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FROM THE EDITOR

New Nukes

E’RE IN THE EARLY STAGES of a new nuclear arms

race. It has not gotten much popular attention

yet, and we at Scientific American hope that our

special report starting on page 22 will help people

think through the dangers and implications of a
$1.5-trillion (with a T) plan to build up the U.S. nuclear arsenal.
Perhaps the most controversial part of the plan involves refur-
bishing the land-based missile system. Upgraded nuclear mis-
siles will be planted in hundreds of silos across five states, where
they will be potentially vulnerable to attack. As our editorial on
page 72 points out, it’s basically a “kick me” sign on the middle
of the country.

The next decade is going to be a “boom time” for nuclear
weapons, as a nonproliferation scholar tells journalist Abe Streep.
Starting on page 24, Streep takes us to nuclear weapons sites
across the U.S. tounderstand how the previous arms race shaped
history and what future the new arms race might bring.

Plutonium isa weird and scary substance. Writer Sarah Scoles
is one of the few people without a high-security clearance to tour
the tightly guarded Los Alamos National Laboratory facility in
New Mexico where plutonium is being shaped into new pits to
trigger fission and then fusion reactionsthat, as she saysin astory
beginning on page 39, make nuclear weapons nuclear.

Nuclear weapons on alert in silos across the western U.S. have
a perverse strategic purpose: to serve as a “great sponge” to soak
up enemy missiles. Seriously. Scientific American published arti-
cles in 1976 and 1988 showing the potential fallout from an attack
on these weapons fields. Now, on page 46, nuclear weapons expert
Sébastien Philippe hasused advanced modeling to create maps that
illustrate how such contamination could cause millions of deaths.

As part of this package on our website, we have a 20-minute
documentary called Fz/lout by filmmakers Duy Linh Tu, Sebas-
tian Tuinder and Nina Berman (Berman’s photos accompany
the print stories) that traces the legacy of nuclear weapons in
the American West. In a five-part podcast series, Missiles on the
Rez, host Ella Weber, who is a member of the Mandan, Hidatsa
and Arikara Nation, takes listeners on a personal journey as she
discovers more about her community and its long relationship
with nuclear weapons.

Up to 20 percent of people in the U.S. have dyslexia, a condi-
tion that makes it difficult to learn to read. Many young people
who are struggling with it don’t get a proper diagnosis or receive
the academichelp they need, often because of an outdated testing
method that has been recognized as flawed for years but is still
used in many school systems. The “discrepancy model” compares
a student’s reading skills with their IQ (itself a flawed test) and
diagnoses dyslexia only if there is a mismatch. Journalist Sarah
Carr shows how this and similar models have failed too many
children, and she offers hope that many more children can be
taught to read. Turn to page 56.

Dark energy is one of the strangest discoveries in the history
of science. Twenty-five years ago two teams of researchers
independently found that the universe is expanding, not con-
tracting—and not just that, but the expansion is accelerating.
Dark energy, whatever that is, is causing the expansion, and we
havelearned alotabout it (but nowhere near enough) since it was
named. Author Richard Panek on page 62 shares the ingenious
ways that physicists have been trying
to understand dark energy and the fate
of our universe. @

Laura Helmuth
is editor in chief
of Scientific American.
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CONTRIBUTORS

NINA BERMAN THE NEW NUCLEAR AGE, PAGE 22

A New York-based multimedia journalist, Nina Berman (above)
has often covered environmental contamination by the U.S. mili-
tary. But until recently, “like most Americans, | was pretty much
unaware that we’re going to recapitalize our entire nuclear arse-
nal,” she says. “It really slipped underneath the radar.” Her initial
work on the subject evolved into part of this issue’s special report
on the new nuclear age, which explores the consequences of a
massive—yet quiet—reinvestment in mutually assured destruc-
tion. “It’s kind of like, well, we’ve always had [nuclear missiles], so
why not keep having them? What’s the big deal?” Berman says.
“The choices we’ve been offered are so limited.”

As a photographer and researcher for “Boom Times” (page 24),
she traveled across the U.S. to visit the communities directly
impacted by nuclear weapons. In Nebraska and North Dakota,
she was struck by the unsettling eeriness of the missile silos:
“You know that there’s something lethal in the ground. But you
also see strange, banal things like porta-potties out in front.”
Berman loves movies and will often have a film in her mind while
shooting an assignment. For this project, she says, “the whole
thing is Dr. Strangelove.”

“| was pretty much unaware
that we're going to
recapitalize our entire
nuclear arsenal.”

—Nina Berman
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ABE STREEP BOOM TIMES, PAGE 24

Living in New Mexico, you “cannot avoid Los Alamos,” says jour-
nalist Abe Streep. Los Alamos National Laboratory, the birthplace
of the atomic bomb, sits perched above the Rio Grande valley. It is
still cleaning up from the Manhattan Project—even as it ramps up
production of new plutonium cores to replace the U.S.’s arsenal
of nuclear warheads.

For this issue’s report, Streep road-tripped through the Ameri-
can West to follow the ripple effects of plutonium “from cradle to
grave.” As part of the journey, which included waste-disposal sites
in the sands of the Permian Basin and underground missile storage
next to farms in Wyoming, he went to the site of the former Rocky
Flats Plant in Colorado. It manufactured plutonium pits until it was
closed for safety violations in the late 1980s. Today a wildlife refuge
stands on the contaminated ground, abutting gleaming new hous-
ing developments. The story of these communities’ nuclear past,
present and future is a layered one, full of economic and cultural
tensions. “The job of the story,” Streep says, “was to try to think
about that in a complicated way.”

SEBASTIEN PHILIPPE SACRIFICE ZONES, PAGE 46
By his mid-20s Sébastien Philippe was an engineer responsible for
analyzing the safety of French sea-launched nuclear ballistic mis-
siles, poring over thousands of pages of data and documents to spot
inconsistencies and potentially dangerous problems. He soon de-
cided to pivot to nuclear weapons policy research and applied for
a Ph.D. program at Princeton University. In a grim coincidence, his
interview was on March 11, 2011—the day a massive tsunami blacked
out Fukushima’s nuclear power facility. The subsequent explosion
broadened how Philippe thought about nuclear weapons safety and
risks, which he now studies as a research scientist at Princeton.
For this issue’s report, Philippe modeled the fallout from poten-
tial explosions of the nuclear weapons stored in the heartland of the
U.S. The results were sickening, particularly the map of the worst-
case scenario. “You have good days, and you have bad days. And
that day was really bad,” he says. Especially shocking was the im-
pact beyond the U.S. on swaths of Canada and Mexico. Even after
decades in the field, “I had never seen [maps like] that before.”

MELINDA BECK MISDIAGNOSING DYSLEXIA, PAGE 56
When she was diagnosed with dyslexia in third grade, Melinda
Beck decided she would choose a career where she didn’t have
to read or write. “I told myself | could be a ballerina, or | could be
an artist. And I’m not that flexible, so | think I'm going to be an art-
ist.” Beck’s career as an award-winning illustrator still involves
plenty of e-mails, but technological features such as spell-check
help her navigate a professional world not built to accommodate
her brain.

For this issue’s feature on dyslexia, Beck depicts the pain
and frustration she experiences when reading words on a page. If
she doesn’t place a bookmark under each line, it feels like the
lines come apart. “They all get tangled up,” she says. Distilling her
own feelings into a piece of art was a unique challenge. “Usually
as an illustrator, we tell other people’s stories.” But the personal
nature of the project allowed Beck to come at the story with the
richness of “a lifetime of unintended research.”

© 2023 Scientific American
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WANDERING STAR

Phil Plait’s article “Our Sun Was Born Far,
Far from Here” [The Universe] was
informative as to how our nascent Sol
might have formed, and its anthropo-
morphicanalogy of the sun having
far-distant and widespread “siblings”
was quaint. But to use this analogy, young
stars do not spontaneously go wandering
off like runaway adolescents. It would
have been helpful for the article to
include some discussion of how these
sibling stars might have become so widely
dispersed in our galaxy.

CHARLES WEST SALEM, VA.

PLAIT REPLIES: Stellar clusters are held
together by the combined gravity of all the
stars in them. Over time, as the stars move
around and interact gravitationally, more
massive stars fall to the center while
lower-mass ones move outward. As they
move farther out, these lower-mass stars
are held less tightly by the cluster. The
overallgravity of the galaxy can then pull
them out. Also, stars in a cluster are packed
rather tightly together. So it’s common

for there to be gravitational interactions
among stars, with lower-mass stars like our
sungetting flung out after a close encounter.

PAVEMENT PLANNING
“Dangerous Discomfort,” by Terri
Adams-Fuller, discusses extreme
warming in urban areas caused by the
“heat island” effect. There was a relatively
reflective surface on the paved street
whereIlive until someone decided the
entire neighborhood needed tobe
retarred. Now it’s all black and hot. The
question is how to get policy makers to
prioritize strategies to make cities cool.
Dark roofs compound the problem.
Pve reroofed my house with light-colored,
highly reflective shingles, and the reduc-
tion in air-conditioning is considerable.
PETER A. LAWRENCE SAN FOSE, CALIF.

BAD BRAIN SYNCHRONY

I'was fascinated to read “Synchronized
Minds,” Lydia Denworth’s article about
how humans’ brain waves synchronize
when we interact. The article focuses on
positive effects of this brain synchrony,
but I wonder whether it also comes into

8 SCIENTIFIC AMERICAN DECEMBER 2023
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play in things such as groupthink and
mob behavior. If everyone’s brain is
working the same way, does that limit
what the group sees as possible options?
FORREST STEVENS PRINCETON, IDAHO

DENWORTH REPLIES: 7%is letter raises
an interesting question that researchers are
beginning to address. One 2021 study in

the Proceedings of the National Academy
of Sciences USA found that shared political
ideology led to increased neural synchromny
when participants viewed partisan debates.
But the effect was moderated by a willing-
ness to tolerate uncertainty. And in another
Sstudy of perceived in-groups and out-groups
inNeurolmage that year, more synchrony
was seen among members of the same group
(in this case, among Israelis or among
Palestinians) than acrossgroups.

WELCOME INVADERS
“Parrot Invasions,” by Ryan F. Mandel-
baum, couldn’t be more timely here in
San Francisco. The city just picked our
local “wild” parrot as its official animal,
giving the bird a narrow win over the sea
lion. The article describes such birds as
“innovators, problem solvers, socializers
and survivors,” which is also a very apt
description of San Franciscans.
BRIAN VEIT SAN FRANCISCO

DOTTING YOUR EYES

“Seeing Numbers,” by Nora Bradford

[Advances], includes an illustration that
presents two groups of dots. The caption
poses the question “Which has 50 dots,
and which has 51?” You left us to guess
the answer or count the tiny dots for
ourselves. Readers of Scientific American,
like insects, are far more cognitively
complex than previously thought and
can feel frustration and pain. Henceforth,
please treat us with greater consideration.
J. C.SMITH CROZET, VA.

FUSION OF POSSIBILITIES
Thank you for “Star Power” [ June], Philip
Ball’s fascinating, hype-free article about
the future of nuclear fusion power. One
question remains: How do engineers get
the heat out of the tokamak, the most
popular fusion-reactor design? A conven-
tional power plant does this by pumping
high-pressure water through a heat
exchanger, which turnsit into steam,
which drives a turbine. This key step in the
power-generating process—generating
the power—isnot addressed in the article.
Ball notes that ITER will be the first
fusion reactor that will demonstrate
continuous energy output at a power
plant’s scale. How will it boil enough water
todrive a200-megawatt turbine when the
exhaust from its fire is 150 million kelvins?
PETER B. WILSON PHOENIX, ARIZ.

Ball describes underway fusion-reactor
projects that are, overall, big and expen-
sive, such as ITER in France, which has
a23,000-metric-ton research reactor and
will likely cost more than $20 billion.
Lockheed Martin’s Skunk Works
division is developing compact fusion
reactors small enough to power jet flights
and other aircraft, ships and small cities.
Enormous fusion projects often are
abandoned because of unanticipated
delays and cost overruns spiraling out
of control. The compact fusion model is
likely to be cheaper and faster to develop

“The question is how to get policy makers
to prioritize strategies to make cities cool.”
PETER A. LAWRENCE SAN JOSE, CALIF.

© 2023 Scientific American
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because such test reactors can be built in
months. Smaller approaches to fusion may
be more likely to succeed in the long run
and to result in a workable device much
sooner than the gargantuan projects.
STEVEN BRENNER UNIVERSITY CITY, MO.

