world is so different from our own. Defin-
ing that boundary of the quantum world is 
one of many open questions that remain for 
entanglement. The most grand of theories, 
bound to leave you scratching your head, even 
allow for the possibility that, to some degree, 
everything in the universe is entangled. — D.P.

Thousands of ultracold strontium atoms vibrate 
in a lattice of laser light inside this record-setting 
atomic clock, designed by researchers at the Joint 
Institute for Lab Astrophysics in partnership with 
the National Institute of Standards and Technology. 
Entangling the atoms inside such a clock could lead 
to even more precise time measurements.
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BY KRISTIN OHLSON

Invisible worlds, ultimate partners.

Inside a dim laboratory at Oregon State University, a glass tank full of living 
corals glows like a slice of sky during the grand finale of a fireworks display. 
These species would never share the same stretch of ocean in real life,  
but they have one important thing in common. 

Microbiomes

“All of these corals are symbiotic,” 
says Virginia Weis, who chairs the 
Department of Integrative Biology, 

peering into the tank with me. “Every 
single one of them has algae, and without 

that interaction they would bleach and die.”
The corals eat but don’t digest these single-

celled photosynthetic algae, which then reside 
inside the corals and feed them the carbon sugars 
created during photosynthesis. In return, the 
corals not only give the algae a safe berth but also 

feed the algae nutrients. 
A crescendo of evidence points to the central 

role of microorganisms — bacteria, viruses, fungi 
and algae — in the health of oceans, forests, soils, 
plants, humans and other animals. These tiny, 

essential life-forms make up communities called 
microbiomes, in which microorganisms interact 
and trade services with each other and their host 
organisms. The more scientists look, the more they 
discover that microbiomes are the beating heart of 
every ecosystem, large and small. 

 

“It’s as if  we’re looking up into space a couple 
of centuries ago and someone handed us the 
first refractive telescope,” says University of 
California, Los Angeles, microbiologist Jeffrey 
Miller. He co-authored a paper last fall calling for 
a major initiative to deepen our understanding of 
microbiomes. “What’s out there? What do all these 
microorganisms do, and how do they interact? 
Microbiomes are such a big part of us and our 
world, but they’re so unexplored.”

More than a dozen species of coral from around the world 
occupy a tank at Oregon State University. Biologist Virginia 
Weis is studying them to learn more about their microbiomes 
— the microorganisms that are key to corals’ survival.

Corals turn white, like these off the island of New Ireland, Papua New Guinea, when warming waters cause them to expel the 
algae living inside them. Without that algae, corals lose their life-sustaining carbon sugars. Some then never recover. 

Corals and 
algae are 

interdependent: 
The algae feed 
the coral, and 
in return, the 

corals provide 
nutrients.

Warming ocean 
temperatures have 
triggered a rupture 

between many corals 
and their microscopic 

symbionts. 
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These microbes 
inhabit the 
human body.

 Bacteria’s Bad Rap
Bacteria, once universally maligned, 
are now appreciated for their benefits 
to human and ecosystem health, but it 
took science more than 300 years 
to understand their true worth. 

Late 1600s Dutch 
merchant Antonie van 
Leeuwenhoek, using 
microscopes of his 
own making, discovers 
“animalcules” bustling 
around in pond water, 
drops of blood and the 
scum from his own teeth. 

1850s German microbiologist 
Robert Koch connects a 
bacterium to a specific 
disease — bacillus anthracis 
to the outbreak of anthrax 
in cattle — and figures out 

how to grow bacteria in agar 
cultures in a lab. 

Late 1800s Dutch 
microbiologist Martinus 
Beijerinck shows 
that bacteria can 
be beneficial 
by explaining a 
phenomenon that 
farmers had observed 
for millennia: Planting 
legumes like peas or 
clover restores fertility to 
fields heavily planted with 
wheat and other crops. Bacteria inside 
the legumes’ roots convert atmospheric 
nitrogen into a form plants can use, 
fertilizing the fields. 

Late 1970s Carl Woese (pictured below) 
introduces a new way to classify organisms 
that involves sequencing a slowly evolving 
gene, 16S rRNA, that all organisms 
share. This gives scientists a new tool for 
classifying bacteria. Before this innovation, 
scientists classified plants, animals and  
fungi by studying their features and 

relatedness, but “microbes 
don’t have many 

morphologies,” says 
biologist Margaret 
Mcfall-Ngai.

1990 Woese publishes 
a paper suggesting the 

two kingdoms of bacteria 
could be further divided into 

dozens of sub-classifications. 

2014 Pablo Yarza and colleagues find that 
the number of bacterial phyla could be as 
high as 1,350.

Microbiomes Under Threat 
Just as scientists begin to unmask the microbiome — they’re even working with 
the White House to launch a national microbiome research initiative — they’re 
realizing that many microbiomes are threatened. Modern diets, stress and 
medicines are changing 
the human microbiome 
and possibly placing 
some important bacterial 
species at risk. “With 
the loss of biodiversity 
due to antibiotics and 
other aspects of modern 
lifestyles, we may face a 
major microbial threat 
— I called it ‘Antibiotic 
Winter,’ ” says Martin 
Blaser, author of Missing 
Microbes: How the 
Overuse of Antibiotics 
Is Fueling Our Modern 
Plagues. 

The same concern 
extends to ecosystems 
around the world, 
from farmlands, where large-scale industrial agriculture is radically altering 
the microbial life in the soil, to the Gulf of Mexico, where the Deepwater 
Horizon oil spill shifted the population of marine microorganisms. A recent 
study by Antonis Chatzinotas of the Helmholtz Centre for Environmental 
Research in Germany suggests that every species is important to the health 
of its ecosystem. He and colleagues exposed almost 900 combinations of soil 
microbial species to different environmental conditions and found that species 
that play a minor role in helping plants grow during good conditions can play 
a much bigger role if the environment degrades.

“High biodiversity is beneficial,” says Chatzinotas. “It doesn’t only provide a 
number of species with traits that might be important after the environment 
changes, but also provides partners that allow species to grow in these 
new conditions.”

A NEW FRONTIER
Despite all the recent attention to microbial communities, the mysteries are 
still vast. It’s challenging to figure out exactly what microbiomes do and how 
they do it. “We are only starting to tease apart how this all works,” says 
environmental microbiologist Jack Gilbert, group leader for microbial ecology 
in the biosciences division at Argonne National Laboratory. 

The timing could not be better to double down on this work, adds biologist 
Jo Handelsman, associate director for science at the White House Office of 
Science and Technology Policy.

“Some of the global changes we’re confronting are driven by microbiomes,” 
she says. “When people focus on microbiomes, we will find an even greater 
array of applications and solve problems we never thought were associated 
with bacteria and fungi.”

Clover root 
nodules

Tractors and combines separate the wheat from the chaff. 
Large-scale agriculture is changing the makeup of microbes 
in the soil, rendering it less biologically diverse. 
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Microbiomes

The Human Microbiome
In and on the human body, there are dozens, if not hundreds, of microbiomes.

Our microbiomes are relatively small when we are infants, but grow in both numbers and 
diversity as we interact with our environment. The foods we eat, the surfaces we touch, the 
people we encounter all affect our microbiomes. Our genome is an unchanging birthright 
from our parents, but our microbiome is a more plastic legacy, expanding from our mother’s 
starter kit of microbes with every experience. 

Gut
Most of the microbes that inhabit the human body live in the 
gastrointestinal tract. Some 100 trillion microorganisms dwell 
there, the majority of which are beneficial. They weigh only a 
few pounds, but scientists think they have a huge impact on our 
immune system, metabolism, digestion, brain function and more. 

Species found in the human gut include:

Two people  
in regular contact — 
married couples, for 
instance — may have 

90% of their microbes 
in common, but strangers 

may share only 10% of 
their microbiomes. 

Helicobacter pylori
Bacteroides fragilis

Lactobacillus casei Lactobacillus reuteri

Escherichia coli
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Health and the Microbiome
Scientists predict that human health will be 
revolutionized by the knowledge of how microbiomes 
work. Already, this research has led to a therapy called 
FMT, or fecal microbiota transplant. Stool from healthy 
donors is transferred to people whose microbiomes 
have been disturbed, often by antibiotic use, and have 
become infected by the bad 
bacterium Clostridium difficile. 
The beneficial bacteria 
repopulate the patient’s 
gut and restore the 
microbiome to health. 
FMT has a 90 percent 
cure rate.

While scientists have 
made great progress in 
identifying the individual 
members of the gut 
microbiome, it’s much harder to 
determine exactly what they do — both individually 
and in concert with other microbes. But researchers are 
beginning to find some clues. By chemically removing 
the gut microbiome in zebrafish in the lab and then 
repopulating the gut with two to three bacterial 
species, University of Oregon biologist Karen Guillemin 
has shown that certain microbes are especially skilled 
at suppressing the host immune system and preventing 
inflammation — a discovery she thinks may have 
implications for human health.

“Like zebrafish, we have this rich source of gut 
microbes that have figured out how to coexist with 
us and soothe the immune system,” she says, adding 
that “there is enormous potential to harness those 
mechanisms” to address ailments such as inflammatory 
bowel disease and other chronic inflammation.

Mouth
The mouth is the gateway to the body. The more than 500 
species of bacteria that inhabit the mouth are a mix of 
friends and foes. While some are linked to problems like 
gum disease, others may be key to the health of the lungs 
and digestive tract.

Here are a few key species in the mouth microbiome:

Skin
The skin hosts a wide range of microorganisms, some of 
which provide essential functions that human genes can’t 
do. For example, scientists have found that Staphylococcus 
epidermidis, a beneficial bacterium, kills skin pathogens.

Scientists suspect 
that an ailing gut 

microbiome may be 
linked to illnesses as 
diverse as intestinal 

problems and 
depression. 

We make our way through 
the world in a microbial 
cloud, much like the dirt that 
shrouds “Peanuts” character 
Pig Pen. We take it out 
shopping and to school or 
work and back home again.Candida albicans

Streptococcus 
salivarius

Pityrosporum ovale

Staphylococcus 
epidermidis Trichosporon

Corynebacterium 
jeikeium

Neisseria sicca
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Animal Intelligence
Humans aren’t the only brainiacs.

The Germanic god Odin tended a smorgasbord of divine duties — 
healing, death, poetry and knowledge among them — but he 

might have been a somewhat less powerful one-eyed 
immortal without his animal helpers. According 

to Norse texts, ravens named Thought and 
Mind sat on the god’s shoulders, departing 

every morning to spy on humans for him. 
The old myths about clever animals 
may have been closer to the truth 

than science has been for much of 
its history. Until fairly recently, 

animals were considered to be 
unthinking machines and 

humans the only truly 
intelligent species. But 

aided by new tests 
that allow animals 

to show their 
smarts unhobbled 

by human 
preconception, 
scientists have 
discovered that 
there may be 

more similarities 
between human and 

animal intelligence 
than differences. 

To paraphrase 
an old hymn: 
All creatures 
great and 
small, we 

appear to have 
a cognitive 

kinship with 
them all. 
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Dolphin-speak
Those lucky enough to have seen a pair of dolphins bounding 
across the water know how playful they can be. Hunter 
College comparative psychologist Diana Reiss, who has studied 
dolphin behavior since the 1980s, discovered that they’re also 
able to communicate in surprisingly sophisticated ways. In 
one experiment, she installed an underwater keyboard that 
functioned as a vending machine. Each key had a different 
symbol, emitted a specific whistle when pushed, and delivered 
a treat — balls, hoops or rubs. The dolphins quickly learned 

the associations, but what really intrigued Reiss was how they 
imitated the keys’ whistles and even combined the whistles as 
they invented new games involving both hoops and balls. The 
study offered the first glimpse of the process of vocal learning 
in dolphins. Now, Reiss wants to get a better understanding 
of how individual dolphins embed newly acquired whistles 
in their interactions. “We’re separated by 95 million years of 
evolution, and we haven’t made much progress understanding 
their communication,” says Reiss.