BALL REPLIES: Regarding Wilson's
question: For tokamaks, heat exchange is
most likely to be done via water cooling.
That isthe plan for ITER. It is true that the
challenge of drawing off heat from a plasma
at many millions of kelvins to heat water to
perhaps a couple of hundred degrees Celsius
is significant. But the principles of this
engineering problem have been figured out.
For EUROfusion’s DEMOnstration Power
Plant (DEMO) prototype, the current plan
seems to be to use a lead-lithium alloy
surrounding the fusion chamber as an
intermediate heat-exchange blanket. The
lithium will also absorb the neutrons emitted
by fusion and be converted into tritium
fuel—it is a so-called breeding blanket.

To answer Brenner: [ don’t think the
development of larger versus smaller
reactors is generally regarded as either/or.

AsIsayinmyarticle, ITER is not intended
as a commercial reactor or even a prototype
for one; it is being developed to solve
engineering challenges. Smaller reactors
such as DEMO and the UK.s Spherical
Tokamak for Energy Production (STEP)
will serve as prototypes for actual plant-
scale devices. Even smaller ones like those
being developed by some private companies
might also become viable: some of them
have discussed devices of around 100
megawatts, small and compact enough

to be used for container ships.

ERRATA

“The Most Boring Number,” by
Manon Bischoff [ June], the chartin
the box “A Gap of Judgment” depicted
incorrect numbers in the y axis. The
corrected illustration can be seen at
www.scientificamerican.com/article/
the-most-boring-number-in-the-world-is

“A Stratospheric Gamble,” by Douglas
Fox [October], should have described the
contemplation of a “scenario in which
individual countries... begin injecting
aerosols unilaterally” as separate from
comments made by Katharine Ricke.
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[neunoscievot |
Star Cells

Neurons are not
the only brain cells
that send signals

OUR THOUGHTS and feelings arise from
networks of neurons, brain cells that send
signalsusing chemicals called neurotrans-
mitters. But neurons aren’t alone. They’re
supported by other cells called glia (Greek
for “glue”), which were once thought to
hold nerve tissue together. Today glia are
known to help regulate metabolism, pro-
tect neurons and clean up cellular waste—
critical but unglamorousroles.

Now, however, neuroscientists have
discovered a type of “hybrid” glia that
sends signals using glutamate, the brain’s
most common neurotransmitter. These
findings, published in Nazure, breach the
rigid divide between signaling neurons
and supportive glia.

“Thope it’saboost for the field to move
forward, to maybe begin studying why
certain [brain] circuits have thisinput and
others don’t,” says study co-author An-
drea Volterra, a neuroscientist at the Uni-
versity of Lausanne in Switzerland.
Around 30 years ago researchers began
reporting that star-shaped glia called as-
trocytes could communicate with neu-
rons. The idea was controversial, and fur-
ther research produced contradictory re-
sults. To resolve the debate, Volterra and
his team analyzed existing data from
mouse brains. These data were gathered
using a technique called single-cell RNA
sequencing, which letsresearchers catalog
individual cells’ molecular profiles instead
of averaging them in a bulk tissue sample.
Of nine types of astrocytes they found in
the hippocampus—a key memory re-
gion—one had the cellular machinery re-
quired to send glutamate signals.

The small numbers of these cells, pres-
ent only in certain regions, may explain

10 SCIENTIFIC AMERICAN DECEMBER 2023

why earlier research missed them. “It’s
quite convincing,” says neuroscientist
Nicola Hamilton-Whitaker of King’s Col-
lege London, who was not involved in the
study. “The reason some people may not
have seen these specialized functions is
they were studying different astrocytes.”

© 2023 Scientific American

Usingatechnique that visualizes gluta-
mate, the researchers observed the cells in
action in live mice. They found that block-
ing their signaling impaired the mice’s
memory performance. Further mouse ex-
periments suggested these cells might play
arole in epilepsy and Parkinson’s disease.

Thom Leach/Science Source
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Analysis of human RNA databases indi-
cates the same cells may exist in us, but
they have not been directly observed.
“People modeling brain circuits never
consider these other cells,” Hamilton-
Whitaker says. “Now we’ll all have to agree
they’re part of the circuit and need to be

included tounderstand how circuits work.”

First, neuroscientists must map where
in the brain these special cells can be
found. Because Volterra’s team located
them in structures associated with mem-
ory, the researchers plan to examine data
from people with Alzheimer’s disease to

Astrocytes,
atype of glial cell

see whether, and how, their signaling
astrocytes are altered. “We know they’re
located in memory circuits, so the next
question is, What happens in dementia?”
Volterra says. “If these cells are modified,
they become a new target” for research.
—Simon Makin
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Rocky Start
A plate tectonics
mystery

As giant §Iab.s of Earth’s
crust collide in ultraslow
motion, they create mountains, trigger
earthquakes and forge new rocks. No
one knows how or when this funda-
mental process, called plate tectonics,
began. But an experimental study pub-
lished in Nature Geoscience suggests
early plate tectonics created the old-
est rocks on Earth, which are about
four billion years old—just short of the
planet’s age of 4.5 billion years.

“Everyone talks about, ‘When did
plate tectonics start?’” says study au-
thor Alan Hastie, a University of Edin-
burgh igneous petrologist. “I think
that’s the wrong question. It’s basical-
ly always been.”

But Earth was a warmer, more gooey
planet when its magma ocean first so-
lidified, and its brand-new crust would
seem more likely to bend than to break
into plates. Scientists who use comput-
er models to reconstruct this early en-
vironment tend to think plate tectonics
began three billion years ago or less,
because simulations struggle to show
how the process could have started be-
fore that. Field geologists, however, of-
ten point to four-billion-year-old rocks
in places such as Canada and Australia
as evidence of an earlier start. These
ancient rocks appear to have been
made by subduction, when two plates
collide to thrust one of them deep into
Earth’s mantle.

Hastie and his colleagues set out to
test whether these oldest rocks could

have instead been created at shallow-
er, nonsubduction depths. They took
samples from oceanic crust in the
southwestern Pacific, which has a
composition similar to Earth’s first con-
tinental crust, and subjected them to
high pressures and temperatures to
simulate the environment in which they
might have formed without subduction,
in the upper 50 kilometers of the crust.

The researchers found that this
environment couldn’t produce sam-
ples with the same mineral makeup as
the four-billion-year-old rocks. Rocks
formed under different pressures and
temperatures are composed of differ-
ent minerals, so this mismatch be-
tween the new and ancient samples
indicated that the ancient rocks had
formed farther—more than 50 kilo-
meters—down. Subduction is the
only known process that could push
so deep.

“You need to have formed these
rocks under much higher pressure—
and to get that pressure, the easiest
mechanism is subduction,” says Nad-
ja Drabon, a geologist at Harvard Uni-
versity, who was not involved in the
new study.

Subduction on early Earth may
have been less dramatic than today,
with warmer crust less likely to dive as
deep into the mantle as modern tec-
tonic plates do, says study co-author
Sally Law, a postdoctoral researcher at
the University of Edinburgh. This raises
new questions about how early Earth’s
geologic restlessness might have be-
come self-perpetuating, Drabon says.
“The big question is, How well would
[Earth] be able to sustain a plate tec-
tonic process?” she asks. “That’s
something we need to do a whole lot
more work on.” —Stephanie Pappas

]
Turning

the Page

Characters in influential children’s
books are still mostly white

CHILDREN’S LITERATURE has become far more di-
verse in the past decade, helping more kids than ever to
seethemselvesin their favorite books. Of the thousands
of kids’ and teens’ books reviewed in a 2022 analysis,
about 45 percent had a nonwhite author, illustrator or
compiler, up from 8 percent in 2014. “There are just so
many more choices of books [reflecting] the multifac-
eted complexity of individuallives,” says Tessa Michael-
son Schmidt, director of the Cooperative Children’s
Book Center at the University of Wisconsin—Madison.

But white males remain overrepresented in the
most influential children’s stories, the authors of a re-
cent study concluded. The research, published in the
Quarterly Fournal of Economics, examined the winners
and honorees of the Newbery and Caldecott medals—
widely considered the most prestigious prizes in kids’
literature—and the recipients of 17 awards for diver-
sity. University of Chicago social scientist Anjali
Adukia and her colleagues scanned 1,130 of these
award-winning books, covering more than 162,000
pages, and used an artificial-intelligence program
trained to detect faces and determine the age, race and
gender of each pictured character.

Machine learning let the researchers pick up on de-
tailsthey may have missed if they had combed through
thebooksby hand. For example, on average, youngsters
were depicted with lighter skin than adults of the same
race. And female charactersappeared more often inim-
agesthan in text, which “suggests more symbolicinclu-
sion ... rather than substantive inclusion,” according to
the study’s authors. They also found that the vast ma-
jority of famous people mentioned in Newbery- and
Caldecott-winning books are white.

The results come amid anationwide cultural clash,
with diversity campaigns running alongside attempts
to ban books that address aspects of race and sexual
identity. But kids crave exposure to stories about peo-
ple like them, which build up their feelings of self-
worth and help them maintain an interest in reading,
says Caroline Tung Richmond, an author of young
adult fiction and executive director of the nonprofit
organization We Need Diverse Books. At the same
time, she says, young people benefit from stories that
allow them “to see into a different culture or identity
and build empathy.” —Yesse Greenspan

THlustrations by Thomas Fuchs

© 2023 Scientific American


https://ccbc.education.wisc.edu/literature-resources/ccbc-diversity-statistics/books-by-about-poc-fnn/
https://academic.oup.com/qje/article/138/4/2225/7247000
https://www.scientificamerican.com/article/earths-tectonic-activity-may-be-crucial-for-life-and-rare-in-our-galaxy/
https://www.nature.com/articles/s41561-023-01249-5

Source: “What We Teach about Race and Gender: Representation in Images and Text of Children’s Books,”

by Anjali Adukia et al., in Quarterly Journal of Economics, Vol. 138; 2023 (data)

Quantifying Diversity in 1,130 Children’s Books
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“Mainstream” books (Newbery or Caldecott award winners)
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REPRESENTATION IN MAINSTREAM AND DIVERSITY BOOKS
The bars show how heavily each demographic group was represented in each category of books included
in the study, according to the researchers’ Al-based analysis.
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Nanoscale

Bulldozer

Scientists discover a one-
molecule motor that hops
in straight lines

IN ABASEMENT room at Austria’s Univer-
sity of Graz sitsajumble of steel tanks and
ice-encrusted tubes. The contraption, a
scanning tunneling microscope, can snap
pictures of individual atoms and mole-
cules. It’s so sensitive that it works best at
night, when nobody’s around to walk or
talk or otherwise rattle the building.

A computer monitor beside the machine
shows images of tiny, heart-shaped blobs
arrayed over acopper surface. The “hearts”
are individual molecules: ditolyl-ATI mol-
ecules, tobe precise. Earlier this year Grant
Simpson, a chemist in the microscopy lab-
oratory, had been playing around with
them, hoping they could be coaxed to act
like minuscule mechanical switches.

What he found instead was far more in-
triguing. When excited with an electrified
microscope tip, the molecules jumped—
but they didn’t hop around willy-nilly.
“Somehow,” Simpson says, “I'd come to
the realization, slowly, that they’re only
moving in one direction.”

The hopping hearts are an entirely new
kind of molecular nanomotor—a tiny ma-
chine that expends energy to move pur-

posefully against the entropic tides that
constantly pull the small-scale world into
random, useless motion. Some human-
made nanomotors can spin in place, but
few can reliably move from point A to point
B. The mechanical magic of the new motor,
described recently in Nazure, comes from
the interaction between the molecule and
the copper surface it moves along—as if a
train engine had parts both in the car and
embedded in the track below.

It’s a small but significant step toward
the dream of a nanotechnology that can
build things nature’s way: bottom-up,
atom by atom. “If we build a chair, we take
atree, and we cut it down,” says physicist
Leonhard Grill, Simpson’s colleague at the
University of Graz. “Nature doesit the op-
posite way. Nature grows the tree.” Re-
searchers developing miniature machines
imagine using them to create novel mate-
rials, to supercharge industrial catalysis
and to manipulate biological tissues with
the agility of real enzymes.

“Miniaturization has alwaysdriven ad-
vances in technology,” says chemist David
Leigh of the University of Manchester. But
the problem with nanotechnology, he ex-
plains, isthat the familiar mechanics of the
“bigworld” simply don’t work on the mo-
lecular level. At such tiny scales, random-
ness rules. If properties such as tempera-
ture, energy and pressure are held steady,
then small-scale processes—including
chemical reactions or the movements of
particles—are equally likely to happen in
every direction. Moving from A to Bat the
nanoscale is like rolling a die and taking

-
Ditolyl=ATI
molecules
on copper

v
<

>

steps forward, backward or sideways de-
pending on the result. “You can’t use New-
tonian mechanics” in nanotechnology,
Leigh says. “That basically rulesout all the
engineering processes that we’ve built up
as civilizations over the past 5,000 years.”

So why do scientists think it should be
possible to develop nanoscale machinery at
all? Leigh says the answer is that there’s al-
ready a mature and working example out
there, “and it’s called biology.” The intri-
cate natural enzymes that flap a bacteri-
um’s flagella, twitch an animal’s muscles
and synthesize chemical energy in a cell’s
mitochondria are all molecular machines.

In 1999 scientists synthesized the first
true molecular nanomotor, a light-powered
rotary motor that was later recognized with
a Nobel Prize in Chemistry. Since then,
scientists have developed many more types
of motors with different capabilities. Uni-

From “Adsorbate Motors for Unidirectional Translation and Transport,”
by Grant J. Simpson et al., in Nature, Vol. 621; September 6, 2023

Mine Spotting
An Al model
could help clear
land mines
Finding and removing land mines is

m an excruciatingly slow process. Hu-
man deminers scour contaminated ground
inch by inch with handheld metal detectors,
waiting for the telltale beep of a magnetic
anomaly. Although trained dogs are some-
times used, metal detectors have remained

14 SCIENTIFIC AMERICAN DECEMBER 2023

the go-to clearance method since the end
of World War 1.

“There’s a very long period where there
hasn’t been much innovation in the field,”
says Jasper Baur, a Ph.D. student in volca-
nology and remote sensing at Columbia
University. Baur and his collaborators at
Safe Pro Group, a manufacturer of personal
protective gear, have been developing a
drone-based machine-learning technology
to make demining safer and faster than with
traditional methods.

The idea is deceptively simple: A drone
flies over an area thought to be mined, col-
lecting a large volume of images. Baur’s al-
gorithm, trained on the visual characteris-

© 2023 Scientific American

tics of 70 types of land mines, cluster muni-
tions, and other unexploded ordnance,
processes the images into a map, with res-
olution down to a fraction of an inch. The
model can then recognize and map explo-
sives more quickly and accurately than a
human reviewing the same images. “In a
matter of minutes you’ll have a map plotted
out with where all the land-mine detections
are,” Baur says.

With a reported detection rate of about
90 percent, the drones are meant to augment
traditional methods, not replace them. “It’s
less comprehensive because you’re not go-
ing through inch by inch,” Baur says. But the
approach can reveal potential dangers and
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versity of Groningen chemist Nathalie Kat-
sonisand her colleagues recently stuck tril-
lions of nanorotors together and synced
them up to physically move a macroscopic
polymer. And Leigh and his colleagues have
developed rotary nanomotors that, like bi-
ological enzymes, move by harnessing en-
ergy from chemical reactions catalyzed by
the motor itself.

But rotary motors spin in place; molec-
ular motors that move in straight lines,
like trains on tracks, have proved a greater
challenge to build. Some researchers have
synthesized ring-shaped molecules that
can rotate and slide along dumbbell-
shaped scaffolds. Then there are DNA
“walkers,” which have legs and move by
taking steps, like some biological motor
proteins. But DNA walkers are relatively
hefty (not strictly “nano,” Leigh says) and
can take only a handful of strides along
carefully prefabricated nucleic acid tracks.
The new heart-shaped motor, though, is
just a few nanometers across and will keep
hopping along its track of copper atoms as
long as the surface isn’t interrupted.

Simpson and Grill discovered the mo-
tor mostly by accident—it was “pure ser-
endipity,” Grill says. The scientists were
initially intrigued by how the ditolyl-ATI
molecule tosses one of its hydrogen atoms
back and forth between its two nitrogen
atoms, a behavior the scientists thought
could make it useful as ananoscale switch.
After years of work, Simpson tried depos-
iting the molecules on a particular kind of
copper surface in which the atoms are ar-
ranged inlinear rows. To his surprise, ajolt

of electricity sent the hearts hopping along
the copper tracks. The researchers then
confirmed that the molecules move in just
one direction and can even push along
other particles like nanoscale bulldozers.

This new motor is an “energy ratchet,”
says Katsonis, who was not involved in the
study. Itusesenergy—hereajolt of electric-
ity—to switch between two states, each
with a different set of energetic possibili-
ties. Zapping the molecule makes it lurch
intoits more excited state, in which moving
forward along the copper rail is favorable.
When the molecule falls back down to its
original, unexcited state, it jumps exactly
one step forward along the track.

“In my opinion, it’s interesting for
two reasons,” Katsonis says. First, the
moleculesinterface with something bigger
than themselves, in this case a surface. Sec-
ond, they move in a line along an atomic
track—the key to mastering directional
motion atthe nanoscale, she says. Afterall,
biology’s many linear molecular motors
typically strut along scaffolds to travel in
the right direction.

“Thisis really nice because it’s just mov-
ing one-dimensionally, directionally, in a
very minimalist system,” Leigh says. The
new energy ratchet probably won’t propel a
nanobot or assemble a tree atom by atom
anytime soon. But it can be easily studied
with scanning tunneling microscopes, mak-
ingitaperfect test system for future experi-
ments with energy ratchets, tracks and di-
rectional motion—and Katsonis and Leigh
say that’s abig hop in the right direction.

—Elise Cutts

can cover more ground than manual efforts.
Baur and his team have visited Ukraine
to test the technology multiple times since
the start of the war there. They hope their
work can speed up a demining process that,
using current resources, could take more
than 750 years. By some estimates, Ukraine
has about 67,000 square miles (an area
roughly the size of Florida) that could harbor
mines and other explosives. With the new
system, “you can scan wide areas of land
and try to figure out where the highest den-
sity of contamination is” before sending in
humans to defuse the mines, Baur says.
For now the Al can detect only surface-
level explosives, not deeply buried ones or

those covered by vegetation. Baur’s non-
profit organization, the Demining Research
Community, is testing ways to look deeper
by using thermal imaging and ground-pen-
etrating radar. It is also developing a model
that can rate the Al’s level of confidence in
its mine-detection results based on the
amount of vegetation present.

Milan Baji¢, an expert in remote sensing
who has been involved in demining efforts
in Croatia, says the approach is a valuable
addition to the demining tool kit. “There is
no silver bullet of technology,” he says, “but
combining different technologies can be
more successful than any of them.”

—Lori Youmshajekian
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What’s

That Smell?

Al predicts how unknown
chemicals will smell
to humans

TO A HUMAN NOSE, hydrogen sulfide
smellslike rotten eggs, geranyl acetate like
roses. But the problem of guessing how a
new chemical will smell without having
someone sniff it haslong stumped food sci-
entists, perfumersand neuroscientistsalike.

Now, in a study published in Science,
researchers describe a machine-learning
model that does thisjob. The model, called
the Principal Odor Map, predicted smells
for 500,000 molecules that have never
been synthesized—a task that would take
a human 70 years. “Our bandwidth for
profiling moleculesis orders of magnitude
faster,” says Michigan State University
food scientist Emily Mayhew, who co-led
the study.

Principal Odor Map

Scientists assembled a data set of about 5,000 molecules, each described by various odor “labels” and
structural features, resulting in a principal odor map encompassing 256 dimensions.

To create this chart, researchers compressed the 256-dimensional data into two dimensions: principal
component 1 (PC1, shown on the x axis) and principal component 2 (PC2, shown on the y axis). Together,
PC1and PC2 capture 28 percent of the information contained in the full data set.

Tinted areas indicate
high concentrations
of molecules labeled
with these broad
odor categories:

Each gray dot
represents
a molecule

|

PC2 Coordinates

\ Floral ‘LQ

Meaty WEO
Ethereal %

Outlined areas /
indicate high
concentrations of
molecules labeled
with the subcategories
named on the chart

Fermented

Jasmine

T
-2 -1

PC1 Coordinates

Source: Modified version of a chart from “A Principal Odor Map Unifies Diverse Tasks in Olfactory Perception,”

by Brian K. Lee et al., in Science, Vol. 381; September 1, 2023. Reproduced with permission.

Into the Deep When did fish
first populate the deepest seas?

The strange life-forms lurking
in Earth’s deepest seas may
seem primordial, as if they are as old as the
oceans themselves. But the truth is that
these fish and other animals took hundreds
of millions of years to adapt to the pressure,
cold and darkness of the depths, and a re-
cent study helps pinpoint vertebrates’ entry
into this inky realm. The rarity of deep-sea
fossils had previously left paleontologists
with only a patchy understanding of life in
the ancient deep. Now fossilized feeding
traces created by hungry fish, described in
the Proceedings of the National Academy of
Sciences USA, indicate they were swimming
in the deep seas by 130 million years ago.
The telltale fossils were first discovered
adecade ago in Italy’s Palombini Shale For-
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mation, which once lay roughly 6,500 feet
below the surface of the Cretaceous seas.
These fossils didn’t preserve the ancient
fish themselves but rather recorded their
behavior: the fish left behind a variety of
pits, scrapes and sinuous trails in the sedi-
ments on the ocean floor.

No one knew what to make of these
markings at first. “It took more than 10 years
to realize the true nature of the trace fos-
sils,” says Andrea Baucon, a paleontologist
at the University of Genoa. But after he ob-
served modern Mediterranean fish creating
similar structures, he says, “a light went on
in my head.” By studying the behavior of liv-
ing fish, Baucon and his colleagues identi-
fied what probably created the ancient
marks. The pits, for example, appear to have

© 2023 Scientific American

been made by fish that could jet water at
the sediment to reveal hiding prey. The dis-
tinctive two-lobed scrapes were created by
fish mouthing at the bottom to catch worms,
and the S-shaped trails were created by a
fish flicking its tail back and forth as it
swam just above the seafloor. The results
suggest that several fish species were living
in deep waters and hunting for squishy prey
by the Early Cretaceous period—37 million
years earlier than indicated by previous fos-
sil evidence of deep-sea vertebrates.

“The study is a superb example of how
trace fossils can fill huge gaps in our under-
standing,” says Emory University paleontol-
ogist Anthony Martin, who was not involved
in the work.

This updated time line also hints at why
fish adapted to such ocean extremes—they
may have been following their wormlike in-
vertebrate prey, Baucon says. These inver-
tebrates spread because of changes in the
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https://www.pnas.org/doi/abs/10.1073/pnas.2306164120?af=R
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The color of light is defined by its wave-
length, but there’s no such simple relation-
ship between a molecule’s physical proper-
ties and its smell. A tiny structural tweak
can drastically alter a molecule’s odor;
conversely, chemicals can smell similar
even with different molecular structures.
Earlier machine-learning models found
associations between the chemical proper-
ties of known odorants (called chemoin-
formatics) and their smells, but predictive
performance was limited.

Inthe new study, the researcherstrained
a neural network with 5,000 known odor-
ants to emphasize 256 chemical features
according to how much they affect a mole-
cule’s odor. Rather than using standard
chemoinformatics, “they built their own,”
says Pablo Meyer Rojas, a computational
biologist at IBM Research, who was not in-
volved in the study. “They directly inferred
the properties that are related to smell,” he
says—although how the model arrives at
these predictions is too complex for a hu-
man tounderstand.

The model createsagiant map of odors,
with each molecule’s coordinates deter-
mined by its chemical properties. The

model also predicts how each molecule
will smell toa human, using 55 descriptive
labels such as “grassy” or “woody.” Re-
markably, similar-smelling odorants ap-
peared in clusters on the map—a feature
prior odor maps couldn’t achieve.

The team then compared the model’s
scent predictions with the judgments of
15 humans trained to describe new odor-
ants. The model’s predictions were as close
asthose of any human judge to the panel’s
average descriptions of the new scents. It
could also predict an odor’s intensity and
how similar two molecules would smell—
two things it was not explicitly designed to
do. “That wasareally cool surprise,” May-
hew says.

The model’s main limitation is that it
can predict the odors of only single mole-
cules; in the real world of perfumes and
stinky trash bags, smells are almost always
olfactory medleys. “Mixture perception is
the next frontier,” Mayhew says. The vast
number of possible combinations makes
predicting mixtures exponentially more
difficult, but “the first step is understand-
ingwhat each molecule smellslike,” Meyer
Rojas says. —Simon Makin

Wild Horizons/Universal Images Group via Getty Images

A modern-day floor-dwelling
fish (Synodus intermedius)

nutrients available in the ocean’s depths.
Deep-sea fish are carnivores, explains ma-
rine biologist Elizabeth Miller of the Univer-
sity of Oklahoma, who was not involved in

the work. So “without something to eat [be-

sides] each other, it’s difficult to imagine

fishes making a living in the deep sea.”
—Riley Black

| |
Quick Hits

By Lori Youmshajekian
Scientists discovered a previously

m unknown ninth species of pango-
lin by using contraband bits of the animals’
natural armor confiscated in Hong Kong
and Yunnan. The anteaterlike creatures are
among the world’s most trafficked animals,
prized for meat and distinctive scales that
some believe have medicinal properties.
Melting ice in Norway has re-
vealed a 4,000-year-old arrow,
probably shot by a hunter pursuing reindeer.
A team of glacial archaeologists, racing
against climate change to save thawing arti-

facts, stumbled on the weapon in the
Jotunheimen mountain range.
A virus was discovered in

PACIFIC OCEAN
_ the Mariana Trench al-

most 30,000 feet below the surface, the
deepest a virus has been detected in the
ocean. It infects bacteria found in deep-sea
sediments and hydrothermal vents.
A collision betwe.e.n two moons
a few hundred million years ago
may have formed Saturn’s most famous fea-
ture. Simulations show how the crash scat-

tered rock and ice, with some of the debris
forming the present-day rings.