Brainy Bees
Humans admire bee efficiency, but generally 
assume they are just tiny, well-programmed robots. 
Researchers are now uncovering a range of brainy 
skills previously thought to be exclusive to larger 
animals. In the Bee Sensory and Behavioural Ecology 
Lab at Queen Mary University of London, Lars 
Chittka and his colleagues found that bees count 
in simple ways and recognize faces. More recently, 
the Chittka lab has found that bees can be trained, 
using drops of sucrose as a reward or drops of 
quinine as a deterrent, to distinguish between two 
different colors more accurately and more quickly. 
The lab is also studying how bees copy each other. 
Chittka is testing this social learning in the lab 
by observing how inexperienced bees learn the 
quickest routes to flower patches by mimicking 
seasoned foragers. 
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Animal Intelligence

Don’t Underestimate 
Reptiles
Animals like chimps and dolphins are famed for their 
intelligence. But new evidence reveals cleverness in 
creatures considered primevally dumb: reptiles. “If 
we’re going to understand the evolution of the brain 
and of intelligence, we have to look across the gamut 
of species,” says Anna Wilkinson of the University of 
Lincoln in the U.K. When trained to hit a blue dot 
on a touch screen with their beaks, her red-footed 
tortoises used what they learned in a real-world 
situation. Placed in an arena, they headed straight 
for a blue bowl that resembled the dot on the screen. 
Wilkinson says the tortoises performed the touch-
screen task better than dogs, perhaps because they 
must fend for themselves as soon as they’re hatched. 
Her work with tortoises and lizards challenges the 
idea that social interactions, rather than the physical 
environment, select for intelligence. “You do see 
impressive cognition among animals with complex 
group living, but there hasn’t been much exploration 
of cognition in less social animals,” Wilkinson says.  
“I think the cognitive abilities of reptiles will receive 
a lot more attention in the future.”

Crafty Corvids
Ravens, it seems, never forget a beaked face. In the wild, the birds 
live in groups until they select mates, then each pair diverges into 
a solitary, conjugal life. In the lab, researchers mimic these social 
arrangements and keep pairs in separate aviaries. But the ravens 
remember their old comrades from group life and recognize their 
recorded calls, reacting one way to birds that were their friends 
and another to ones that were not. Jorg Massen and his colleagues 
at the University of Vienna conducted a study that looked at the 
birds’ understanding of third-party relations. They wanted to 
know whether ravens have a mental representation of the way 

others should act. It appears they do. Working with one group  
of birds, Massen’s team played recorded calls of other ravens  
the birds had observed but hadn’t interacted with. They chose  
calls that would deliberately upset the hierarchy — for instance, 
playing the submissive call of a No. 2 bird after a dominance 
call from No. 3. They found that the birds had little patience for 
rebelliousness, even in groups other than their own. “It represents 
a turnover in rank, and they react strongly to it,” Massen 
explains. “If this were The Sopranos, it would be as if one of the 
underbosses were shouting at Tony.”

EVERYTHING
WORTH
KNOWING
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Hearing about the cleverness of animals makes some 
people a little uncomfortable. “People want to be 
special,” says Jennifer Vonk, a comparative psychologist 
at Oakland University in Michigan who studies bears, 
cats and other animals. “Every time a researcher 
finds that tool use or theory of mind or language-like 
communication is not unique to humans, somebody 
comes up with new categories that raise the bar.” But 
primatologist Frans de Waal, a leader in the animal 
cognition field, suggests it’s time we wipe our minds 
of the Aristotelian notion of the scala naturae, which 
placed animals in a hierarchical ranking of complexity 
with humans at the top. 

“Animal cognition is more like a bush,” de Waal 
says. “The corvids [crows and ravens] branch in one 
direction, the dolphins in another, the primates, 
including us, in another. You can’t put them on a 
simple scale, because all animals are very smart in what 
they need to do to survive.”

If Animals Are Smart, Where Does That Leave Us?

Clever Chimps
Scientists have known since the 
early 20th century that chimps are 
capable strategists — they’ll stack 
boxes to reach a dangling bunch 
of bananas, for instance. In 2015, 
Harvard researchers Alexandra 
Rosati and Felix Warneken decided 
to see whether the primates were 
able to handle something assumed 
to be exclusively human: cooking. 
We cook so routinely that it may 
seem like a no-brainer, but it 
requires a number of cognitive 
abilities, including self-control, 
causal reasoning and planning. 
At the Tchimpounga Chimpanzee 
Rehabilitation Center in the 
Republic of the Congo, Rosati and 
Warneken offered chimpanzees a 
choice: They could place raw slices of 
food in a device that would return 
it to them uncooked, or in another 
that would deliver cooked slices. 
The team didn’t give the chimps 
the chance to do real cooking out 
of concern that they might mimic 
humans they’d witnessed cooking, 
or that they’d burn themselves. The 
chimps, which favored the cooked 
food and even moved raw slices 
from the other device over to the 
“oven,” showed they had some of 
the basic cognitive skills for cooking, 
but Rosati says it’s unlikely that 
they’ll start gathering for potlucks. 
“You need to be able to sit around 
and share for a human-like cooking 
system to emerge, and chimps have 
a difficult time with that.”
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BY CHRISTIAN MILLMAN 

Medical Imaging
Getting inside your head (and other parts).

Medical imaging, at its very core, is about your very core. It allows 
physicians to view anatomical structures throughout your body to find 
disease or injury — or better yet, rule them out.

This function is so basic to medical practice that The New England Journal 
of Medicine named body imaging one of the most important developments 
of the previous millennium. And just look how far we’ve come.

Anatomical 
Drawings
INVENTED: circa 275 B.C.
BACKGROUND: Human 
dissections were taboo in 
ancient Greece, the birthplace 
of Western medicine. That 
changed briefly after the 
founding of Alexandria, 
a heady time and place 
for cultural and scientific 
exploration. When the ban on 
human dissections was lifted 
for a few decades, a doctor 
named Herophilus opened up 
hundreds of bodies and made 
detailed observations, all of 
which were lost when fire 
destroyed the famed Library 
of Alexandria. Herophilus’ 
works are now known only 
through the writings of later 
physicians and historians. 
Human dissections and detailed 
descriptions of our innards 
didn’t start back up until 
the 14th century; the first 
illustrated printed medical 
book was published in 1491.
WHAT THEY DO BEST: In real 
life, human tissues are not 
so neatly color-coded as they 
are in such iconic texts as 
Gray’s Anatomy, and they can 
be extraordinarily difficult 
to distinguish. Even today, 
these detailed descriptions 
and drawings are important 
for teaching foundational 
anatomy.

THE HEART OF THE MATTER: 
Five views of the human heart 
capture technology’s evolution 
through the centuries, from a 
19th-century German anatomical 
textbook  to a modern CT 
image detailing an ailing baby’s 
enlarged pulmonary artery .

X-Rays
INVENTED: 1895
BACKGROUND: German 
physicist Wilhelm Röntgen 
was experimenting with an 
electron beam tube when he 
noticed a superimposed outline 
of the bones in his hand on 
a nearby photographic plate. 
He replicated the accident, 
this time imaging the bones 
of his wife’s hand, complete 
with her wedding ring. In 
1901, he won a Nobel Prize 
in Physics for the discovery of 
what were then called Röntgen 
rays — though he called them 
X-rays because their source was 

originally a mystery. We now 
know they’re part of the same 
electromagnetic spectrum as 
visible light, albeit at a higher 
frequency.

These days, medical X-rays 
come in multiple formats: plain 
film used in dental exams and 
doctors’ offices; fluoroscopy, 
which bounces a continuous 
X-ray beam off contrast agents 
you’ve either injected or 
ingested, providing a moving 
real-time image of arteries and 
intestines; and the computed 
tomography (CT) scan, which 
couples a powerful computer 
with a circular array of 

extremely sensitive detectors to 
turn X-rays into detailed cross 
sections of the body. Additional 
software can make these 
images into 3-D studies of even 
the most intricate structures. 
WHAT THEY DO BEST: “For 
the easy stuff, like looking for 
broken bones or pneumonia, 
plain X-rays are very good,” 
says Elliot Fishman, director 
of diagnostic imaging and 
body CT at Johns Hopkins in 
Baltimore. “They’re cheap, easy 
to use and readily available 
worldwide.”
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Ultrasounds
INVENTED: 1942
BACKGROUND: Although the 
concept has been used for 
hunting enemy submarines 
since the 1930s, the application 
of sound for medical diagnoses 
only began in 1942. University 
of Vienna neurologist Karl 
Dussik measured ultrasound 
transmissions through patients’ 
heads in an attempt to 
locate brain tumors. Medical 
ultrasound works on the  
same principles that whales 
and bats use every day: High-
frequency sound waves cross 
into your body, some pass 
through and some bounce 
back, depending on what  
they strike. A receiver picks  
up any reflections and 
translates the signal into 
images. Basic ultrasound 
machines produce grainy, 
flat, black-and-white images. 
More complex models create 
colorized 3-D images. 
WHAT THEY DO BEST: 
Ultrasounds are perhaps best 
known for monitoring the 
growth of a fetus, but they 
have many other uses. Since 
sound travels differently in 
fluids than it does in solids, 
sonograms show the contrast 
between soft tissues and 

harder particles. “If you’re 
looking for stones, the first 
study you’re going to ask 
for is an ultrasound,” says 
Fishman. Whether in a kidney 
or a gallbladder, the denser 
stones jump out against the 
surrounding organs, which are 
mostly fluid. Ultrasounds are 
also one of the only ways to get 
a moving image, which makes 
them useful for viewing an 
active fetus or a beating heart.

Magnetic 
Resonance 
Imaging (MRI)
INVENTED: 1971
BACKGROUND: In 1971, while 
contemplating the hamburger 
he was eating, American 
chemist Paul Lauterbur had 
an epiphany about how to 
use a magnetic field and 
radio waves to create images 
of living tissues. In 2003, 
Lauterbur shared a Nobel Prize 
with British physicist Peter 
Mansfield, who helped develop 
the technology known as 
magnetic resonance imaging.

MRIs work by tapping into 
an astonishing phenomenon: 
When placed in a powerful 
magnetic field, the hydrogen 

atoms in water molecules 
behave like small bar magnets. 
If you provide energy in the 
form of radio waves, these 
tiny magnets can switch 
orientation and give off a 
resonance frequency that 
changes predictably based on 
the strength of the magnetic 
field. Small variations in the 
field strength produce highly 
differentiated signals that 
can be used to collect spatial 
information.
WHAT THEY DO BEST: MRIs 
don’t generate radiation. 
“That’s an advantage, 
particularly in younger patients, 
who are more sensitive to 
the effects of radiation,” says 
Fishman. Because of its ability 
to finely tune the signals it 
generates, an MRI can also 
show softer, more intertwined 
tissues — such as in the brain, 
spinal cord and musculoskeletal 
system — in rich detail.

Nuclear 
Medicine
INVENTED: It’s been an 
incremental process that 
started in the late 19th century, 
moved into clinical use in the 
1950s and really came of age in 
the 1980s. 

BACKGROUND: The origins 
of nuclear medicine involve 
at least a dozen scientists 
working on different aspects 
of the technology over a 
century, culminating in a 
surge of diagnostic machines 
in the 1980s and ’90s. Nuclear 
medicine includes equipment 
and techniques such as positron 
emission tomography (PET), 
gamma cameras and single-
photon emission computed 
tomography (SPECT). You 
inhale, inject or swallow small 
amounts of radioactive material 
chosen to illuminate a specific 
organ, tissue or system. The 
machines measure how those 
compounds are absorbed (or 
not) and processed by specific 
tissues, and then turn that 
information into images.
WHAT THEY DO BEST: Nuclear 
medicine is most often used 
in oncology, says Fishman. 
Because cancerous tumors 
grow so quickly, they need 
lots of energy. That increased 
metabolism shows up as a flare 
on a nuclear scan. Because it 
looks for a process, not a part, 
nuclear medicine is particularly 
good at showing whether or 
not cancer has metastasized to 
a distant site, such as from the 
lungs to the brain.
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SIZE MATTERS
On the Saurischian side of the family tree, sauropodomorphs represent 
“the second megadynasty of dinosaur vegetarians,” Persons says. Instead 
of enhancing their digestive capacity by reversing a key pelvic bone, 
sauropodomorphs just got big. Very big.

“The bigger you are, the more energy you need, but the less energy 
you need relative to size,” Persons says. “The most voracious carnivore, 
for example, is the shrew, making many kills each night. Lions do not have 
nearly the same energy requirements relative to the little guys.”

Earlier, sometimes bipedal sauropodomorphs called prosauropods, such 
as Plateosaurus, were large for their time. But they had nothing on the 
later sauropods. There’s some disagreement about which was the 
biggest, but some members, such as the diplodocids, were more than 
100 feet long. Once the classic sauropod body type evolved — 
small head, long neck, huge body and long  
tail — it remained fairly consistent.

Timespan: 230-66 mya
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BY GEMMA TARLACH

Dinosaurs
How to identify one in the wild. (Hey, it could happen.)

How well do you know your dinos? We asked paleontologist 
Scott Persons, who teaches dinosaur evolution at the University of 
Alberta, to give us a whirlwind tour of the real Mesozoic World.

Dinosauria

Ornithischian

Sauropodomorph

Saurischian

IT TAKES GUTS
The first major divide on the dinosaur 
family tree was between the saurischians 
and the ornithischians — the word 
means “bird-hipped,” but these animals 
have nothing to do with birds. The term 
refers instead to the position of the pubis, 
a pelvic bone: In basal dinosaurs and 
those on the saurischian (“lizard-hipped”) 
line, the pubis points forward. But in 
ornithischians, it points toward the tail, as 
in modern birds (which evolved a reverse 
pubis millions of years later).

“Ornithischian dinosaurs were all 
herbivores,” explains Persons. “Breaking 
down cellulose to extract the energy 
is very hard to do. Swinging the pubis 
backwards is the Darwinian equivalent 
of loosening your belt at Thanksgiving 
dinner. It gives you more room to digest.”

Ornithischians also evolved a 
predentary, or beak, which helped them 
crop off pieces of vegetation. They were 
a diverse bunch, including the rhinolike 
ceratopsians and bipedal duck-billed 
dinosaurs such as Parasaurolophus.

Timespan: 230-66 mya

ALL ABOUT THE BASE
The earliest, or basal, dinosaurs evolved 
from archosaurs, a branch off the reptile 
line, more than 230 million years ago — but 
exactly when remains a question. These dino-
pioneers, such as Herrerasaurus, were “fleet-
footed carnivores,” Persons says, thanks 
in part to an evolutionary advance in hip 
joints: Unlike the sprawling, reptilian stance 
of other archosaurs, dinosaurs had an erect 
posture, with their legs under their bodies. 

Timespan: ?-230 million years ago (mya)

Both the ischium 
and pubis point 
backward

Dinosaur stance

Reptilian stance

Ischium 
points 
backward

Pubis 
points 
forward
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Theropoda

Coelurosaurs

BEAST MODE
Their name, theropoda, means “beast feet,” but 
these dinosaurs are arguably more famous for 
their chompers: Most theropods were carnivorous. 
Evolution took the basic blueprint of the earliest 
dinosaurs, such as Herrarasaurus (sometimes 
classified as an early theropod), and refined it in 
countless ways. Toothy 
theropods included the 
small scavenger Coelophysis, 
apex predators such as 
Dilophosaurus and Allosaurus and 
the largest theropod of them all, 
semi-aquatic Spinosaurus. 

Timespan: 230-66 mya

TYRANTS AND TERNS
Within the diverse theropoda, one branch, the coelurosaurs, would evolve into our 
most familiar dinosaurs.

“Coelurosaurs started out as the small critters running around the feet of the 
sauropods, fearing for their lives,” Persons says. “They had one thing going for them: 
They were very fast. With long legs, a complex ankle and a stiff spine, they were built for 
speed. Because they were successful, they got bigger.”

Those bigger coelurosaurs included the tyrannosaurs (starring, yes, the king of them 
all, T. rex). Another line of coelurosaurs adapted to arboreal living. “They had broad 
feathers on their limbs and tail, and glided from tree to tree, like flying squirrels,” 
says Persons. One branch of these gliding dino-squirrels led to scythe-clawed 
raptors, such as the coyote-sized Velociraptor; the other branch led, 
eventually, to roadrunners (and all other birds).

Timespan: 165 mya-present

The Thing 
With Feathers
Wanna get a roomful of 
paleontologists arguing? Ask 
which dinosaurs had feathers. 
The topic is still heated, 
though most now agree that 
a primitive kind of feather — 
a simple hairlike structure 
that would have resembled 
bristles or fur rather than 
plumage — probably showed 
up very early in theropods. At 
first, the proto-feathers likely 
were a means of insulation, 
at least among the fast 
bipedal carnivores. Over time 
they evolved in complexity, 
coloration and size, eventually 
enabling flight in later 
coelurosaurs.

“Many reasonable 
paleontologists disagree on 
when feathers evolved, but it 
would be wrong not to show 
feathers on most theropods,” 
Persons says. “The likelihood 
for the presence of feathers 
is directly related to the size 
of an animal. Bigger animals 
are [more interested in] losing 
heat than staying warm — 
they don’t need insulation. The 
really big dinosaurs might not 
have had many feathers, but 
the small and young theropods 
absolutely had feathers.”

Feathers do, however, seem 
to be mostly a theropod trait. 
While there is limited evidence 
that some ornithischians may 
have had feathers, researchers 
have found no evidence of 
them on sauropodomorphs.

Greater 
Roadrunner 
(Geococcyx 
californianus)

The tyrannosaur Tarbosaurus 
is one of a line of theropods 
that evolved into massive apex 
predators. Another line of 
theropods evolved into birds.
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Dinosaurs

Dimetrodon
The squat, sail-backed animal, which lived around 
270 million to 295 million years ago, is perhaps the 
most frequent non-dinosaur to be misidentified.

“Dimetrodon is actually very close to our 
ancestor,” says Persons. “It represents a point in 
time, before the dinosaurs, when our ancestors 
were ruling the world.” Dimetrodon was a 
synapsid, sometimes called a proto-mammal or a 
mammal-like reptile. Synapsids were the largest 
land animals during the Permian Era but were hit 
hard by the mass extinction at the Permian-Triassic 
boundary, the largest “great dying” Earth has 
ever known. Their numbers dwindled, creating an 
ecological opening for archosaurs, and eventually 
dinosaurs. The synapsids that did survive were tiny, 
highly specialized insect-eaters; their descendants 
would evolve to one day rule the world, and write 
stories about dinosaurs in science magazines. 

Mesozoic marine reptiles
Long-necked plesiosaurs and stockier, 
speedier pliosaurs, the Jaws of their 
day, make frequent guest appearances 
in Hollywood dinosaur movies. But 
they actually evolved from land reptiles 
that headed back to water more than 
200 million years ago.

Pterosaurs 
Like dinosaurs, these flying 
animals are archosaurs (so are 
crocodiles) and lived during the 
same timespan. Although there is 
some controversy about how they 
moved, paleontologists generally 
agree that pterosaurs had a semi-erect 
posture, distinctly more reptilian than 
the erect stance of dinosaurs.

Dinosaur Imposters: 
The Usual Suspects
Of the myths that persist in the public 
consciousness, few are more vexing 
to paleontologists than when these 
animals are mistakenly identified 
as dinosaurs:
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OUT THERE

HUBBA HUBBLE
Just two years after this mission in 1993 to service the Hubble Space Telescope, astronomers aimed the upgraded icon to an empty patch 
of space near the bowl of the Big Dipper. An unprecedented 10-day exposure revealed a startling new picture. The Hubble Deep Field 
captured thousands of new galaxies and revolutionized our knowledge of the early universe. The story behind this historic astrophoto 
starts on page 78. And on page 84, read about the kind of target that keeps astronomers looking: “The Weirdest Star in the Universe.”  
 ERNIE MASTROIANNI; PHOTO BY HUBBLESITE.ORG/NASA
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→The Hubble Deep Field is one 
of the most iconic images ever 

to emerge from the Hubble Space 
Telescope. A remarkable snapshot of 
an unremarkable pinpoint of sky, it 
revealed thousands of never-before-
seen galaxies and humbled anyone 
who saw it. Our planet, our solar 
system, our galaxy all became so 
much smaller with a single picture. 
The Hubble Deep Field packs a 
philosophical punch, all right, 
and from the day of its release 
20 years ago, it has changed our 
understanding of the universe. 

UNCERTAIN BEGINNINGS
Before the Deep Field (or HDF) was 
even on the drawing board, John 
Bahcall, well-respected astrophysicist 
and Hubble pioneer, had already shot 
down the idea. Initially keen to see 
how a space telescope might improve 
on ground-based observations, 
Bahcall did a seemingly reasonable 
calculation of what long exposures 
from Hubble (or HST) might show. 
His numbers weren’t promising. In 
fact, they were downright damning. 

“We do not expect HST to reveal a 
new population of galaxies,” he wrote 
in 1990. Moreover, “our results show 
that the most sensitive exposures 
achieved so far from the ground 
reveal more galaxies per unit area 
than will be seen by planned HST 
observations.”

Five years later, in March 1995, 
against the advice of many experts, 
Robert Williams, then director of 

the Space Telescope Science Institute 
(STScI), which manages Hubble, 
decided to revisit the idea of a “deep” 
exposure, one that would surpass 
ground-based observations. With 
this in mind, he called an advisory 
committee meeting to explore the 
possibilities. How many fields would 
they look at? How many color filters 
would they employ? Did they want 
to concentrate on a patch with 
known objects or focus on blank 
sky? When all was said and done, the 
advisory committee was no closer 
to proposing the HDF, having left 
open virtually every question they 
came to answer.

As director, though, Williams had 
at his disposal considerable Director’s 
Discretionary (DD) time. Up to 
10 percent, or about 250 orbits, of 
Hubble’s scientific observing time was 
his to allocate as he saw fit. Proposals 
from astronomers vying for that time 
are continuously flooding in, and in 
general, the director gives preference 
to time-constrained phenomena 
— a nova outburst, perhaps, or the 
awesome 1994 spectacle of Comet 
Shoemaker-Levy 9 crashing into 
Jupiter. These events are relatively 
short in duration, requiring only a 
handful of Hubble’s 97-minute orbits. 

DD time had never been a 
director’s personal project before. 

Inspired by the success of Mark 
Dickinson’s 32-orbit exposure of the 
distant radio source 3C 324, Williams 
ignored the critics and decided to go 
big. He allotted 150 orbits — 10 full 

Hubble Deep Field:
The Picture Worth a Trillion Stars
Twenty years ago, the Hubble Space Telescope spent 140 hours 
looking deeper than ever before into the universe’s past, 
and the resulting image changed astronomy in an instant. 
BY C. RENÉE JAMES
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“Never in the history of astronomy  
has so much research effort been put 
into a completely blank piece of sky!” 

— MARIO LIVIO, SPACE TELESCOPE SCIENCE INSTITUTE ASTRONOMER

The original Hubble Deep Field 
found thousands of galaxies  
and changed astronomers’  
understanding of the universe 
in a single image.
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days — from December 18 to 28, 1995. The telescope would 
point at a patch of sky in Hubble’s continuous viewing zone, 
where it’s impossible for Earth to photobomb. In the chosen 
area near the Big Dipper, in a spot less than a tenth as wide as 
the Full Moon, the brightest known star shone at a feeble 19th 
magnitude. Peering out of the relatively dust-free plane of the 
Milky Way, Hubble would get a view of the outside universe 
that was crystal clear. 