A conservation group
named African Parks will
rewild 2,000 Southern White Rhinoceroses
to protected areas across the continent
over the next 10 years. The rhinos were pur-
chased this year from a controversial cap-

tive-rhino breeding project.
A previously unknown Indo-

TURKEY
European language, spoken

3,000 years ago, was discovered on a clay
tablet at Bogazkdy-Hattusa, the site of
the ancient capital of the Hittite Empire.
Researchers believe the text documents
a foreign religious ritual of interest to Hit-
tite scribes.

Two 476,000-year-old logs un-
covered in a riverbed near Ka-

lambo Falls, along with several wood tools,
may be the oldest example to date of early
humans using wood to build. The water-pre-
served logs were found fitted together with
a carved notch.

SOUTH AFRICA

For more details, visit www.ScientificAmerican.com/
dec2023/advances

DECEMBER 2023 SCIENTIFICAMERICAN.COM 17

© 2023 Scientific American



http://ScientificAmerican.com/dec2023/advances
http://ScientificAmerican.com/dec2023/advances
http://www.scientificamerican.com
https://www.cnn.com/2023/09/27/world/new-pangolin-species-discovery-scn/index.html
https://www.cnn.com/2023/09/27/world/new-pangolin-species-discovery-scn/index.html
https://www.cnn.com/2023/09/27/world/new-pangolin-species-discovery-scn/index.html
https://www.nytimes.com/2023/09/28/science/saturn-rings-moons-formation.html
https://www.nytimes.com/2023/09/28/science/saturn-rings-moons-formation.html
https://news.mongabay.com/2023/09/african-parks-to-rewild-2000-rhinos-from-controversial-breeding-program
https://www.livescience.com/archaeology/ritual-text-from-lost-indo-european-language-discovered-on-ancient-clay-tablet-in-turkey
https://www.livescience.com/archaeology/ritual-text-from-lost-indo-european-language-discovered-on-ancient-clay-tablet-in-turkey
https://apnews.com/article/early-humans-oldest-structure-zambia-wood-de6350a2c9704477a2df4e0a5ba8d311

ADVANCES

Building
Knowledge

Scientists sequence
DNA from a chunk of
a Mesopotamian palace

THOUSANDS OF YEARS ago peoplebuild-
ing a palace molded mud from beside the
TigrisRiver into abrick, scooping up parts
of nearby plants in the process. Research-
ers recently managed to tease discernible
plant DNA from that brick, providing a
rare look at what was growing in Mesopo-
tamia (now part of Iraq) nearly three mil-
lennia ago, according to a study published
in Scientific Reports.

“We were amazed when it turned out
that we were actually able to extract an-
cient DNA from this clay material,” says
co-author Sophie Lund Rasmussen, a biol-
ogist at Denmark’s Aalborg University.
“This paper is primarily a proof of con-

cept; we wanted to share the idea and the
method with the world.”

Although scientists have extracted an-
cient DNA, or aDNA, from bones and lake
sediments before, they hadn’t thought to
try the existing techniques on clay bricks.
Many bricks used to build historic struc-
tures don’t contain enough DNA for re-
searchersto sequence, and bricks are often
baked at high temperatures, which cande-
grade any plant DNA they might contain.

The newly studied brick, currently held
by the National Museum of Denmark, had
been sun-dried instead of fired. It was cre-
ated between 883 and 859 B.C.E. and bears
aninscription in the extinct Akkadian lan-
guage reading “the property of the palace
of Ashurnasirpal, King of Assyria.” A
crackin the center of the brick allowed re-
searchers to take tiny, better-preserved
samples from deep inside.

The researchers sequenced the plant
aDNA in the brick and found evidence of
34 taxonomic groups, including cabbage,
heather, birch and cultivated grasses—
new clues as to what people in this “cradle
of civilization” consumed. Larger aDNA

fragments, along with advances in DNA
sequencing and machine learning (used to
help interpret sequences), could allow re-
searchers to detect distinct plant species.

“Now the real work starts, and we have
todevelop the method further and make it
even more precise,” Rasmussen says. Her
team’s efforts show how aDNA can be
found in materials not generally thought
to contain enough genetic substance to se-
quence, she says.

Ancient DNA sequencing could be used
with other techniques for analyzing plant
material to paint a fuller picture of the past,
says Mads Bakken Thastrup, an archaeo-
botanistat Denmark’s Moesgaard Museum,
who was not involved in the new study. Ar-
chaeobotanists currently examine evidence
of ancient plant life by using chemical pro-
cesses or imaging microscopes; extracting
aDNA “could potentially be a valuable ad-
dition,” Thastrup says. “The findings are
still a bit ‘low resolution,” and the method
willlikely need further development before
we can identify the plants at the species
level. When that becomes possible, it will
be truly interesting.” —Susan Cosier

Plastic Fuel

Waste plastic
becomes hydrogen
gas and a type

of graphene

MATERIALS SCIENCE carbon-free energy

source that can be burned in place of fossil
fuels. But its most common production
method relies on methane, a potent green-
house gas. Other known methods are costly
and resource-intensive. Now researchers
have found a cleaner—and, in theory, prof-
itable—way to make hydrogen gas from
waste plastic. The process also generates
graphene, an extremely valuable, ultrathin
carbon material used in products such as
electronics, concrete and car parts.

This method could help keep heat-
trapping carbon out of the atmosphere,
says James Tour, a Rice University chem-
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istry professor and senior author of a re-
cent study on the topic, published in Ad-
vanced Materials.

For a 2020 study, Tour and his team
used a strong electric current to heat plas-
tic to about 2,700 degrees Celsius for
mere milliseconds (a method
called flash Joule heating),
which breaks down plastic’s
chemical bonds. This tech-
nique produced a type of
graphene that has several
atom-thin sheets of carbon
lattices rather than the typ-
ical single layer. It also re-
leased a gas, but the team
needed to conduct further anal-
ysis to confirm what this gas was.

Now the researchers have found it was up
to 94 percent pure hydrogen.

As part of the new study, the scientists
did a life-cycle assessment of the process
to compare it with other ways of producing
the gas in terms of its cost and emissions.
They found that flash Joule heating could
generate 39 to 84 percent fewer green-
house emissions than other hydrogen-

© 2023 Scientific American

production methods. It could also help pay
for itself by yielding graphene—although the
multilayer version is less in demand, and it’s
unclear what price it might sell for, says Juan
Pablo Trelles, a professor of mechanical and
industrial engineering at the Universi-
ty of Massachusetts Lowell, who
was not involved with the study.

The hydrogen-generating

technique works with mixed
plastic waste and could
also theoretically work for
other carbon-based house-
hold garbage such as card-
board and paper, Tour says.
Using that hydrogen on a large
scale to fuel cars, power plants,
and other systems could reduce
greenhouse gas emissions but would re-
quire fundamental changes to the entire
energy infrastructure.

Tour says multiple companies have ap-
proached him to try to license the process.
“Usually you wait years, and you try to
beg somebody to take a look” at a new pro-
cess or product, he says. “So this is off
the charts.” —Rebecca Sohn
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Moritz Muschick/University of Sheffield

Cryptic Sex

Female stick insects
reproduce without males—
but have a secret

CERTAIN WINGLESS, STICKLIKE insects
thathideinbushesand treesacrosscentral
California have no need for males: these
insects in the 77mema genus are nearly all
female and reproduce without sex by cre-
ating genetic clones of themselves, a pro-
cess called parthenogenesis.

But entomologists occasionally stum-
ble on male T7mema insects, which seem
to have no reproductive function. “We ini-
tially assumed that the males were just er-
rors, as loss of a single X chromosome can
result in an egg developing into a male,”
says ecologist Susana Freitas, who led the
study while working at the University of
Lausanne in Switzerland.

Freitasand her team found that the un-
common males may engage in infrequent
flings with the females. This “cryptic sex”
introduces genetic diversity into stick in-
sect populations and might aid their long-
term survival. The team’s genetic analysis
was recently published in the Proceedings
of the Royal Society B.

Parthenogenesis (meaning “virgin
birth”) is common among invertebrates
and even occurs in some species of birds,
lizards and snakes. For some, it’s a last re-
sort when mating options are limited; for
others, it’s their only method of reproduc-
tion. But creating offspring through clon-
ing results in low genetic diversity, leaving
a population vulnerable to harmful mu-

Timema poppense, a species related to
the stick insects studied in the new work

tations and limiting its ability to adapt to
environmental changes.

To examine the genetic diversity of the
stick insects, researchers extracted DNA
from females and rare males in eight
Timema populations across four species.
They then tracked the position of various
genetic markers in each insect. These
markers stay linked on chromosomes
during asexual reproduction but are re-
shuffled with another individual’s genes
during sexual reproduction.

Most offspring genetically resembled
their female parents. But offspring in two
Timema species showed greater genetic
diversity and fewer linked genes, indicat-
ing cryptic sexual relations. Tellingly, the
genetic profiles of the uncommon males
matched what would be expected from a
rare sexual encounter.

Thediscovery “reinforces the hypothe-
sis that many of the species previously
thought to be anciently asexual in fact en-
gage in sexual reproduction or other forms
of genetic exchange,” says Olga Vakhru-
sheva, an evolutionary biologist at the
Skolkovo Institute of Science and Technol-
ogy in Moscow, who was not involved in
the new work.

These rare interactions, also known to
occur among small crustaceans and water
invertebrates, “could be helping to wash
away any deleterious mutations,” says
Alexis L. Sperling, a crop scientist at the
University of Cambridge, who also was
not involved in the new study. She notes
that many agricultural pests such as
aphids, wasps and flies reproduce asexu-
ally. Cryptic sex or similar strategies could
helpthese peststhrive, Sperlingsuggests—
“but we need more research to be sure.”

—Saugat Bolakhe
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ENVIRONMENTAL HEALTH

Breath

Dirty air harms health
in some surprising ways

AIR POLLUTION is one of the world’s great-
est public health threats, reducing global
life expectancy more than smoking, alcohol
or childhood malnutrition. Recent studies
estimate that fine particulate matter called
PM, ;—pumped out by cars, factories,
woodstoves and wildfires—causes nearly
nine million premature deaths annually,
with South Asia bearing the highest tolls.
PM, ; particles are tiny enough to enter
the bloodstream and lodge in the lungs,
where they contribute to respiratory prob-
lems such asasthma. They also can prompt
heart attacks and strokes. And they have
been linked to diabetes, obesity and de-
mentia and may exacerbate COVID. As
several recent studies demonstrate, the
consequences of dirty air don’t stop there.
“We are finding out that particulate matter
affects almost every aspect of our bodies
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and minds, from cognition to our heart-
beats toour skin,” says Christa Hasenkopf,
anair-quality dataexpert at the University
of Chicago. Though not involved in the
three studies highlighted here, Hasenkopf
expresses no surprise at the results, which
“underscore literally thousands of other

studies that show similar conclusions.”
m Living near high-traffic road-
ways or other areas rife with
PM, s increases the risk of breast cancer by
about 8 percent, according to a study that
examined 15,870 breast cancer patients in
six U.S. states and two cities. Lead author
Alexandra White, an epidemiologist at the
National Institute of Environmental Health
Sciences, speculates that airborne pollut-
ants make people more susceptible tobreast
cancer by disrupting “the normal hor-
monal mechanismsin our bodies.” White is
also studying air pollution’s impact on gy-
necological cancers, and other researchers
have tied it to liver, pancreatic, prostate,

lung and ovarian cancers, among others.
Along with the elderly

he ld
and already ill, babies
tend to suffer the most from air pollution;

it has been shown to impair their lungs,
their immune responses and even their

© 2023 Scientific American

size. Women in northern Europe exposed
toPM, s and other air pollutants give birth
to smaller babies, according to findings
that Robin Mzati Sinsamala, an epidemi-
ologist at Norway’s University of Bergen,
presented recently at a European Respira-
tory Society conference. Fine particles can
penetrate the placenta and affect the “ex-
change of oxygen and nutrients between
the baby and the mother,” Sinsamala says,
noting that infants with low birth weights

face many health risks.
m Inthe U.S., smoke from increas-
ingly large and frequent wild-
firesimpacts more thanjust physical health.
David Molitor, an associate professor of fi-
nanceat the University ofIllinoisat Urbana-
Champaign, and his colleagues have found
thatthe number of suicidesticksupinrural
U.S. counties (though not urban ones) on
smoky days. “It adds a little extra stress,”
Molitor says, “and sometimes that’s all
that’s needed if youre in a vulnerable posi-
tion to begin with.” —TYesse Greenspan

Ifyou or someone you know is struggling
or having thoughts of suicide, help is
available. Call or text the 988 Suicide &
Crisis Lifeline at 988 or use the online
Lifeline Chat.

Peter K. Afriyie


https://www.scientificamerican.com/article/fixing-air-pollution-could-dramatically-improve-health-disparities/
https://www.sciencedirect.com/science/article/pii/S0013935121000487
https://pubmed.ncbi.nlm.nih.gov/30181279/
https://academic.oup.com/jnci/advance-article/doi/10.1093/jnci/djad170/7260521
https://pubmed.ncbi.nlm.nih.gov/36503807/
https://pubmed.ncbi.nlm.nih.gov/34214566/#:~:text=Conclusions%3A Our findings support prior,notable among Latinos and smokers.
https://journals.lww.com/environepidem/Fulltext/2023/08000/Additive_effects_of_10_year_exposures_to_PM2_5_and.12.aspx
https://www.nature.com/articles/s41586-023-05874-3
https://pubmed.ncbi.nlm.nih.gov/35575767/
https://aacrjournals.org/cebp/article/25/5/839/71066/Cancer-Mortality-Risks-from-Long-term-Exposure-to
https://www.ersnet.org/news-and-features/news/mums-exposed-to-air-pollution-give-birth-to-smaller-babies-but-living-in-a-greener-area-may-mitigate-the-risks/
https://www.ersnet.org/news-and-features/news/mums-exposed-to-air-pollution-give-birth-to-smaller-babies-but-living-in-a-greener-area-may-mitigate-the-risks/
https://www.pnas.org/doi/10.1073/pnas.2221621120
https://988lifeline.org/chat/

Support Science
Journalism

Become a Digital subscriber to Scientific American.

Scan to learn more
[=]5 4 =]
M .|

EI._-ﬂ""

= Jd

SCIENTIFIC ==
AMERICAN -

Will Humans —
Ever.Live <
in Spé’b_e? ] ®
to tedMipianc Earth " SCIENTIFIC
' ¢ AMERICAN -}

L4 ks =5 1 Will Humans
ver.Live

October 2023

Sclentific American is a registered trademark of Springer Nature America, Inc.




L

Cold War Horse, a sculpture in Arvada, Colo., by Jeff Gipe,
is a reminder of dangerous contamination from the Rocky Flats
nuclear weapons plant, where Gipe’s father worked for 20 years.
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For decades a Titan missile—sans top, which fell off—stood
in a town park in Kimball, Neb. The missile was removed in
September 2023 after it was deemed a safety hazard.
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The new costs—and long shadow—of living
in a nuclear nation BY ABE STREEP
PHOTOGRAPHY BY NINA BERMAN
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HE POINT OF THE THING was to forever change our concept of power. When the U.S.

military assembled a team of scientists, led by physicist J. Robert Oppenheimer, to

build a nuclear bomb during World War IT with the hope of beating the Nazis to such

aterrible creation, many of those involved saw their efforts as a strange kind of civic

destiny. The Manhattan Project, wrote Richard Rhodes, Pulitzer-winning author
of The Making of the Atomic Bomb, was “compelled from the beginning not by malice or
hatred but by hope for a better world.” Oppenheimer himself once said, “The atomic bomb
was the turn of the screw. It made the prospect of future war unendurable. It hasled usup
those last few steps to the mountain pass; and beyond there is a different country.”

Abe Streepisa
journalist and author
of Brothers on Three:
A True Story of Family,
Resistance, and

Hope on a Reservation
in Montana (Celadon,
2021). He lives in

New Mexico.

We live in that different country now, one in which
it is assumed that the presence of nuclear weapons
makes their use impossible. If one nation strikes, the
thinking goes, we are all obliterated.

As recently as 15 years ago, the sentiment of non-
proliferation seemed durable. Even American secre-
taries of state who held office during the cold war were
advocating for the final drawdown of atomic weapons.
Former president Barack Obama, when he took office
in 2009, wanted a world without them and pushed a
new treaty with Russia to limit the number of de-
ployed warheads in each country’s arsenal. But after
decades of efforts to disarm global powers and reduce
tensions, the screw is now tightening again. Russia has
suspended its participation in the treaty, and it’s be-
lieved that China is increasing the size of its arsenal.

And even while the U.S. was preparing to draw
down its total number of nuclear warheads, it sought
to replace its existing weapons and modernize its de-
livery mechanisms. The weapons, which had been
designed decades ago, were aging, and their upkeep
costhundreds of millions of dollarsayear. In2010 Con-
gressauthorized an update tothe U.S. nuclear triad, the
weapons systems deployable by land, sea and air.

No leg of the triad is as controversial as the inter-
continental ballistic missile (ICBM) system, the arse-
nal of hundreds of weapons spread across 450 under-
ground silos in Montana, North Dakota, Wyoming,
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Colorado and Nebraska. Because the missiles sit in
fixed locations—unlike submarines or aircraft—they
are seen as potentially vulnerable to attack; because
they are considered first-strike weapons, concerns
linger that one could be inadvertently launched; be-
cause of their geographic sprawl, they have an outsize
impact on land use and energy policy. In 2015, two
years before General James Mattis was confirmed as
U.S. secretary of defense, he suggested to the Senate
Armed Services Committee that the military consider
removing land-based missiles altogether.

But around the same time, the Air Force Nuclear
Weapons Center requested the design and construction
of a new missile. The contractor Northrop Grumman
bid onitand won, and by 2021 Congress had authorized
the first investments in an updated nationwide ICBM
system, which is now called Sentinel. Like the Minute-
man III missiles currently in the ground, the Sentinel
missiles will be capable of making a graceful parabolic
arc through the heavens to any place on Earth in order
to destroy it. The $100 billion that will go to Sentinel
representsonly the first step of what is anticipated tobe
a $1.5-trillion investment in the triad, all of which is
predicated on rampingup production of new plutonium
pits, the deadly metallic hearts of nuclear warheads.

Whether the U.S. isturning the screw alittle tighter
toassurealliesin the wake of Russia’s newly aggressive
stance and rising Chinese power or merely furthering
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a profitable, decades-old militarized political agenda
depends on whom you ask. Either way, the upshot is
clear. “I expect the coming decades are going to be a
boom time for the nuclear weapons industry,” says Jef-
frey Lewis, a nonproliferation expert and professor at
the Middlebury Institute of International Studies at
Monterey, Calif.

Robert Webster, deputy director of weapons at Los
Alamos National Laboratory in New Mexico, told me
that Americans have lost their fluency in nuclear
weapons—that is, because of decades of relative sta-
bility, we’ve forgotten how to think about them. “You
need everybody in the world to be on the same level of
understanding so you can maintain this deterrence,”
he says. But global powers treat nuclear weapons as
bargaining chips, and history shows that one country’s
escalation follows its rivals’. The worst-case scenario
is apocalyptic. Even if an uneasy peace persists, we
know from experience that a nuclear buildup—war-
head production and the radioactive shadow it leaves
behind—changes a place. “There’s a cost of entry to
being a nuclear country,” Webster says.

It may be more accurate to say there are many costs
toentry, bothimmediate and lasting. Since the advent
of plutonium production, lessthan a century ago, some
parts of the U.S. have borne more of those costs than
others. This past summer I drove to the city that’s still
making the weapons it was supposed to eradicate the

need for; to the plains where nuclear missiles control
local economies; to a mine 2,000 feet underneath the
desert floor where much of America’s plutonium waste
from weapons production goes to rest. My hope was
to hear from people who live in those communities to
better understand where that era has left them as we
teeter on the edge of anew armsrace. The tour started
an hour away from my house, at the birthplace and
spiritual home of America’s nuclear weapons. “Los
Alamos,” says a sign at the edge of town, “where dis-
coveries are made!”

LOS ALAMOS NATIONAL LAB, N.M.—The place looks
staged, likea film set designed torepresent abadly aging
American suburb: the neat tan buildings, the security
gates, the white domes resembling circus tents that
house vessels full of plutonium waste. On a mesa back-
dropped by the Jemez Mountains, the place now known
as Los Alamos National Laboratory (LANL) and the
surrounding town were created during World War II,
when the government acquired a boys’ school and land
from homesteadersand Indigenous people on the Paja-
rito Plateau. The plateau sits above steep canyons and
arroyos that plummet to the valley floor and the Rio
Grande, New Mexico’s primary artery.

Accordingto Raymond Martinez, director of the De-
partment of Environmental and Cultural Preservation
atthe Pueblo de SanIldefonso, which bordersthelab, the

John Morrison, mayor
of Kimball, Neb., at

his High Point RV Park
in August 2023. For
years the town proudly
called itself the missile
capital of the world.
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Airmen at Camp
Guernsey in Wyoming
train for an attack
scenario in which

an enemy takes over
a convoy vehicle
transporting
anuclear missile.

tribe provided the government land for the war effort,
with an understanding: “As far as our knowledge and
our history that hasbeen shared with us, and the infor-
mation that we have found so far, once the project was
done, the land was supposed to be returned,” he said.
The Jemez are rounded, volcanic mountains, and
they are full of life. There are elk and bear, kestrelsand
ravens, tall grasses and deer, and trout in deep, cool
pools. Itisaplace where Indigenous peoples have come
for millennia to hunt, fish, harvest wood and plants,
and pray. In his 1976 memoir 7%e Names, N. Scott Mo-
maday, the Pulitzer-winning Kiowa author, recalled
years he spent in the Jemez Pueblo as a boy: “Now as I
look back on that long landscape of the Jemez Valley,
it seems to me that I have seen much of the world.”
What Oppenheimer saw on the mesa underneath
the Jemez Mountains wasa place where scientists could
developaweaponinsecret. Early on, citizens of nearby
pueblos helped to construct the town and worked as
housekeepers for scientists. During World War II,
LANL received uranium and plutonium from reactors
at Oak Ridge, Tenn., and Hanford Engineer Works in
Washington State, where the first full-scale nuclear
reactor opened in 1944. The following summer bomb-
ers dropped two payloads on Japan: a uranium bomb,
Little Boy, over Hiroshima and a plutonium device, Fat
Man, over Nagasaki. That fall Oppenheimer resigned
from LANL and was replaced by Norris Bradbury, who
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believed the lab needed to stay open to develop weap-
ons as a deterrent. Even as Los Alamos widened its
focusin the subsequent decades, becominga home for
climate science and nanotechnology research, it con-
tinued to create detonators for nuclear weapons.

Attheheight of the cold war the U.S. manufactured
more than 1,000 plutonium pits a year, most of them
at the Rocky Flats Plant in Colorado. The source ura-
nium for those pits was scraped from the ground in
mines in the Southwest, hundreds of them on Navajo
Nation lands. In 1989 the Rocky Flats Plant was raided
by the Federal Bureau of Investigation after numerous
safety and reporting violations. The plant was shut-
tered; the surrounding land is now a wildlife refuge
abutted by a sleek housing development.

After the closure of Rocky Flats, in 2003 LANL
once again veered back into war-reserve pit produc-
tion. It was soon tasked with making alimited number
of pits for submarines, but that project was scuttled
when it was revealed that scientists had put anumber
of pits side by side for the purpose of taking a photo-
graph—ascenario that, hypothetically, could lead toa
critical nuclear reaction.

Today there are an estimated 20,000 vintage pits
instorage, many of them held in a plant in Texas called
Pantex that disassembles, stores and reassembles old
weapons. Whether those pits retain their efficacy is a
matter of consequential debate. Plutonium produc-
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tion fromuranium began only 80 yearsago, and testing
of nuclear weapons in the U.S. has been discontinued
since the 1990s. “We’re kind of studying the aging as
the experiment happens,” Webster says.

Somestudieshave suggested that America’s stockpiled
pits will probably remain effective for along time. “Asfar
as we can tell, scientifically, there’s no justification for
needing to make new pits at the rate [the government] is
proposing,” says Dylan Spaulding, a senior scientistin the
global security program at the Union of Concerned Sci-
entists, who has done research atboth LANL and Law-
rence Livermore National Laboratory in California.
Lewis of Middlebury’s Institute of International Studies
said the decision to update the arsenal is political and
economic in nature: “We don’t need the new ICBM.”