And quite possibly really blank.
“It was truly a risk,” Williams recalls. “Using more than 

half the yearly allotment of DD time was unprecedented, 
especially immediately after Servicing Mission 1, when 
demand for telescope time was huge.”

THE BIG PICTURE
It was a risk that obviously paid off. A glance at the final 
image reveals thousands of never-before-seen galaxies in 
glowing colors. Williams’ observing program had called for 
imaging with four different filters: ultraviolet, blue, yellow, 
and far-red. This strategy was not intended to deliver a 
beautiful full-color experience for the viewer — that was just a 
spectacular byproduct — but instead to tease out information 
about the objects captured in the frame. 

After all was said and done, there were 342 frames from 
over 140 hours of observing. But the data for the HDF were 
still far from usable. Those sharply defined galaxies in the 
publicized image were too crisp for the “fat” pixels in Hubble’s 
Wide-Field and Planetary Camera 2 to have produced in any 
given exposure. 

To maximize the faint galaxies’ details, astronomers offset 
the telescope’s pointing ever so slightly between exposures in 
a process called dithering. Then, STScI’s Andrew Fruchter 
created an image-processing algorithm called Drizzle that 
combined the myriad inadequate images into the crisp final 
product. Specifically designed for the HDF in 1995, Drizzle 
software quickly trickled down to amateur scopes. By 2005, 
telescope giant Meade promised that you could “Drizzle your 

way to beautiful images.”
Once the raw data were in hand, STScI’s Harry Ferguson 

and his data reduction team got down to business, and 
a mere 17 days later, on January 15, 1996, the HDF 
was ready for prime time. The team officially unveiled 
their work in San Antonio, Texas, at the 187th meeting 
of  the American Astronomical Society, a gathering of 
thousands of  professional astronomers from around the 
world. People who were comfortable throwing around 
truly astronomical numbers gaped at the resulting 
8-foot-tall (2.4 meters) poster. 

But the HDF was far more than just a beautiful image. It 
was an immediate call to action. 

“We waived our NASA-allowed one-year proprietary time 
because of the importance of the data to the entire field of 
astronomy,” Williams explains. “The old days of ‘I’ve got my 
data in my drawer and it’s mine’ were in vogue, historically. 
The initial HDF ‘public’ data and impact of the immediate 
community-wide follow-on research caused a sea change in 
how large surveys are conducted. They are now made public 
with no proprietary time. I believe this has brought about a 
huge change to astronomy culture. In the end, it could be the 
most important legacy of the HDF.”

In 1995, when astronomers captured the Deep Field image, the Hubble 
Space Telescope was still new, only two years out from a servicing 
mission that fixed its flawed vision and updated its instruments.

The Hubble Deep Field covers a tiny and seemingly blank area of sky 
near the Big Dipper. Only days of exposure time revealed the wealth 
of galaxies hidden to less-extreme observations. 

These two examples show a Hubble image before (left) and after 
“drizzling,” or combining a series of slightly offset (dithered) images 
together in order to create a sharper final image. 

OUT THERE
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FIRST RESULTS
Data in hand, astronomers wasted no time. Within 24 hours 
of the data release, Roberto Abraham, then at the University 
of Cambridge, and colleagues already had both written and 
submitted the first scientific paper using the HDF results. “I 
recall us working like maniacs to get it done and loving every 
minute of it!” says Abraham.

A simple but telling observation drove the first science 
paper from the HDF. “On first seeing the HDF image in a 
national newspaper, I was struck by the amount of blank 
sky it contained,” says California Institute of Technology’s 
Richard Ellis, one of Abraham’s co-authors on that 
marathon writing session. 

Seeing great swaths of nothingness was immensely 
powerful. Ever since Galileo pointed his first telescope at the 
Milky Way and resolved stars in what had appeared to be a 
fuzzy haze, astronomers had become somewhat accustomed 
to seeing more of the same when looking deeper into the 
universe. Longer exposures looking further back in time had, 
until the HDF, looked like an endless regression of fainter and 
ever more distant galaxies, with no end in sight.

“It wasn’t obvious whether, if you exposed even longer to 
deeper depths, you’d keep finding fainter and fainter galaxies,” 
Ellis elaborates. “The HDF resolved this and showed us 
that as one reaches a look-back time of 11 billion years, the 
number of galaxies begins to decline, and the HST resolution 
really showed how small these early objects were.”

On top of their diminutive size, these galaxies are irregular 
and knotty, unlike the more aesthetic spiral and elliptical 
galaxies dominating today’s universe. What we called a 
“galaxy” might need some redefining, as it was becoming hard 
to distinguish between a “clumpy subcomponent” and a bona 
fide nascent galaxy. Moreover, there was no clear pathway 
between that early jumble of bright, small bits and pieces and 
today’s galactic features. 

It wasn’t just a matter of beating the rest of the 
astronomical community to the punch. Abraham’s paper 

detailing the shapes of those earliest galaxies is still, 20 years 
later, his most cited work. More impressive is that it is also 
the most cited work of co-author Sidney van den Bergh, one 
of the first astronomers to realize the important role of dark 
matter and merging events in the history of galaxy formation 
and a man Abraham refers to as “a living legend.”

And thus within a day of the image’s release, these new 
galaxies dashed one of the biggest criticisms of the HDF.

In the intervening two decades, astronomers have carried 
out follow-up observations of many of these small structures. 
Originally thought to be building blocks in the process of 
coalescing to form larger galaxies, some sources have proven 
to be rotating disks in their earliest stages. “We are witnessing 
the early stages of the formation of spirals,” explains Ellis. 

A mere 16 months after the HDF release, astronomers 
gathered at STScI in Baltimore to celebrate the remarkable 
image. Recalls Ellis: “I’ll never forget that meeting because 
for the first time I realized the explosion of interest. In the 
late 1970s, there were maybe four or five scientists working on 
distant galaxies, but here were 200 people from all over the 
world now engaged in the analysis of a single image!”

The efforts of 200 astronomers might at first glance seem 
like overkill, but Ellis explains: “Contrary to what some might 
imagine, the reason the HDF has been so successful is not 
solely the depth of the image. The major step forward was 
the combination of image quality only HST can deliver and, 
foremost, the nature of the data.”

It was the HDF team’s careful selection of the four color 
filters that paved the way for a deeper understanding of the 
3,000 or so galaxies that emerged from the epic observation.

LEARNING DISTANCE FROM COLORS
Ultimately, the significance of these multiwavelength 
exposures traces its origin to the astronomer who lent his 
name to the Hubble Space Telescope. In 1929, Edwin Hubble 
made a profound observation about the galaxies he observed: 
Their behavior showed that the universe itself was expanding. 

This image of multiple galaxies, which 
required 18 Hubble orbits, was then-telescope 
director Robert Williams’ proof of concept 
for the Hubble Deep Field. 

These blobby “tadpole” galaxies are all in the process of merging with other galaxies. They are 
small excerpts from the Hubble Ultra Deep Field and have helped teach astronomers how early 
galaxies grew and evolved into the larger structures they see in the modern universe. 



SPECI A L BON US SECTION

OUT THERE

100 200 300 400 500 600 700 800 900 1,000
Wavelength (nanometers)

B
ri

g
h

tn
es

s

z = 0 z = 8

Visible light Near-infraredUltraviolet

z = 2 z = 4 z = 6

606 nm 775 nm 850 nm 1,050 nm 1,250 nm 1,600 nm

82  DISCOVERMAGAZINE.COM

RO
EN

 K
EL

LY
/A

ST
RO

N
O

M
Y 

(IL
LU

ST
RA

TI
O

N
); 

N
AS

A/
ES

A/
G.

 IL
LI

N
G

W
O

RT
H 

(U
C 

SA
N

TA
 C

RU
Z)

 

farther those features shift 
from their known values here 
on Earth. 

For the faintest objects, 
though, there isn’t much 
light for astronomers to split 
up. As a result, obtaining 
these spectroscopic redshifts 
becomes impossible. Of 
the thousands of galaxies 
in the HDF, astronomers 
have obtained spectroscopic 
redshifts for only a few 
hundred despite intense 
follow-up efforts by such 
observational powerhouses 
as the Keck Observatory atop Mauna Kea in Hawaii. And 
yet understanding where these objects lie on the universal 
timeline is vital.

That’s where the filter choice comes in. As it turns out, the 
interaction of light with the most common universal element, 
hydrogen, is well known. Shorter than a particular wavelength 
known as the Lyman-alpha limit at 91.2 nanometers, hydrogen 

To make this determination, Hubble had to gauge the 
galactic speeds using differences between the measured and 
expected wavelengths of light. With sound, receding train 
whistles seem to emit a lower pitch (longer wavelength) than 
stationary ones. In the 1800s, Christian Doppler demonstrated 
how you could even determine an object’s speed from the 
change in pitch. 

When it comes to light, things are a bit trickier unless 
the object is moving extraordinarily fast relative to us. As it 
turns out, galaxies in the distant universe are. The color of 
light astronomers measure from receding galaxies is shifted 
noticeably to longer, redder wavelengths, or redshifted. Objects 
receding faster show higher redshifts.

What Hubble found was that more distant galaxies show 
greater redshifts than nearby galaxies, and moreover, he 
understood this to mean that the universe is expanding. 
This incredible observation and insight underpins our 
current understanding of the origin and evolution of 
the entire universe.

The most reliable method for determining redshifts is to 
spread a galaxy’s light into a spectrum, the way a prism breaks 
light into many colors. That rainbow reveals specific patterns 
of bright features, and the faster the galaxy is moving, the 

Family Tree
1995: Hubble Deep Field 
(HDF) — Astronomers 
take a gamble that 
would pay dividends by 
observing a tiny patch 
of empty sky, changing 
astronomy forever.

1998: Hubble Deep Field 
South (HDF-S) — The 
Southern Hemisphere 
gets its own version 
of the Deep Field.

2004: Hubble Ultra 
Deep Field (HUDF) — 
Nearly double the HDF’s 
observing time, the HUDF 
finds more than three 
times as many galaxies 
as its predecessor.
2009: Hubble Ultra Deep 
Field 2009 (HUDF09) — 
The newly installed 
Wide Field Camera 3 
adds its infrared vision 
to the same patch of sky 
as the 2004 HUDF.

2012: Hubble eXtreme 
Deep Field (XDF) — 
Astronomers stare 
at a tiny region within 
the HUDF for a total 
of 50 days over the span  
of 10 years, reaching back 
to when the universe 
was only half a billion 
years old.

2013: Cosmic Assembly 
Near-infrared Deep 
Extragalactic Legacy 
Survey (CANDELS) — The 
image covers the HDF 
plus other separate 
regions of the sky.

2014: Ultraviolet Ultra 
Deep Field (UVUDF) — 
Hubble adds ultraviolet 
light to the HUDF, 
creating the most colorful 
version to date.

Galaxies emit little light bluer than a sharp cutoff known as the Lyman break. But for galaxies far away, 
this break is shifted to significantly redder colors, sometimes all the way to the infrared. The color 
at which a specific galaxy disappears, or drops out, tells astronomers its distance, or redshift (z). 

Galactic Dropouts Teach Big Lessons

OUT THERE
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infrared, Chandra in the X-ray. 
More recently, with the 2009 installation of Hubble’s Wide 

Field Camera 3 (WFC3), the Cosmic Assembly Near-IR 
Deep Extragalactic Legacy Survey (CANDELS) took 
full advantage of photometric redshifts. The new WFC3 
afforded astronomers a sharper view and a greater range of 
wavelengths than its predecessor, which was responsible for the 
original HDF. The largest project in the history of the Hubble 
Space Telescope, CANDELS pushed our exploration of the 
universe even deeper.