But the National Nuclear Security Administration
(NNSA) contends that thisupdate is necessary to pre-
vent decay and to maintain institutional expertise
should a war effort become urgent. The U.S. Air Force
maintains that updating the ICBM system is less ex-
pensive than paying to continue extending the life of
the Minuteman III.

In 2018 LANL was told to get ready to produce 30
war-reserve-ready plutonium pits a year by 2026. (A
new facility in South Carolina, under construction,
will eventually contribute at least 50 plutonium pits a
year.) Those will be made with recycled plutonium
atoms sourced from Pantex’s vintage stash of weapons
and inserted into a warhead designed with new com-
ponents. It marks the first time since the end of the
cold war that the nation is manufacturing such a war-
head, called the W87-1, which will be affixed to the end
of the new Sentinel missiles.

To support the production of new plutonium pits,
the annual budget for Los Alamos’s nuclear weapons
program and related construction has recently
swelled to $3.5 billion—more than one-third the size
of New Mexico’s state budget. Webster says his team
ishopingto produce its first war-reserve pit next year,
but according to the Government Accountability
Office, the project isbehind schedule. The labis plan-
ning to hire 1,400 workers, and the city is looking to
find housing for them at a time when an influx of
wealthy residents has reshaped the economic terrain
of northern New Mexico. The county of Los Alamos,
which has a median household income above
$100,000, boasts that its residents “have the highest
per-capita levels of educational attainment of any
community anywhere.”

Even as the new project begins, surrounding com-
munities, many of which experience entrenched pov-
erty, are still dealing with consequences from decades
earlier. Back during the Manhattan Project, when
there was scant environmental regulation, workers
often dumped radioactive waste directly in the ground.
Ataformer nuclear research center called Area C, for
instance, there are still chemicals, including plutoni-
um, uranium and tritium, in unlined shafts and pits
from the Manhattan Project.

Elsewhere at Los Alamosthe Department of Energy
hascommitted toexhumingand removingthe radioac-
tive material and contaminated soils. But at Area Cthe
DOE has proposed a cleanup strategy called “cap and
cover” that keeps the waste in the ground. The state has
objected. “We asked them to excavate the waste, sort
itand dispose of it properly,” says Neelam Dhawan, an

A patch at F. E. Warren
Air Force Base, one

of three bases that
oversees the U.S.
intercontinental ballistic
missile system.
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environmental specialist with the New Mexico Envi-
ronment Department’s hazardous waste bureau.

Webster has maintained that the new production of
pits will be safer than the last go-round, given what we
now know about nuclear waste. Los Alamos is repeat-
edly inspected by the Defense Nuclear Facilities Safety
Board, an oversight agency, which has found numerous
protocol and safety breaches. A report from September
8,2023, said technicians found radioactive material on
aworker’s protective bootie. Later that month electri-
cal contract workers were exposed to hazardous beryl-
lium dust while replacing lights. In 2020 a lab worker
inhaled plutonium oxide powder—a terrifying pros-
pect. This past May an NNSA investigation found that
the lab’s primary contractor in pit production, Triad
National Security, had been negligent with safety pro-
tocols; the NNSA fined the contractor but still funnels
billions of dollars in public money its way.

Webster disputes the idea that the lab has become
less safe. Rather, he says, “we are seeing increased re-
porting of incidents,” and he characterizes that as in-
dicative of robust transparency. But for a state dealing
with the long shadow of nuclear weapons, that’s only
soreassuring. “The nuclearindustry hasleft New Mex-
ico in a vulnerable position,” says James Kenney, sec-
retary of the New Mexico Environment Department.
“Until we do right by those who are most impacted,
we’re not going to have the social license as a federal
government or a state government to move forward.”

F. E. WARREN AIR FORCE BASE, CHEYENNE, WYO.,
AND KIMBALL, NEB.—In western Nebraska, people like
their nukes. In 1968 civic leaders in Kimball, the so-
called missile center of the world, sought one from the
U.S. Air Force todisplay inits town park. They received
aTitan, a precursor to the Minuteman. A local newspa-
perrhapsodized: “The community erected a huge mis-
silein one of its parks to show people it wasn’t kidding.”
Atthetime Kimball was booming thanks to invest-
mentsinnearby missile silosat F. E. Warren Air Force
Base, located just outside Cheyenne, Wyo. But since
1970 Kimball County has shrunk from 6,000 people
toabout 3,300. John Morrison, Kimball’s mayor, who
ownsagasstationand an RV parkin town, told me heis
hoping for a surge of people and business from the Sen-
tinel project: Warren is the first of three air force bases
that will receive the Sentinel missiles, and Northrop
Grumman is designing an elaborate new command
center here. It’ll be the nerve center of anICBM system
connected by a webbed system of transmission lines.
The 53-year-old Minuteman missiles remain op-
erational. But some years from now, the first Sentinel
missile will arrive at Warren and will likely be loaded
onto acontainment vessel. Thisso-called transporter
erector will back up to a flat place in a field, probably
in the vicinity of a farm. Fencing surrounds the place;
underneath the ground, thereisasilo. The airmen op-
erating the erector will use hydraulics to tilt it toward
the skies, and the brand-new missile will slip into the
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ground, where it will await the arrival of its warhead.

Given the location of the silos, it’s possible to think
of the missilesas deadly seeds spread across the prairie.
But the people who operate them see them differently.
“We callita parentand achild,” says Major Cory Seaton,
a 33-year-old missileer at Warren. The child is the
launch facility, including the silo and the missile itself;
the parentsare the missileers sittingabout eight stories
underground at adistant missile alert facility, inside a
capsule containing three switches and a key that, when
turned simultaneously, launch a nuclear strike.

The missileers I met at Warren were young. There
was Second Lieutenant Gavin Jones, 23 years old with
a baby face; he'd joined to get college paid for and be-
cause he liked structure in his life. Too many of his
friendslacked direction, he said. He worked with First
Lieutenant Joshua Wuthrich, 28 years old, who “want-
ed todo something with meaning,” he said. Wuthrich
had become interested in the work when he learned
about Hiroshima asa child. “It stopped the war in two
days,” he said. “The moreIlearned, the moreIlikedit.”

Much of the missileers’ workinvolves security checks
and maintenance; there’s a constant need for them in
these 60-year-old facilities. The equipment inside the
cramped capsules is old, too—there are square moni-
tors, the type of knobs you see in Sean Connery James
Bond films, and a rotary phone. The air force base just
transitioned data from years’ worth of nuclear missile
maintenance and checks off floppy disks.

Outside, past a heavy steel door, is an equipment
room with two rumbling diesel generators, one of
which featured an intake vent covered in duct tape.
Graffiti art covered the walls outside the capsule: im-
ages of missileers golfing, nature scenes, a memorial
toKobe Bryant. Past a blast-proof door, a freight eleva-
tor led back to the surface of the earth. On the elevator
shaft, someone had drawn murals reminiscent of the
postapocalyptic video game Fallout. One read, “Be
aware of the nuclear wasteland!”

Earlier this year it was revealed that more than 100
missileersin Montana have developed cancer, includ-
ing rare forms such as non-Hodgkin’s lymphoma. In
response to the revelations, the air force ordered a
cleanup of missile alert facilities in Montana that have
been shown to contain polychlorinated biphenyls, or
PCBs—toxic chemicals believed to have accumulated
on equipment inside the poorly ventilated capsules.
According to an air force spokesperson, 17 samples
taken at Warren tested positive for PCB, but all were
below acceptable levels. The air force is still testing for
PCBs and other potential hazards there.

Theair force is not digging any newsilos, but it does
plan to redesign the old ones. The current silos de-
scend as deep as 90 feet underground and have con-
crete casings—features designed to help the nukes
withstand a potential enemy attack. But the new silos
will be closer to the surface and will have less armor.
(Northrop Grumman, which has a $13.3-billion gov-
ernment contract to design the Sentinel missile and
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related infrastructure, did not release further details.)
When the first silos were dug, their precise locations
were a secret. That’s no longer the case; Russia and
China know where they are.

Asan added layer of security, the military is using
anew, high-performance helicopter, the Boeing Grey
Wolf, tobeable toswiftly respond to any threatstomissile
silos. The Grey Wolf is said to be 50 percent faster than
its predecessor. But it has been locally controversial.

Warren’s silos alone cover nearly 10,000 square
miles in Wyoming, Nebraska and northern Colorado.
For years wind-energy companies had been looking to
develop projects near missile silo farms in Nebraska.
Air force regulations held that any turbines need to be
located at least 1,200 feet from silos, and the companies
had drawn up plans accordingly. But the air force re-
cently extended this setback to 2.3 miles out of concern
that rotating turbines might interfere with the new
helicopters. That change has greatly reduced the size
of what would have been Nebraska’s largest wind-en-
ergy project. “They say thisis anecessary thingto pro-
tect our country,” says Jim Young, a longtime farmer
and landowner in western Nebraska, who supportsthe
wind project because it would reduce property taxes.
“Depends if you believe that or not.”

Northrop Grumman is planning to build a live-in
camp for around 2,500 workers who will revamp the
transmission infrastructure needed to rewire and re-

connect Warren’s 150 silos. The incoming workers,
however, aren’t expected to be permanent. Mayor
Morrison is aware of the reputation of such workers—
temporary “man camps” have been associated with
increased crime—and says Kimball has already
bumped up funding for law enforcement.

But Morrison expresses no hesitation about the
project. Maybe it will even result in anew missile in the
town park. The old Titan stood for decadesuntil some-
one from the air force showed up in the early 1990s to
remove its upper half, out of concern that it might be
emitting radiation. A new tip was affixed but poorly,
and a wind event later brought it crashing to the
ground. Pigeons roosted inside the exposed shaft.
“Quite a bit of pigeon poop had gotten into there,”
Morrison says. The community took the Titan down
this past September. Morrison initially wanted to re-
place it with both a Minuteman and a Sentinel, but he
had been told that might entail too much radiation.

RIO GRANDE VALLEY, N.M.—New Mexico hasincred-
ible green chile, world-class elk hunting and sporadic
bursts of open political graft. It’s also known for its
spectacular billboards. Casinos promote maturing
rockers, and Albuquerque features a veritable
ecosystem of personal-injury attorney ads. In the
1990s people traveling through the state were treated
to a sign funded by an activist group that read:

Biochemist Michael
Ketterer takes soil
samples in Truchas,
N.M., to look for
plutonium residue from
the Trinity test, Los
Alamos weapons
production and the
Nevada nuclear tests.
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' A remembrance event was held for cancervictims inLasCruces, ﬁ;%
N.M.;:in July-2023, organized by the Tularosa Basin Downwinders 4
Consortium. New Mexicans exposed to fallout from the 1945

“Trinity test have never been eligible for government'support.
4 ; I’.‘
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Gt i A “WELCOME TO NEW MEXICO, AMERICA’S NU-
N, g [y CLEAR WEAPONS COLONY.” Drive around the
5 e o 2 communities near Los Alamos these days, though,
s - 2 R L and you’ll see the lab’s own messaging campaign.
o, ! This summer one billboard showed a smiling young
woman in a lab coat with gloves. “Radiation Control
Technicians Are Vital to Operations at LANL,” it read,
next to a promotion for a job-training program at
Northern New Mexico College.
I passed by it in June while driving to Moving Arts
Espaiiola on Ohkay Owingeh Pueblo. Inside, about 20
people had gathered to discuss how the government
would clean up radioactive and chemical waste at Los
Alamos. Under a wall display of masks, cooks served
tostadas with fresh salsa. Michael Mikolanis, who man-
ages the field office at Los Alamos for the DOE’s Office
of Environmental Management, stood out for hisjacket
and tie and a conspicuously big turquoise bracelet.
Mikolanis studied nuclear engineering in college
and served on a nuclear submarine in the U.S. Navy
before eventually pivoting to a career of cleaning up
nuclear waste. Two years ago he was sent to New Mex-
ico, where he is tasked with improving a complicated
relationship between Oppenheimer’s city on the hill
and neighboring communities. As journalist Alicia
¥ Inez Guzman, who grew up nearby, put it in a recent
b article for Searchlight New Mexico, “There’s a kind of
L mental acrobatics required to compartmentalize these
?g‘ different realities—the opportunity and the harm, the
secrets and the consent.”

For nearly two decades Los Alamosused hexavalent
chromium to prevent scaling in water-cooling towers
at a power plant that supplied the lab. The chemical is
toxicand isthought to cause cancer when ingested. Of-
tenthelabjust flushed the hexavalent chromium down
canyons toward the Rio Grande, and in 2004 scientists
reported that it had leached deep into the ground. It is
now in theaquifer’s groundwater, and although a moni-
toring well on the Pueblo de SanIldefonso hasn’t shown
evidence of contamination, the plume is awfully close.
“We don’t have a very good understanding of where it
dripped into the aquifer,” Dhawan says.