With these and other surveys, extragalactic astronomers 
have had their plates full, doing everything from discovering 
correlations between different types of galaxies to using 
gravitational lensing to map the elusive dark matter in 
the universe. Combining theoretical models with galaxy 
observations, astronomers have created a universal timeline 
for star formation, finding that the cosmos experienced the 
greatest rush of star birth around 10 to 12 billion years ago — 
the so-called cosmic noon. 

When observations caught distant supernovae in the act 
of exploding, their distances determined from the method 
pioneered by the HDF, astronomers were forced to contend 
with the bizarre idea that the universal expansion was 
actually accelerating. Now the legacy of the HDF is helping 
astronomers in their quest to understand the dark energy 
driving that acceleration.

“Nobel Prize stuff,” Williams says unassumingly.
Abraham follows up in agreement. “Seriously, the Hubble 

Deep Field just transformed the subject, and it happened five 
seconds after seeing the images.” 

Now, 20 years later, we’re still reaping the benefits of simply 
staring deep into the abyss.  D

C. Renée James is a science writer and professor of physics 

at Sam Houston State University in Huntsville, Texas. Her most recent 

book is Science Unshackled: How Obscure, Abstract, Seemingly Useless 

Scientific Research Turned Out to Be the Basis for Modern Life 

(Johns Hopkins University Press, 2014).

does an efficient job of absorbing 
light. So below that wavelength — 
which is well into the ultraviolet 
region for a hydrogen atom at rest — 
the resulting galactic spectrum shows 
an abrupt drop in intensity, called the 
Lyman break. 

But for more and more distant 
galaxies, this dramatic drop-off 
is redshifted to longer and longer 
wavelengths. In the HDF, when we see 
a galaxy as it was 11 billion years ago, 
the Lyman break is redshifted from 
the ultraviolet to the blue. For the 
most distant galaxies observed in the 
HDF, the Lyman breaks have been shifted all the way into 
the infrared.

The selection of four different filters coupled with dozens of 
hours of observations through each filter allowed astronomers 
to determine redshifts without spectra. By comparing the 
brightness of a galaxy at each of the selected colors, they 
could determine at which wavelength the galaxy “dropped 
out,” and hence how redshifted the Lyman break was. From 
that, they could estimate even the faintest galaxy’s distance. 
This technique, called photometric redshift, is a powerful 
tool for cosmologists. 

Williams, the former HST director, goes so far as to assert, 
“I would say that the validity of photometric redshifts that 
emerged from the HDF was the landmark that opened up 
the entire universe to interpretation.”

LOOKING DEEPER
The resounding success of the HDF prompted astronomers 
to push Hubble’s capabilities even further. From a patch in 
the southern constellation Tucana emerged the Hubble Deep 
Field South (HDF-S) in 1998. Nine hundred and ninety-five 
exposures made up the final product, which contained a 
known quasar — a bright and distant source powered by a 
supermassive black hole — and some nearby Milky Way stars. 
As with its northern-sky counterpart, which was rechristened 
the HDF-N, the HDF-S provided cosmologists with a 
treasure-trove to sift through.

In 2004, the space telescope devoted 400 orbits to create the 
Hubble Ultra Deep Field (HUDF). In September 2012, over 
2 million seconds of exposures yielded the Hubble eXtreme 
Deep Field (XDF), which took a longer look at a select 
portion of the HUDF. Containing objects over 10 billion 
times fainter than the human eye can see, the XDF revealed 
5,500 new galaxies, some as they appeared when the universe 
was only 500 million years old. 

Several subsequent surveys have been carried out on 
other telescopes spanning multiple wavelength ranges. The 
Spitzer and Herschel missions viewed the deep universe in the RO
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The latest incarnation of the Hubble Deep Field is the Ultraviolet 
Coverage of the Hubble Ultra Deep Field project. It combines more filters 
(colors) than ever before, allowing astronomers to learn more than ever 
about distant galaxies. 

Astronomers observed 
many galaxies from 
the Hubble Deep Field 
(top) with follow-up 
instruments to learn 
more about these 
building blocks 
of the cosmos.
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The Weirdest Star  
in the Universe
Astronomers dreamt up the idea of Thorne-Ż ytkow 
objects — dead stars inside dying stars — in the 1970s. 
Only recently have they tracked one down. 
BY YVETTE CENDES 

→  In an infinite universe, even the most 
bizarre thought experiments by 

astronomers — perhaps conceived late at 
night, perhaps proposed simply to see how 
weird stars can get — can come to pass. 
Imagine a massive star, near the end of its 
life and puffed up to the red supergiant 
phase, with a tiny neutron star, the skeletal 
remnant of an even more massive star, 
at its core. No one knows quite how this 
Frankenstar might form or how long it 
would live, and the fusion process would be 
anything but normal, yet the physics checks 
out. This mysterious star, called a Thorne- 
Żytkow object (TZO), could exist. But does 
it? Amazingly, 40 years after its conception, 
astronomers think they might have found 
one of these stars, and it has the potential to 
upend our understanding of stellar evolution.

A neutron star — the tiny (not to scale here), mostly dead  
remnant of a massive star — hidden inside a dying red supergiant 
becomes an entirely new stellar oddity called a Thorne-Żytkow object. 
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NA WORKING THEORY
TZOs are named after Kip Thorne and Anna Żytkow, two 
astronomers who worked out detailed calculations of what 
this strange system would look like in 1977 at the California 
Institute of Technology. They proposed a completely new 
class of star with a novel, functional model for a stellar 
interior. Scientists had explored the idea of stars with 
neutron star cores when neutron stars were first thought of 
in the 1930s, but their work lacked a detailed analysis or any 
firm conclusions. 

The origin of a TZO goes like this: For reasons not yet 
clear, the majority of the massive stars we observe in the 
universe are in binary systems. These stars are several times 
more massive than our Sun (at least eight times bigger, 
though stars as large as hundreds of solar masses have been 
observed) and spend their fuel much more quickly. The 
largest stars in the universe burn all their fuel in just a few 
million years, while a star the size of our Sun burns for several 
billion. In a binary system where the two stars’ masses are 
unequal, then, the larger of the two runs out of fuel and dies 
before its partner. The massive component explodes in a fiery 
supernova as bright as an entire galaxy. When the fireworks 
are over, this future TZO system is already exotic — the 
normal, lower-mass star is now paired with a rapidly rotating 
neutron star with a radius as tiny as 6 miles (10 kilometers), 
composed entirely of neutrons packed so tightly that they test 
the extremes of quantum mechanics.

Astronomers already have observed many such neutron 

star/normal star systems. As the two orbit each other, gas 
from the normal star can flow onto the outer layers of the 
neutron star, causing bright X-ray flares. These flares are 
millions of times more luminous than the X-rays emitted by 
normal stars and are in fact some of the brightest sources of 
X-rays in our galaxy.

But such systems raise a question: What ultimately 
happens to a system where a neutron star and a regular star 
orbit each other, but their orbits are unstable? This could 
occur for a variety of reasons, such as the supergiant’s 
puffed-off  gas layers dragging down the neutron star 
and causing it to spiral in, or as a result of the supernova 
explosion that tore apart the first star. In many cases, the 
neutron star will get a gravitational “kick” that ejects it from 
the system. But for others, the binary system may reach 
a final stage of evolution wherein the neutron star orbits 
closer and closer to its companion, which by this stage 
is nearing the end of its own life and is a red supergiant 
star. Eventually, the two stars merge, the red supergiant 
swallowing the neutron star, and a TZO is born. 

In a galaxy the size of our Milky Way, containing 
hundreds of billions of stars, such mergers should be 
happening routinely. In fact, scientists have proposed that 
as many as 1 percent of all red supergiants might actually 
be TZOs in disguise. “Mergers between a neutron star and a 
star are common,” confirms Selma de Mink, an astronomer 
at the University of Amsterdam whose research focuses on 

TZOs are important because they 
have the potential to tell astronomers 

where some of the more exotic  
elements in the universe come from.

Emily Levesque and collaborators used the 6.5-meter Magellan II Clay Telescope at Las Campanas 
Observatory in La Serena, Chile, to observe the spectrum of HV 2112 and unlock its hidden nature 
as a Thorne-Żytkow object.

At first glance,  
HV 2112 looks like an 
ordinary — if bright 
— red supergiant, 
shining clearly in 
this Spitzer infrared 
image of one 
corner of the Small 
Magellanic Cloud. 
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stellar evolution. “The question is, what does that look like? 
For me, that is the big excitement — this happens all the 
time, but we have no clue.” She explains that some sort of 
transient and observable event should occur at the moment 
of the merger — perhaps there is a flare of energy in the 
X-ray or a nova explosion in visible light. Theorists are 
working on various models, but as yet there is no consensus 
on what scientists would see at the birth of a TZO.

MADE OF STAR STUFF
TZOs are important because they have the potential to tell 
astronomers where some of the more exotic elements in the 
universe come from. Hydrogen, helium, and trace amounts 
of lithium were created immediately after the Big Bang. All 
the heavier elements in the universe, though, formed not at 
the dawn of the cosmos, but within the heart of a star. Some 
of the elements we know and love from our daily lives — 
carbon, oxygen, and iron, to name a few — are produced 
inside stars through regular processes that are fairly well 
understood. But the origin of some particularly heavy 
elements, such as molybdenum, yttrium, ruthenium, and 
rubidium, is less clear. “These elements are not household 
names, but still you might want to know where the atoms 
that make up our universe came from,” jokes Philip Massey, 
an astronomer at Lowell Observatory in Arizona whose 
research includes the evolution of massive stars.

Theory suggests that these elements might be created in 
TZOs. A neutron star inside a red supergiant leads to an 
unusual method for energy production: The object’s burning 
is dominated not by the standard nuclear fusion that occurs 
in other stars, but instead by thermonuclear reactions 
where the extremely hot edge of the neutron star touches 
the puffy supergiant’s gas layers. These reactions power the 
star and also create those heavy elements. Convection that 
circulates hot gas in the star’s outer layers transports these 
new elements throughout the star and ultimately even to its 
surface, where a keen-eyed observer with the right telescope 
might just spy them.

HUNTING FOR TZOS
But tracking these mysterious objects down is not an easy 
task. “To an outside observer, TZOs look very much like 
extremely cool and luminous red supergiants,” explains 
Żytkow, now at the Institute of Astronomy at the University 
of Cambridge in England. This means they are nearly 
indistinguishable from the thousands of other normal, 
bright supergiant stars that many surveys observe. “However, 
they are somewhat redder and brighter than stars such as 
Betelgeuse in the constellation Orion,” she says, naming the 
famous red supergiant familiar to stargazers.

The only way to distinguish a TZO from a regular bright 
supergiant is to look at high-resolution spectra — patterns 
of light astronomers use as stellar fingerprints — to find 
the specific lines caused by the unusual elements more 
abundant in TZOs than in typical stars. Such work is severely 
complicated by the massive number of complex spectral lines 
from other elements and molecules in the star, which easily 
number in the thousands. “It is a needle-in-a-haystack kind 
of problem,” says de Mink.

Despite this, a team of astronomers thinks they might 
have found the first needle. Nearly four decades and several 
unsuccessful searches have passed since Żytkow initially 
worked on the theory behind TZOs. When she saw new 
research on some unusually behaving bright red supergiants, 
however, she was intrigued. Emily Levesque, an astronomer 
at the University of Colorado at Boulder, spearheaded the 
work with Massey, with whom she has been researching red 
supergiants ever since an undergraduate summer internship in 
2004. Two years later, they discovered several red supergiant 
stars in the Magellanic Clouds — satellite galaxies of our 
own — that were unusually cool and variable in brightness. 
This avenue of research eventually attracted Żytkow’s 
attention, so she asked whether the team had considered the 
possibility that these stars might be TZOs.

The potential to find the first TZO was exciting, but 
identifying a candidate from within the sample of red 
supergiants would require higher-resolution spectra than 

This neutron star X-ray source (left) 
hidden inside a supernova remnant 
stumped astronomers for years while 
they tried to explain its slow rotation 
period. The solution might in fact be 
that it is the “ghost” of a Thorne-Żytkow 
object. The XMM-Newton satellite 
(above) discovered it after the red 
supergiant tore itself apart with its 
stellar winds. 
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was the first time astronomers saw all the critical elements 
in the same star; the team published their results identifying 
HV 2112 as a TZO candidate in the summer of 2014. 
“It could still turn out not to be a TZO in the long run,” 
explains Levesque, “but even if  not, it’s definitely a very 
weird star.”

This discovery was also satisfying for Żytkow, who was 
instrumental in pushing for telescope time and analysis of 
the spectral lines. “Work on the discovery of a candidate 
object which Kip Thorne and I first predicted many years 
ago is great fun,” Żytkow says. “Since we proposed our 
models of stars with neutron cores, people were not able 
to disprove our work. If  theory is sound, experimental 
confirmation shows up sooner or later.”

REVISITING STELLAR EVOLUTION
While finding a “star within a star” sounds intriguing in 
itself, the discovery of  a TZO is particularly interesting 
to astronomers for what its existence can tell them about 
stellar evolution. Major research advances in recent years 
in areas such as stellar convection allow astronomers 
to update their models for TZOs. These changes may 
yield new elemental abundances for observers to watch 
for. Astronomers also want to know whether TZOs can 
explain where some of  the heavy elements come from: 

ever taken before. Levesque, along with her former mentor 
Massey and additional collaborator Nidia Morrell of the 
Carnegie Observatories in La Serena, Chile, secured time to 
observe a sample of several dozen red supergiants both in the 
Milky Way and in the Magellanic Clouds using the 3.5-meter 
telescope at Apache Point Observatory, New Mexico, and 
the 6.5-meter telescope at Las Campanas Observatory, Chile, 
respectively. They observed each of the stars with some of 
the most powerful spectrographs available, and then began 
the meticulous task of identifying the various emission 
lines in the data and working out the relative elemental 
abundances in each star.

“It wasn’t immediately obvious at a glance if  we had 
a TZO,” Levesque recalls, “but there was one star that 
jumped out at us.” A star called HV 2112 in the Small 
Magellanic Cloud had a particularly bright hydrogen 
emission line astronomers saw even in the raw data they 
glanced at as it came in. In fact, it was so unusual that it 
prompted Morrell to joke at first look, “I don’t know what 
it is, but I like it!”

It turns out there was much more to like about HV 2112 — 
it had unusually high concentrations of the elements lithium, 
molybdenum, and rubidium, which are predicted TZO 
signatures. While finding a star with an unusual abundance 
of one key element can happen for a variety of reasons, this 

Binary stars end their lives in all kinds of dramatic and interesting 
ways, and as with all stars, the specifics of their stories depend mostly 
on the mass of the stars involved. Thorne-Żytkow objects (TZOs) may 
be astronomical oddities, but one of the most famous examples of 
binary stars that end their lives in an explosive and illuminating fash-
ion resembles a TZO at two different stages. Type Ia supernovas are 
stellar explosions used as “standard candles,” or distance indicators, 
by astronomers because they explode with a predictable amount 
of energy, which means their brightness varies neatly with their 
distance from us. 

But two different kinds of binary systems give rise to these explo-
sions. In one case, the system is a mass-mismatched binary, similar to 
but less extreme than the early stages of a TZO. The more massive 
star rushes through its lifetime, but instead of exploding, fades into 
a hot, dense white dwarf. The other star lags behind and, either 
as a Sun-like star or a red giant, starts to leak material onto its 
white dwarf companion. When the white dwarf has gorged itself 
on enough star stuff to overcome a precise 1.4-solar-mass limit, it 
explodes as a supernova. 

In the other scenario, the two stars begin their lives more evenly 
matched and both progress to the white dwarf stage. As with TZOs, 
the exact catalyst is unknown, but something causes these partners 
to spiral toward one another and crash together, again lighting up in 
a supernova explosion. 

While these may sound like very different events, from a distant 
spectator’s point of view through a telescope, the differences be-
tween these two scenarios are subtle. 

Astronomers are still working to figure out how many of our stan-
dard candles are caused by each of these processes. — KOREY HAYNES

Astronomers saw a type Ia supernova explode in the relatively 
nearby Cigar Galaxy (M82) in January 2014. These two images 
were taken only a month apart and highlight the brilliance of the 
new supernova. 

Double Standards
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suggested over the years — perhaps the neutron star has 
a stellar companion, or perhaps it has an unusually high 
magnetic field — but no one has explained this mysterious 
X-ray source to everyone’s satisfaction.

A TZO ghost may fit the bill. As a TZO, it might have 
burned for up to a million years. But a TZO’s outer layers 
are not as dense as a normal star’s, meaning this envelope of 
material is prone to dissipating over reasonably short time 
scales. The strong stellar wind common in larger stars could 
be all that’s needed to blow the outer envelope away. This 
would leave behind a shell similar to a supernova remnant 
and a neutron star that is far older than its environment 
suggests — exactly what astronomers see in 1E161348–5055.

LOOKING DEEPER
Astronomers also are considering whether some parts of 
our galactic neighborhood might be easier hunting grounds 
for TZOs. Globular clusters present a particularly appealing 
target. Stars in a globular cluster all formed around the 
same time, are densely packed, and are old, meaning they 
have few of the heavy elements that enrich newer stars. A 
crowded globular cluster hosts the ideal circumstances to 
give a neutron star the needed “kick” to merge with a red 
supergiant star, and the unusual spectroscopic lines would 
stand out more easily in the metal-poor population.

As spectrographs and telescopes improve and surveys 
probe ever deeper into our celestial surroundings, TZO-
hunters will keep trying to learn more about these weird 
stars, how they form and how they die, and how many others 
are waiting to be discovered. As Levesque explains, “It is 
very exciting to see what’s out there.”  D

Yvette Cendes is a Ph.D. candidate in radio astronomy at the University 

of Amsterdam. She is on Twitter, @whereisyvette

Rough estimates so far suggest there could be enough 
TZOs to explain their formation, but the numbers are 
highly uncertain.

With only one observed TZO in their stable, how do 
astronomers estimate how many TZOs are still in the wild, 
waiting to be discovered? This is not easy to answer: For one 
thing, no one is sure how long TZOs can be stable. Some 
models predict that they would be very short-lived objects — 
lasting only a few thousand years — either due to being torn 
apart by extremely strong stellar winds or collapsing into 
a black hole. “Computationally, this is one of the hardest 
things out there to model,” says de Mink, “so we aren’t sure.”

Research also has focused on finding the remnant of a 
TZO after it has died. Recently, an international team of 
astronomers examined the abstrusely named X-ray source 
1E161348–5055, which has perplexed scientists since its 
discovery several years ago. Initial results suggested its 
power comes from a neutron star — 1E161348–5055 is in 
fact located in a supernova remnant estimated to be just 
2,000 years old — but its rotation period is 6.67 hours. Such 
a young neutron star should be rotating thousands of times 
faster; this slow period is more indicative of a neutron star 
that is several million years old. Several theories have been RO
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“Since we proposed our models 
of stars with neutron cores, 

people were not able to disprove 
our work. If theory is sound, 
experimental confirmation 

shows up sooner or later.” — Anna Z. ytkow

How to Make a TZO

After the supernova, the massive partner 
leaves behind a tiny neutron star (even less 
to scale!). The Sun-like star consumes its 
hydrogen fuel more slowly and expands into 
a red supergiant. At some point, the stars’ 
orbits become unstable, and they begin to 
spiral toward each other.

A Thorne-Żytkow object (TZO) starts its life as 
a normal binary star. One partner is close in 
mass to the Sun while the other is significantly 
hotter and more massive (images not at all to 
scale). The heavier star burns through its fuel 
quickly and explodes as a supernova.

The stars circle each other on decreasing 
orbits until they merge. The moment of 
the merger should be observable, but 
astronomers aren’t sure exactly what to 
look for. From most perspectives, the newly 
formed TZO now appears as a normal, if 
bright, red supergiant. 
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The Full 
Picture 
The universe’s biggest blasts 
take on a new dimension.
BY LIZ KRUESI

→Astronomers are at nature’s 
whim. They study what they 

can see on the silk screen of the night 
sky, and must interpret that as a three-
dimensional universe. Stars that appear 
next to each other on the sky’s visual 
plane could actually be hundreds of 
light-years apart along that hidden 
third dimension, depth. Astronomers 
have done their best to compensate, but 
sometimes they don’t succeed.

It’s been a particular challenge 
in understanding a specific kind 
of stellar explosion. For decades, 
astronomers treated the final bursts 
of tiny white dwarf stars known as 
type Ia supernovas like identical blasts, 
occurring the same way everywhere in 
the universe. Because of their identical 
intrinsic brightness, they earned 
the nickname “standard candles.” 
Scientists use them as a kind of mile 
marker for cosmology, measuring our 
universe’s expansion based on the 
explosion’s brightness: The dimmer it 
appears, the farther away it must be.

Unfortunately, over time astronomers 
have become increasingly unsure of 
themselves. More precise measurements 
from Hubble and other 
state-of-the-art scopes suggest 
these supernovas might 
not actually be identical 
— a suggestion that rocks 
cosmology’s foundations. To 
know for sure, astronomers 
needed to find some way to 
get a complete view of these 
stellar blasts to piece together 
exactly how past explosions 

happened. For years, no one knew how.
Then astronomer Armin Rest found a 

way. By studying the faint “light echoes” 
of a supernova’s blast bouncing off its 
dusty surroundings, he can re-create 
the full, three-dimensional explosion. 
As part of the Space Telescope Science 
Institute in Maryland, he leads one of 
the world’s few groups looking for the 
reverberations of ancient supernovas — 
those whose light hit Earth thousands 
of years ago. He’s already begun to 
understand them from multiple angles, 
and within the next few years, he hopes 
to bring a new depth to the night sky.

AT THE CORE
Rest fell in love with supernovas 
by accident, as a young 
researcher at the Cerro Tololo 
Inter-American Observatory 
in Chile. In the early 2000s, 
when looking for other objects 
in a nearby galaxy, he and his 
colleagues captured an image 
filled with the echoing light of 
three known supernovas. Once 

he realized what he was looking at, Rest 
was hooked. “I just grabbed that and 
ran with it,” he says. He has focused on 
exploding stars ever since.

Each supernova is the last gasp of a 
dying star. A type Ia supernova, the kind 
cosmologists thought always exploded 
identically, arises when a white dwarf — 
the leftovers of a sunlike star — gets too 
big for its britches. That happens if it has 
a companion star, as most stars in the 
galaxy do, and the white dwarf orbits 
it closely enough to steal material from 
it. The stolen matter makes the white 
dwarf bigger and more massive, and 
eventually it reaches a tipping point. 

The white dwarf’s core, under intense 
pressure, undergoes a runaway chain 
of nuclear reactions. The process takes 
just seconds and produces an enormous 
amount of energy, too much for the 
dwarf to handle. It explodes as a 
supernova and spews the debris.

Since all type Ia supernovas are the 
result of a white dwarf breaching that 
critical tipping point, astronomers 
assumed they’d always produce an Armin Rest

The Eta Carinae star system erupted in 
the 19th century, leaving behind light 
echoes for researchers to observe today. 
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extremely similar blast. But it turns out 
white dwarfs can breach that tipping 
point in another situation: Instead of 
a giant star losing material to a white 
dwarf, two white dwarfs orbiting each 
other could slam together and explode. 

Those different origins have visible 
consequences. If  a type Ia supernova 
came from one white dwarf stealing 
material, astronomers expect the 
explosion would have sent the debris 
out at roughly the same speeds in all 
directions. But if  the supernova came 
from two white dwarfs colliding, its 
debris would have shot out unevenly, 
with some material flying faster in 
one direction than another. And that 
asymmetrical blast could lead to 
different brightness levels, depending 
on the observer’s viewing angle. That 
asymmetry also could be hiding other 
possible variations.