To mitigate the underground plume, the DOE spent
$120 million on monitoring and treatment systems;
extraction wells that remove contaminated water; and
injection wells that send treated water back into the
ground. But the New Mexico Environment Depart-
ment hasexpressed concernthat the injections of clean
water could move the plume toward San Ildefonso.
The DOE has temporarily paused some of the injec-
tions. There are plans todrill another monitoring well.
Meanwhile the plume creeps.

Then there’s the radioactive material from the
Manhattan Project and the cold war—what the DOE
calls “legacy waste,” which is found at old weapons-
developmentsites. It rains alot in New Mexico during
the summer—enough to cause flash flooding and to
reshape arroyos; a 1999 study by scientists from Los
Alamos found evidence of unnatural plutonium and
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Most of Mary Martinez
White’s family members
have had cancer; some
have died from it. She
has long advocated for
Congress to extend
benefits to New
Mexicans affected

by the Trinity test.

uranium levels in the bed of Cochiti Lake, down-
stream, on the Pueblo de Cochiti. To prevent storm
runoff from carrying plutonium and other radioactive
waste to the Rio Grande, the government constructed
weirs to redirect rainstorms into catchment and moni-
toring zones at human-made wetlands in 2000.

Over dinner, Mikolanis spoke rapid-fire about tak-
ingouta “loan of trust” and wanting to improve trans-
parency. He acknowledged that the government has
earned skepticism from local communities, but he still
needed to project assurance. He noted to me that the
plutonium found in Cochiti Lake was “1,000 times
below levels that would generally trigger cleanup for
radiological concerns” and suggested that the uranium
found there might have come from a nearby mine. Re-
garding the risk of extreme weather, he said, “a num-
ber of controls and measures are put in place” to keep
contaminants secure. Fully harnessing a monsoon,
though, is like extinguishing a megafire, another at-
tendant threat to Los Alamos: it’s not possible.

Los Alamos has long downplayed concerns about
undiscovered contamination, trying to assure local
communities that all the legacy waste from the Man-
hattan Project era has been identified. In 2020, how-
ever, construction workers digging a sewer came
acrossa previously unidentified disposal area that was
revealed to contain plutonium and uranium. What’s
important, Mikolanis emphasized, is that he promptly
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and frankly communicated about it to neighboring
communities and nations. “That transparency, that
accountability, should still earn their trust,” he said,
“because things will happen.”

After dinner, Mikolanis and his colleagues spoke
for nearly an hour, giving an overview of the cleanup
projectsathand. The room was dark, so attendees had
trouble making out both the slides and a handout cov-
ered in acronyms. Then we were asked to move to
breakout tables, where, for 10 minutes at a time, staff-
ersasked pointed questions about the priorities of the
constituents. It was basically speed-dating but for
nuclear-waste mitigation.

I sat with Kathy Wan Povi Sanchez, an Elder from
San Ildefonso Pueblo and a co-founding mother of
Tewa Women United. She wore her silver hair swept
backand aKN95 mask hanging from abeaded necklace.
Her first match was Mike Narkter, a communications
official for a subcontractor that works for another con-
tractor that receives $230 million a year for the legacy
waste cleanup. Narkter asked what her priority was.

“Iguessbeingadual citizen,” Sanchezsaid, “Ithink
it’s not so much prioritizing.” She gave him a history
lesson—about the neglect of those who made the
bomb, about the disrespect to cultural sites, about the
waste creeping toward land her people had tended
since time immemorial. “Nothing that is put in the
ground stays immobile,” she said. She noted the pub-
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licly funded vocational program at Northern New
Mexico College to train workers to handle radioactive
waste—the subject of the new billboard advertise-
ments. “Tome that’s not valuing the cultural aspect of
a person to choose what will be a sustainable way of
being tied to the land base that they come from.”
Among the most heavily guarded facilities at Los
Alamos is a region called Area G, which is close to San
Ildefonso tribal lands. Here lab workers manage and
dispose of plutonium lingering from decades ago. Liq-
uid waste produced during the processing of plutonium
has been entombed in cement that is encased in cor-
rugated metal piping. In one of the white domes, a mas-
sive conveyer belt runs the piping toward a device that
slices it into manageably sized pieces. It looks like the
world’s biggest cigar cutter. Sanchez said the removal
of these plugs wasn’t enough. “Just because they dug it
up, sent out that cement canister thing, doesn’t mean
theland around there hasbeen remediated.” She asked
Narkter if she was making sense, and he allowed that it
was “alot tounpack.” A buzzer sounded. Time was up.
Narkter moved to another table, and a woman
named Sarah Chandler came to replace him. Chandler
wanted to know what Sanchez was most concerned
about. Sanchezexplained that there were a few things.
“We're wandering in trauma while the labis still trying
to clean up,” she said, adding that the lab had not
helped itself by “being so sloppy and messy the way
they did the business and from the beginning being so
arrogant.” She suggested that the lab conduct more
outreach to other tribal nations. A buzzer sounded.
Someone else arrived and asked Sanchez what values
should guide the cleanup. They asked again and again
until Sanchez said what she really wanted Los Ala-

mos’s nuclear weapons program to do: “Get out of
there. Get your dirty-work business out of there.”

To the north of Area G, a steep, rocky chute called
Mortandad Canyon reaches down the Pajarito Plateau
like a crooked finger toward the Rio Grande Valley,
carrying runoff to the river. When Sanchez and her
husband, J. Gilbert Sanchez, a former San Ildefonso
governor, were growing up in the 1950s, they and their
friends and family fished in the river. He told me he
would run down with hot tortillas and fry up silver
minnows to eat. Then one day he was warned not to eat
fish from the river. He hasn’t fished there since. “From
my understanding of the history, LANL was created
with the understanding it would revert back to us after
the war ended,” Gilbert Sanchez said when I talked to
him monthslater. “The war has never ended, I guess.”

THE PERMIAN BASIN, SOUTHERN NEW MEXICO—
If the communities surrounding Los Alamos have a
fraught relationship with America’s nuclear weapons
industry, matters are less politically complex where
Los Alamos’s plutonium goes to rest. The final reposi-
tory for much of the U.S.’s transuranic nuclear waste
is a mine, the Waste Isolation Pilot Plant, or WIPP,
located in the southern part of New Mexico, between
Carlsbad and the oil town of Hobbs. “WIPPis the com-
munity,” says Carlsbad city councilman JJ Chavez, who
also happens to work at WIPP as an environmental
support supervisor, “and the community is WIPP.”
The company-town inclination datesback decades.
Before the advent of hydraulic fracturing caused the
latest oil boom here—horizontal drilling has turned
the Permian Basin, which stretches from New Mexico
into Texas, into the nation’s largest oil reserve—this

Luminaria remembrance
event for cancer victims
was organized by

the Tularosa Basin
Downwinders Consor-
tium in July 2023.
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A missile park is located
on the U.S. Army White
Sands Missile Range

in New Mexico, near
where the Trinity test
was conducted in 1945.

region wasa potash-mining community. That business
was temperamental, and town leaders saw nuclear-
waste storage as ajob-creation vehicle. Soin the 1970s
they advocated for an underground repository. Con-
gress authorized exploration, which started in 1981,
with minersdrilling toward a 2,000-foot-thick bed of
rock salt left behind by the Permian Sea. It is ever shift-
ing, so tunnels bored inside the salt will eventually
collapse on themselves, encasing anything within. “I
believe that’s the greatest resource we have in this
county,” says Farok Sharif, a former president of Nu-
clear Waste Partnership, the contractor that managed
WIPP until last year. “Pristine salt.”

It wasn’t until 1992 that Congress passed a bill, the
Land Withdrawal Act, that gave WIPP spacetooperate.
Seven yearslater the mine started storing transuranic
waste from weapons production. The waste arrives
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inside cylindrical steel containers holding 55-gallon
drums full of contaminated gloves, rags and protective
booties, as well as the cement plugs that encase what
was once liquid plutonium. The vessels are driven on
tractor trailers from Los Alamos or other sites in the
nationwide nuclear complex, past the scars of old ura-
nium mines and down toward the southern desert,
where Oppenheimer and his colleagues tested the
world’s first nuclear bomb in 1945.

WIPP sits amid oak and cactus in a great flat; air
shafts rise out of the ground, funneling oxygen into the
mine below. At a warehouse the drums are removed
from the steel containers and loaded onto a forklift, then
sentdown an old freight elevator. The elevator descends
toanetworkof mine-shaftaccessareasknown as panels.
Each panel contains seven rooms; they are lined with
bolted metal fencing to keep small pieces of salt from fall -
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ingintoo quickly. Here the waste goestositand await the
glinting salt. Eventually the fencing will fall inward.

Down in the salt, miners wear powerful headlamps
and helmets while drivingaround in open vehiclesand
stand on lifts while bolting in new fencing. In the eleva-
tor shaft, people talk about bass fishing. Up on the
surface, WIPP is a busy place on account of a massive,
$500-million construction project to build two new
structures—one that filters salt out of the air coming
from a shaft below and one equipped with an advanced
filtration system that can treat any unintended radio-
logical releases from underground.

During a tour of the construction in August, com-
munications officials made oblique references to “the
events” that had necessitated this new ventilation sys-
tem: avehicle fire and then a radiological release, both
in2014. The latter event was caused by acompromised

drum that had been improperly sealed at Los Alamos.
In advance of my visit, one of the communications of-
ficials was careful to emphasize that, despite the large
new buildings I'd see, WIPP is not expanding. The of-
ficial line is that the facility is updating its infrastruc-
ture and moving toward filling up its congressionally
mandated space.

But opponents of nuclear weapons modernization
point out that WIPP and Los Alamos are inextricably
linked because the production of new warheadsrequires
arepository for waste products. For much of the past
year WIPP was negotiating with the state over arenewal
permit allowing it to construct two more long-planned
panels. On the tour, Ken Harrawood, president of SIM-
CO, the contractor managing WIPP, pointed me toward
amap of the facility and said, “We are not expanding
the scope, but we are in fact expanding the footprint.”

“No, we are not expanding the footprint,” said our
guide, a DOE spokesperson.

“Yeah, weare,” Harrawood replied. “We areadding
panelsin the mine to receive the same amount of waste
that’salways been approved.”

The absurdity of this moment cut to the quick of
America’s nuclear project. The weapons complex is
spread through multiple bureaucracies; each one is
responsible only for its own discrete tasks and relies on
language that can be gymnastic. The officials who man-
ufacture warheads often use less aggressive phrases
such as “modernization program” to refer to new invest-
mentsinthetriad; those responsible for cleanup suggest
reliability, even in the face of incontrovertible “events”;
those overseeing the missiles call them “children.”

In 1987 feminist scholar Carol Cohn published a
classicacademicessay, “Sex and Death in the Rational
World of Defense Intellectuals,” examining the curi-
ous rhetoric of the nuclear weapons complex. Cohn
interrogated the obvious phallic imagery of the mis-
sile—“If disarmament is emasculation, how could any
real man even consider it?”—but also the more subtle
linguistic obfuscations that, she theorized, frame the
existence of nuclear weapons as at once beneficial, in-
evitable and controllable. This animating political
logic drives the project’s forward momentum. “The
old cold war never really ended institutionally,” says
Zia Mian, co-director of Princeton University’s Pro-
gram on Science and Global Security. “The core struc-
tures remain exactly the same.”

In October, New Mexico approved WIPP’s permit
for the new panels, with conditions: the facility must
prioritize legacy waste over new plutonium, and
should Congress dictate an expansion of the mine’s
intake, the state will immediately begin the process of
closing WIPP down. But Kenney, the New Mexico En-
vironment Department secretary, ultimately wants
WIPP to remain open. “Isit safe for the pueblosaround
LANL and the city of Santa Fe to have that waste re-
main at Los Alamos?” he asks. “Idon’t think so.”

“Thisisareally, really important project for the na-
tion,” Harrawood says. That project requires workers,
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and recruitmentisachallenge given the easy availability
of high-paying oil jobs. The DOE has invested nearly
$12 million in job-training curricula for radiological
workers at nearby Southeast New Mexico College. Ac-
cordingto David Porter, an Idaho contractor and nucle-
arindustry veteran who designed some of the programs,
students can pay $5,000 and emerge froma four-month
radiological control technician course with a strong
likelihood of a job at WIPP or Los Alamos. To maxi-
mize the efficiency of the training, Porter has stripped
out ancillary lessons. “We don’t do English, sociology
or psychology. It’s alljust the industry,” he says. “Folks
graduate on Friday, and they go to work Monday.” It is
a vertically integrated nuclear employment system,
allowing applicants to choose whether they wish to
handle America’s plutonium atitscradle or atits grave.