“Even though [supernovas] have 
been used to map out the expansion 

of the universe and there was a Nobel 
Prize for it, we still don’t really know 
what the system is that’s exploding 
and how it gets triggered,” says Rest’s 
teammate Dan Kasen.

Rest’s work could clear all that up.

PICTURE-PERFECT PROXIMITY
To determine the circumstances of a 
type Ia supernova’s birth, astronomers 
need to watch one happen up close to 
see how the debris moves and evolves. 
But nature hasn’t obliged. They’re 
rare events — more than 400 years 
have passed since the last one burst 
in our galaxy — and no one knows 
when the next will erupt. Instead of 
waiting around like a nervous dad in 
the delivery room, Rest found a way 
to zoom in on a few of our galaxy’s 
past supernovas.

Kepler’s Supernova is our galaxy’s 
most recent type Ia, but most of 
the light from its blast passed Earth 
centuries ago. A small amount of that 
light, however, stayed in the supernova’s 
immediate vicinity, bouncing off  
clumps of dust, or filaments. Eventually 
these filaments redirected the light our 
way. Rest hunts for these light echoes, 
seeking out a weakened, delayed signal 
nearly identical to the radiation from 
the original supernova.

Over the past three years, Rest has 
used the Dark Energy Camera on the 
4-meter Victor Blanco Telescope in 
Chile to capture the sky around known 
blast sites from the past. He then 
subtracts each newer image from an 
older one; what’s left over could be the 
fading light echo from the original blast, 
a haze that moves farther away from the 
supernova site in each subtraction.

But that’s just the first step. Once 
he’s found a possible light echo, Rest’s 
team heads to one of the world’s largest 
optical telescopes, Keck or Gemini-
North in Hawaii, or Chile’s Gemini-
South, to get a more detailed image of 
its specific colors, called a spectrum.

Not only does Rest’s research provide 
that crucial close-up look, but it also 
gives astronomers a complete picture 
of the explosion — something they 
can’t get any other way. “Imagine two 
dust filaments, one at one side of the 
supernova, the other on the other side,” 
he explains. Each one sends different 
light beams toward Earth, where Rest 
can compare them and look for small 
differences to get a full perspective: 
“With light echoes, we can look at the 
same object from different directions.” 
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Light Echoes in Space

Light echoes (the wavy line) illuminate dust filaments from the 1572 Tycho 
supernova in the photos above, from December 2014 and September 2015. 
As light travels through them, it appears to move across the sky, away from 
the blast. Reflected light from supernovas take a longer path to reach Earth’s 
observatories (illustrated at right), allowing Rest to study past explosions. 

A white dwarf can explode into a type Ia supernova 
by stealing matter from a companion star (above) 
or colliding with another white dwarf (right).

Orbiting white dwarfs

Two Ways to Make a Type Ia Supernova

White dwarf (right) grows in mass

Mass limit exceeded

Orbit shrinks

Stars collide
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And from that, the researchers can piece 
together all the details of the explosion.

So far, Rest has captured the echoes 
of five supernovas, two in the Milky Way 
and three more in the Large Magellanic 
Cloud, our galaxy’s nearest neighbor. 
The blast from one of the Milky Way 
supernovas, which Rest has seen from 
different angles, looks symmetric, 
suggesting it was the result of a white 
dwarf stealing from its companion until 
it exploded — a typical type Ia. 

But one of the other supernovas 
Rest has studied tells a different story. 
Some of the delayed light he saw, 
from multiple angles of the blast, 
has shown that the explosion threw 
some material in one direction nearly 
9 million mph faster than what spewed 
in another direction — information a 
two-dimensional view of the supernova 
remnant could never give up.

PRECISION NEEDED
While Rest’s research is crucial for 
understanding stars and how they 

evolve, for cosmologists studying 
the expansion rate of  the universe, 
research in two dimensions has 
been good enough. Even with all 
the variables in their origins, type 
Ia supernovas have still remained 
essentially the same brightness, and the 
basics of  how they measure distance 
are unaltered. Rest’s work might help 
cosmologists refine their numbers, but 
they’re on the right track. 

The universe was already known to 
be expanding, and farther blasts were 
fainter than expected, meaning they 
were moving away from us faster than 
we thought. The cause of this universal 
acceleration, dubbed dark energy, is 
one of the biggest mysteries in science. 

And to better understand dark energy, 
scientists need more details about type 
Ia supernovas, including the small 
variations in their light — exactly what 
Rest is working on.

The upcoming generation of 
instruments, such as Europe’s Euclid 
spacecraft, NASA’s orbiting Wide 
Field Infrared Survey Telescope and 
the ground-based Large Synoptic 
Survey Telescope in Chile, promises 
even more precision for supernova 
measurements. “Small effects will make 
a big difference,” says Rest. Knowing 
exactly how type Ia supernovas unfold 
will help astronomers understand 
these so-called standard candles and, 
eventually, what’s responsible for the 
universe’s expansion.

With any luck, the long-lost light 
from our galaxy’s supernovas will bring 
more than simply the hidden third 
dimension into view.  D

Liz Kruesi is a freelance science writer in 

Austin, Texas. She enjoys the third dimension.

After analyzing its light echoes, Rest created a three-dimensional model (seen from different angles at left) of the supernova remnant Cassiopeia A, 
the debris that remains around a centuries-old stellar explosion roughly 11,000 light-years away. His model showed that it wasn’t a symmetrical blast 
(see arrows); different pieces moved at different relative speeds, revealing details about the circumstances behind the explosion. 

“With light echoes, 
we can look at the 
same object from 

different directions.”

OUT THERE
SPECI A L BON US SECTION
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→For rail workers and passengers 
of the 19th and early 20th 

centuries, train travel — while 
miraculous for the speed with which it 
carried people across vast distances — 
presented ghastly dangers. Brakemen 
commonly lost hands and fingers in the 
hazardous coupling of cars. Exploding 
boilers released high-pressure steam 
that scalded stokers. Passengers 
were maimed or crushed when trains 
jumped the tracks, or telescoped 
into tangles of wreckage. And in the 
hours they spent aboard, travelers and 
workers suffered heart attacks, strokes, 
seizures, all the health hazards of daily 
life, but far from their family doctor — 
or sometimes any doctor. One in every 
28 railroad employees was injured on 
the job in 1900 — and 1 in 399 died.

These grim statistics helped spark 
the development of a new medical 
specialty during the Victorian Era: 
railway surgery. Physicians in this field 
focused on the injuries and maladies 
specific to workers and passengers. 
Eventually, railroad companies 
would open hospitals close to the 
tracks in remote locales otherwise 
without medical facilities. Professional 
organizations arose that furthered 
railway-related medical knowledge  
and investigated new avenues of 
preventive medicine. And within a 
century, railway surgery met its own 
untimely end — but its influence 
continues today.

“This is really the birth of trauma 
care,” says Ryan Stanton, an emergency 
medicine physician at Baptist Health 
Lexington in Kentucky and a scholar 
of activity-based event medicine, which 
he practices at NASCAR races. “These 
folks took their medical knowledge 
and expanded it with the unique 
challenges of railroading. It’s the root 
of emergency medicine and what sets 
our specialty apart from primary care.”

GETTING ON TRACK
Among the first railway physicians 
was an Erie Railroad doctor, name 
unknown, contracted to treat injuries in 
1849. Within a few years, lines such as 
the Illinois Central, Michigan Central, 
and the Chicago & Milwaukee had 
recruited their own physicians. By the 
start of the Civil War, many railroad 

companies had surgeons and other 
medical personnel on staff.

But having trained professionals 
at the ready solved only half of the 
problem: These railroad physicians 
often had to treat their patients 
wherever they could, in less than ideal 
circumstances — dirty houses or hotel 
rooms along the tracks. Poorly treated 
customers and workers could turn 
into costly legal liabilities and unfilled 
shifts, so the railroad companies soon 
began organizing hospitals and hospital 
associations. The Central Pacific opened 
one of the first, in Sacramento, Calif., in 
1870; by 1883, 20 percent of the patients 
were treated for crushed limbs, and 
many of them needed amputations.

Decades later, at their peak, about 
35 railway hospitals had opened in 
the U.S. These included the Southern 
Pacific’s 450-bed hospital in San 
Francisco, the second medical facility 
in the country to operate an intensive 
care unit — a specialized approach to 
treatment much needed by maimed 
railroaders. Other rail systems 
contributed to existing hospitals 
on their routes, or set up mutual 
benefit associations for workers that 

One in every 28 
railroad employees 
was injured on the 
job in 1900 — and  

1 in 399 died.

Doctors 
Derailed 
How a 19th-century 
medical specialty added 
to our knowledge, saved 
lives — and vanished 
from the face of the Earth.
BY JACK EL-HAI

A rail crew in 1916 demonstrates a Johnson & Johnson first-aid kit on a volunteer. The company 
developed first-aid kits to help railway surgeons after a conversation between Robert Wood 
Johnson and a railway surgeon for the Denver & Rio Grande railroad in the late 19th century.

History
Lessons
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covered the treatment of injuries. 
This was long before other industries 
considered providing health care 
services to employees. 

So expansive were these railway 
medical systems that in 1896, just one 
railroad, the Missouri Pacific, treated 
more than 29,000 patients in its medical 
system and clinics, comparable to 
major metropolitan hospitals. “The 
direct descendants are employer-based 
insurance and employer-based health 
care,” says Stanton. “A lot of the larger 
corporations still do that. They have 
a medical center and a medical staff  
inside the factory that does the initial 
evaluation before getting patients out to 
the emergency room or hospital. What’s 
come out of railway surgery is our 
current employee-based occupational 
health system.”

GROWING STRONGER
As their numbers increased, railroad 
physicians drew together, forming 
the National Association of Railway 
Surgeons, which began publishing a 
medical journal, The Railway Surgeon, 
in 1888. At the group’s annual meeting 
two years later, members discussed 
relevant medical matters such as the 
sanitary inspections of rail 
cars, the dangers 
of alcohol and 
tobacco, and 

injuries to the spine, among other 
topics. That association eventually 
grew to 1,500 members, about a 
quarter of the active railroad doctors. 
Practitioners soon began publishing 
textbooks and guides to railway 
surgery, giving the new specialty 
greater legitimacy.

Railroad doctors needed all the 
credibility they could get. Railway 
surgeons were paid by the railroads and 
evaluated patients filing injury claims 
against the rail systems, so patients and 
even fellow physicians suspected their 
medical judgment might serve their 
employers’ interests. Could railway 
physicians give unbiased testimony in 
court, or diagnose and treat patients 
without weighing the business 
consequences of their decisions? As 
in all professions, some were honest, 
and some weren’t. 

Most railroad doctors, for instance, 
would not recognize a condition called 
“railway spine,” an outcome of rail 
accidents from which workers and 
passengers claimed back injury without 
visible damage to their bodies. Railway 
surgeons commonly viewed the claim 
as a form of fraud. “Sympathy for the 

injured and popular sentiment 
against wealthy corporations 
evolves suggestion, and 
prospective damages excites 
auto-suggestion,” one 

surgeon for the Erie Railway coldly 
wrote in 1894.

“Most likely it was a basket diagnosis 
that held multiple back-related 
problems, limited by the technology of 
the time,” Stanton says. “In medicine, 
we are only as good as the tools and 
knowledge that we have.”

A LASTING LEGACY
Despite the suspicions against them, 
railway surgeons helped pioneer many 
methods of examination and treatment 
now commonplace in occupational and 
emergency medicine. They reported 
in the medical literature on a wide 
range of traumatic injuries, from 
broken limbs to ruptured organs to 
trauma-induced deafness, plus the 
treatment of typhoid and other serious 
diseases of the era.

Railway surgeons also performed 
preventive vaccinations on workers at 
risk of contracting malaria, smallpox 
and typhoid. They advocated for 
cleaner, better-ventilated cars supplied 
with pure drinking water and free 
of clearly sick people. (One went on 
record to complain of a passenger with 
tuberculosis who wiped his mouth with 
the window drapes of a coach.)

In addition, these were among the 
first physicians to make workplaces 
safer by administering pre-employment 
physical exams and testing worker 

A wood carving (left) depicts the aftermath of a passenger train 
breaking through a bridge on the Maine Central Railroad in 
August 1871. In light of such potential hazards, railroads began 
establishing hospitals, including the Southern Pacific Hospital in 
Sacramento, Calif. (above), originally the Central Pacific Hospital.
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vision and hearing. Railway surgeons 
broke ground in the diagnosis of 
colorblindness, a cause of fatal 
accidents when impaired workers failed 
to correctly see colored signals and 
lights. These doctors assembled care 
packs for use in the field, jammed with 
supplies and dressings, presaging the 
modern first-aid kit, and some railway 
surgeons trained workers in common 
first-aid techniques. 

Compared with most people in the 
U.S. at the time, railroad employees had 
superior medical care and more doctor 
attention, including access to a variety 
of specialists.

Railway surgeons had become so 
essential in America’s health care 
system that by World War I, they 
accounted for 10 percent of the 
country’s physicians and provided 
care for 2 million rail employees. Yet 
circumstances would push their medical 
specialty into obscurity and irrelevance 
within a few years of the war’s end.

By the 1920s, many small towns and 
remote areas had their own hospitals, 
ending the need for specialized railway 

medical clinics. Increasingly covered by 
private medical insurance, workers and 
passengers insisted on seeing doctors 
of their own choosing. Eventually the 
salaries of the doctors and staff, and 
the upkeep of specialized hospitals, 
burdened a rail industry already 
beleaguered by competition from 
automobiles, trucking and airplanes.

A few of the railway hospitals remain 
standing, many of them repurposed as 
facilities in today’s health care systems. 

The Frisco Railroad’s hospital in  
St. Louis now operates as a nursing 
home, and the Southern Pacific’s 
hospital in Houston currently serves 
as an HIV/AIDS clinic in the Harris 
Health System. Even more lasting, 
though, has been railway medicine’s 
mark upon contemporary health care. 
It’s unlikely that any of us today would 
think of railway surgeons when reaching 
for a first-aid kit, taking a vision or 
hearing test or submitting to a vaccine.

“In this era, physicians were the 
handymen of health care. They did 
a little of everything,” Stanton says. 
“Whether we know it or not, the 
railroad physician lives on in providers 
who gain extra knowledge and skills to 
work with a particular high- or unique-
risk occupational population.”

The train may have passed, but the 
whistle still echoes.  D

Jack El-Hai frequently writes about history, 

medicine and science. His most recent book is 

The Nazi and the Psychiatrist: Hermann Göring, 

Dr. Douglas M. Kelley, and a Fatal Meeting of 

Minds at the End of WWII.

Examples from an 1899 
handbook for railway 
surgeons provided 
instruction in medical 
techniques and railroad 
hazards. Clockwise from left: 
The correct way to deliver 
“Vienna Anaesthetic”; an 
operating room during the 
amputation of the thigh 
by “the circular method”; a 
railroad employee coupling 
train cars, which required 
putting his hand in danger. 

These doctors assembled 
care packs for use in 

the field, jammed with 
supplies and dressings, 
presaging the modern  

first-aid kit.

Two doctor’s 
bags for railway 
surgeons, from 
an advertisement 
in The Railway 
Surgeon in 1896.

History
Lessons
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1 SHAAARK! Did you just get a mental image 
of a gaping mouth and pointy teeth? Think again. 
The roughly 500 known species of shark vary in 
size, shape, environment and diet. 2 Living shark 
species range from a few that could fit in your hand, 
such as the dwarf lanternshark, to a few you could 
fit inside, including the whale shark, which grows 
up to 40 feet long. 3 Angelsharks are nearly flat, 
like the rays and skates to which sharks are closely 
related, while sawsharks have a toothy snout that 
can be almost as long as their cylindrical bodies. 
4 Sharks ply the waters of every ocean, from shallow, 
brackish estuaries to depths of nearly 10,000 feet. 
5 Deep-sea dwelling Mitsukurina owstoni, the goblin 
shark, is the oldest living species among lamniform 
sharks, which go back about 125 million years and 
today include great whites, threshers and makos. 
6 The first sharks evolved 400 million to 455 million 
years ago, but sharks’ flexible cartilage skeletons 
are rarely preserved, so the earliest species left little 
behind in the fossil record. 7 Fossilized denticles, 
tiny tooth-shaped scales that once covered their skin, 
are the oldest evidence we have for sharks — though 
researchers disagree on whether denticles alone 
are enough classify a species as a shark. 8 A few 
things make a shark truly sharky: All sharks have 

jawbones and multiple gill openings, and, unlike the 
vast majority of other fish species, that skeleton of 
cartilage rather than bone. 9 And while bony fish 
have an air-filled swim bladder to control buoyancy, 

sharks don’t. They use their large, oily livers as a 
kind of internal flotation device. 10 Many shark 
species — like most fish — are coldblooded, 
but some are warmblooded, including the great 
white shark. 11 Having a core body temperature 
that’s warmer than the water gives these animals 

all kinds of speed: They grow faster, swim faster 
and hunt more efficiently. The trade-off is that they 

need to eat up to 10 times 
more than a similarly 
sized coldblooded 
cousin. 12 You 

might assume a shark 
get-together turns into a 

feeding frenzy when food 
is around. But apparently it’s 

more of a dinner party. 
Researchers who observed 
great white sharks scavenge a whale 
carcass off the coast of South Africa found that 
multiple animals fed beside each other at the same 
time, displaying relaxed behavior such as a belly-up 
posture and a lack of ocular rotation. 13 Ocular 
rotation is, well, let’s let Jaws’ obsessive shark hunter 
Quint explain it: “The thing about a shark, he’s got 
lifeless eyes, black eyes, like a doll’s eye … he bites ya, 
and those black eyes roll over white.” 14 Quint got it 
half right. Only some species of shark, including the 
great white, use ocular rotation to protect their eyes. 
Other species guard their vision with a third eyelid 
called a nictitating membrane. 15 Jaws portrayed 
sharks as villains, and some etymologists believe 
the word shark may derive from earlier German 
and Dutch words for shifty characters. We can still 
see the connection in today’s loan sharks and card 
sharks. 16 Other researchers believe the word comes 
from Xoc (pronounced “shoke”) in Yucatec, a Maya 
language. According to this theory, English sailors 
visiting Caribbean waters in the 16th century picked 
up the local word for the “great fish.” 17 And talk 
about great: At more than 50 feet long, Carcharocles 
megalodon was the largest shark that ever lived before 
it went extinct about 2.6 million years ago. 18 Yet 
even C. megalodon was little once — well, relatively 
speaking. In 2010, paleontologists announced they’d 
found a 10 million-year-old megalodon nursery on 
the coast of Panama with newborns measuring more 
than 6 feet long. 19 While we’re talking big fish tales, 
you may have heard sharks don’t get cancer. That’s a 
load of rotten mackerel. Sharks do get cancer — and 
we’ve known that since at least 1908, when a malig-
nant tumor was found in a blue shark. 20 Humans 
perceive sharks as a threat, but the opposite is true. 
Up to 100 million sharks are killed each year by 
finning: Fishermen cut off a shark’s dorsal fin to sell 
as a delicacy and dump the wounded animal back 
into the ocean to die. The practice imperils not only 
sharks, but entire food chains, which are disrupted as 
the animals’ numbers dwindle.  D

Senior Editor Gemma Tarlach first saw Jaws as a child. 

She rooted for the shark.
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20 Things    You Didn’t Know About …

Great 
white shark

A jawbone is 
a defining trait 
of all sharks (above); 
a skeleton of 
cartilage is another. 

Sharks are a 
diverse bunch, from 
the aptly named 
sawshark (top) 
to the nearly flat 
angelshark (above).



Experience 
AMERICA’S
2017 TOTAL
SOLAR ECLIPSE

August 21, 2017
The most awe-inspiring celestial sight is coming to the U.S. 
for the fi rst time in 26 years. Skywatchers across 12 states can 
experience darkness at midday as the Moon passes in front of 
the Sun in a total solar eclipse.    

It’s an event you don’t want to miss, and Discover is here to help you make the 
most of it. Working with TravelQuest International and the editors at our sister 
magazine, Astronomy, we’re off ering three exclusive tour packages that 
celebrate the many cultural treasures America has to off er.

Surrounding the August 21 total solar eclipse, you can:

• Enjoy jazz, blues, country, and rock ’n’ roll in New Orleans, Nashville, 
and Memphis

• Experience the spectacular scenery of the Pacifi c Coast from 
Seattle to San Francisco

• Journey through the pristine forests and snowcapped mountains 
of the West’s National Parks

America’s 
Music Cities

Three exclusive 
tour packages!

©
 Ja

va
rm

an
 | 

D
re

am
st

im
e.

co
m

CHOOSE AN ECLIPSE EXCURSION TODAY!
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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.

How to Draw
Taught by Professor David Brody
UNIVERSITY OF WASHINGTON

LECTURE TITLES

1. An Introduction to Drawing
2. Drawing Materials for Line
3. Drawing Fundamentals and First Exercises
4. Line and Shape: Line and Aggregate Shape
5. Line and Shape: Volume and Figure-Ground
6. Line and Shape: Positive and Negative Shape
7. Composition: The Format and Its Armature
8. Composition: How Artists Compose
9. Line and Shape: Line Attributes and Gesture
10. Composition: Shape and Advanced Strategies
11. Proportion: Alberti’s Velo
12. Proportion: Accurate Proportion and Measure
13. Creating Volume and Illusionistic Space
14. Six Complex Drawing Projects
15. Linear Perspective: Introduction
16. Linear Perspective: The Quad
17. Linear Perspective: The Gridded Room
18. Linear Perspective: Ellipses and Pattern
19. Linear Perspective: Advanced Topics
20. Value: How Artists Use Value
21. Value: Drawing Materials for Value
22. Value: Black and White and a Value Scale
23. Value: Eight Complex Drawing Projects
24. Value: Side Light and Cast Shadow
25. Value: Oblique Light and Cast Shadow
26. Texture: Mark Making and Optical Value
27. Texture: How Artists Use Texture
28. Color: Color Theory and Color and Light
29. Color: How Artists Use Color
30. Color: Color Drawing Projects
31. The Figure: A Canon of Proportions
32. The Figure: The Head, Hands, and Feet
33. The Figure: Artistic Anatomy
34. The Figure: Drawing Projects
35. Advanced Concepts: Pictorial Space
36. Advanced Drawing Projects

SAVE $270

How to Draw
Course no. 7770 | 36 lectures (30 minutes/lecture)

Uncover Your Hidden 
Talent for Drawing 
Like reading and writing, drawing is a fundamental life skill. Once an 
integral part of a traditional education, knowledge of drawing deepens 
your understanding of the visual world that surrounds you. Contrary to 
what many people think, the ability to draw does not depend on innate 
talent or a unique gift. In fact, you may be amazed at how well you can 
learn to draw, especially with the right instructor.

The 36 video lessons of How to Draw offer you dynamic and 
comprehensive training in the art of drawing. Your teacher, David 
Brody, brings more than forty years of study, studio work, and 
dedicated teaching to this course, demonstrating an inspiring teaching 
style and limitless insight into the learning process. This brilliantly 
designed course takes you step by step through all of the key elements 
that together build the integrated skill of drawing. This is your 
opportunity to master the primary skill of visual art, an ability with 
rewards you will treasure for a lifetime.
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