TULAROSA AND TRINITY TEST SITE, SOUTHERN
NEW MEXICO—Spend 40 minutes at the Bradbury
Science Museum in Los Alamos, and you can watch a
plutonium bomb detonate on repeat. Inside the mu-
seum, which commemorates the atomic age, footage
loops of the Trinity test, the 1945 explosion in south-
ern New Mexico that marked the world’s first nuclear
detonation and preceded the bombings of Hiroshima
and Nagasaki. In adarkened theater, the detonation of
the so-called gadget is blinding. The light fills the
room; the light takes away everything.

The Bradbury Museum refers to the Trinity test site
asremote. If you spend time in rural parts of the coun-
try, thisisacharacterization you encounter often: places
lacking human density are remote, a word that implies
vacancy. But remoteness depends on your center.

Tularosa, or Tulie, asit’s locally known, is a town of
about 2,500 people on the desert floor at the foot of the
Sacramento Mountains, about a four-hour drive south
from Los Alamos. The region was settled in the 1860s
by Spanish settlers who warred with the area’s original
stewards, the Mescalero Apache, who still live nearby.
The settlersdeveloped ranches here, attended mass at
anold mission church, and served in the U.S. military.
In 1945, when Oppenheimer’s gadget blew up about
60 milesto the northwest, Tularosaresidentsreported
being knocked to the ground.

Soon scientists at Lawrence Livermore National
Laboratory will begin using El Capitan: a supercom-
puter billed as the strongest in the world, which will
“facilitate regular use of high-resolution 3-D simula-
tions of W87-1warhead in operation.” In other words,
El Capitan will perform nuclear weapon tests virtually
so they do not need to be done in the physical world.
“You would never go back to aboveground testing,”
Webster of Los Alamos says. “We had to stop that.
There was too much fallout.”

Mary Martinez White grew up in Tularosa in the
1950s and 1960s. Her father worked at Holloman Air
Force Base near Alamogordo, ordering supplies for
daily operations. At the time of the Trinity test, heand
White’s mother were living in Carrizozo, a railroad
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town that is even closer to the explosion site. He was
proud of his work, and he died of leukemia. When
White was 10, her brother’s friend, who was 27, died
of leukemia. White’s mother and sister died of cancer;
three other siblings have survived cancer.

“Downwinders,” astheyare called, in Nevada, Utah
and Arizona who suffered negative health impacts
from cold war-era nuclear weapons tests performed
at the Nevada Test Site have long been eligible for fi-
nancial support. But such benefits have never been
extended to New Mexicans affected by the Trinity test.

White has long advocated for Congress to do so.
“New Mexico was predominantly people of color,”
White says. “Mescaleros, Mexican Americans. We
didn’t have running water. We were a dispensable,
disposable population.” Still, she describes her family
as patriotic. She lost a nephew who served in the U.S.
Army Special Forces in the Iraq War. “It’s unnerving
to think the government is not acknowledging you
when they’re looking to you for so much,” she says.

Earlier this year, in the wake of Christopher Nolan’s
movie Oppenheimer, the U.S. Senate passed a measure
that could offer New Mexicans who developed cancers
after being exposed to radiation from the Trinity test
$150,000 and medical bill coverage. The bill would
also extend support to Navajo uranium miners who
have been excluded from downwinder benefits. The
measure is tied up in a larger defense-spending pack-
age, but White seems cautiously optimistic. “We are
closer than we have ever been before, but we know how
much westill havetolose,” she says. White is especially
frustrated by the investment of federal dollars in job-
training programs to recruit young people from com-
munities like hers. “The first weapons were tested on
us,” she says, “and now our kids are funneled into it.”

Has she ever visited the Trinity test site?

“No,” she says. She has no desire to go. She’s been
there all her life.

North of Tularosa, the highway intersects another
road at Carrizozo. Left past the sharp black volcanic for-
mations, the land starts to roll. There is sotol and sage
and wispy grasses. Near Bingham a turnoff heads back
to the south, past signs advertising Trinitite—the eerie
green glasslike rock that the Trinity test created when
the reaction melted the sand. I turned down that dirt
road and drove toarise from whichIcould see the sculpt-
ed ridge of the Oscura Mountains to the southeast and
the San Andres Mountains to the southwest. Down the
valley, way in the distance, a blue peak gathered a rain-
cloud. In the center of everything was a sprawling flat
where, 78 years ago, an explosion turned the sky white.

If you didn’t know what you were looking at, you
might thinkof it asempty—a canvas, aplace toreshape
in one’s own image. That’s what certain Americans
have done for generations in these wide-open spaces,
out of malice or naivete or hope. We rush forward; we
cannot imagine the past collecting its due. Heat shim-
mered on the still land. Then the wind picked up. ®

With reporting by Nina Berman.
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ITHIN EVERY AMERICAN nuclear weapon sits a bowling-ball-size
sphere of the strangest element on the planet. This sphere, called
a plutonium pit, is the bomb’s central core. It’s surrounded by
conventional explosives. When those explosives blow, the plu-
tonium is compressed, and its atoms begin to split, releasing
radiation and heating the material around it. The reaction ignites the sequence of events
that makes nuclear weapons nuclear.

Inearly nuclear bombs, like the onesthe
U.S. dropped on Japan in World War I1, the
fission of plutonium or uranium and the
fatal energy released were the end of the
story. In modern weapons, plutonium fis-
sion ignites a second, more powerful stage
in which hydrogen atoms undergo nuclear
fusion, releasing even more energy. The
U.S. hasn’t made these pits in a significant
way since the late 1980s.

Butthatischanging. The countryismod-
ernizing its nuclear arsenal, making up-
grades to old weapons and building new
ones. The effort includes updated missiles,
anew weapon design, alterationstoexisting
designsand new pits. Toaccomplish the last
item, the National Nuclear Security Admin-
istration hasenacted a controversial plan to
produce 50 new pitsayear at the Savannah
River Sitein South Carolinaand 30 pitsayear
at Los Alamos National Laboratory in New
Mexico, thebirthplace of thebomb. The first
pits will be designed for a weap-

oneknowswhen the original pits will expire.
Thedetailsof how the pitsare made and how
they work areamong America’s most closely
guarded secrets. YetinJune2023Los Alamos
officialsinvited agroup of journalists to tour
the facility for the first time in years.

We were there asthe laband the broader
National Nuclear Security Administration
Complex were embarking on a charm of-
fensive to support the new plutonium
work. They have to win over the tax-paying
publicand recruit some 2,500 new employ-
eesfor the job. Some of those workers must
do high-hazard work that requires exper-
tise the country haslargely let slip since the
last days of the cold war. Back then, many
thought the world was heading toward dis-
armament, and the skills necessary for a
nuclear resurgence seemed unlikely to be
called for. That’s not quite what happened.
Instead Chinaisrapidly growingits nuclear
arsenal, and Russia, at war with Ukraine,

touts new missile tests and its

on called W87-1, which will tip

Sarah Scolesisa

own nuclear modernization.

the new intercontinental ballis-
ticmissile, called Sentinel. After
that the complex will produce
pits for other bomb designs.
Not everyone believes this
workisnecessary. Pit production
foments controversybecauseit’s
costly and potentially risky and
because the existing pits might
still work for awhile. The physics
of plutoniumiscomplex, and no
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The U.S.isdoing the same. The
world order feels fragile; the
renewed focus on nuclear
weapons threatens to create a
21st-century arms race and an
increased reliance on the shaky
peace that nuclear weapons
may or may not help keep.

MUCH OF THE PLUTONIUM
work at Los Alamos takes place

© 2023 Scientific American

in a building called PF-4, which is located
south of town in a part of the lab complex
called Tech Area 55. It is one of the most
highly guarded parts of the lab. Before our
tour, we're told to survey our hands, fore-
arms and ankles for scrapes or scratches
into which radioactive contamination
could slip. Onto these abrasions we’re in-
structed to place technical protection:
Band-Aids. The message is repeated with-
inthebuilding by asign thatinstructsthose
entering to “occlude your wound.”

Ajarringmix of upbeat friendlinessand
deadly seriousness greets us at the facility.
A cheerful wood sign outside the building
welcomes visitors, and security guards fist-
bump aswe walkin. But those same guards
wear long guns, and their eyes swivel tight-
ly as we pass through a TSA-like portal into
thebowels of the building. A security force
will follow the group—who have been
parted from phones, cameras and record-
ers, as well as all metal, nylon and polyes-
ter—the entire afternoon.

Once we're past the initial screening, we
step into an airlock with yellow doors on
either side of a capsular room. Only one
door canbe open at a time to keep potential
radiological contaminantstrapped within
PF-4. After we pass through without set-
ting off the alarm, we put on anticontami-
nation lab coats—color-coded red for visi-
tors without security clearance and yellow
forthe people whobelong here. We scrunch
disposable booties over our shoes (the se-

Los Alamos National Laboratory (preceding page)
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Los Alamos National Laboratory

At Los Alamos’s Plutonium Facility, in a building called PF-4, the U.S. plans to produce new plutonium pits for a renewed nuclear weapons program.

curity guards get camo shoe covers). Safety
goggles slip over our faces, and radiation
badgesare clipped to our fronts, measuring
theinvisible energy and particles that whip
through them. All plutonium work has
been paused for the day to conceal the clas-
sified details of pit production.

Element 94, as plutonium is also
known, israre. Dying stars produce a small
amount during their last, hot gasps, but
that star stuff had decayted nearly out of
existence before Earth formed. The planet
has made a bit of its own: in what is now
Gabon, Africa, algae concentrated natural
uranium over the eons, forming a natural
fission reactor that produced four tons of
plutonium. That plutonium, too, has since
decayed away. Scientists inferred the exis-
tence of the natural nuclear reactions from
the ratio of uranium isotopes that were left
in modern times.

The plutonium used for weapons exists
only because people made it. In 1940 sci-
entists used a particle accelerator at the
University of California, Berkeley, to bom-
bard an isotope of uranium (which has 92
protons per atom) with nuclei of deuteri-

um (a proton and a neutron stuck togeth-
er). That created neptunium (93 protons
per atom), which conveniently decayed
into plutonium with its 94 protons per
atom. Thus, one of the most efficient ingre-
dients for making a nuclear weapon was
born. It’s easier and cheaper to make
enough plutonium for a weapon than it is
to produce enough enriched uranium, the
only other element used to sustain a fission
chain reaction in nuclear weapons. And
fission is what achieves the pressures and
temperatures necessary to ignite fusion in
the secondary part of the bomb.

Plutonium’s genesis was repeated in
reactors for decades. In fact, scientists
made so much that no new plutonium is
required for the new pits at Savannah River
and Los Alamos—the current supply can
be repurposed, reshaped, reborn.

None of those actions, though, will be
simple because plutonium is not simple.
Joseph Martz, a scientist in Los Alamos’s
materials science and technology division,
has spent his career mapping the specifics
of that complication. Martz started work-
ing with plutonium while he was still in

college, manipulating it within protective
glove boxes that shield workers from ra-
diation. He’s never forgotten the first time
he touched element 94. Even through
thick gloves and from behind glass, he
could still feel it: the kilogram of material
in his hand was warm. “Iremember actu-
ally being a bit afraid,” he says. “I had al-
most aterror reaction.”

Since then, his fear has given way to fas-
cination with the substance. There is plen-
ty to be fascinated by. It’s pliable and com-
pliant in some conditions and delicately
brittlein others. Whenit’s aliquid, melting
around 650 degrees Celsius, it’s the most
viscous of all the elements, dripping lan-
guidly. If you heat it in its solid form, some-
times it expands, and other times it con-
tracts. It’s reactive with air, swiftly shifting
its appearance from a silvery metal to a
rainbow spectrum of tarnish. When it so-
lidifies, it expands, like water, and its
length and density change without much
provocation. Its most famous trick, of
course, isits propensity for radioactive de-
cay, through which it transforms itself out
of existence.
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Plutonium can take six different solid states
at ambient pressure and seven solid states
at higher pressures.

Each color block represents
a distinct solid-state phase
of plutonium
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This tendency is also what makes it so
dangerous. Inhaled plutonium decays in
the body, releasing alpha particles (helium
nuclei) that can wreak havoc. The isotope
plutonium 238, used as a heat and power
source but not in weapons, exhibits other
strange behaviors. “If you spill it in the
laboratory, it will move around on its own,”
Martz says. The oomph from a plutonium
atom’s decay sends it shootingacrossa sur-
face. “It can get everywhere,” he adds.

Plutonium’s strangeness comes fromits
arrangement of electrons. The element oc-
cupies the part of the periodic table where
atoms’ “5f subshell” begins to fill. That’s
relevant to plutonium’s behavior because
the “f” electrons reside in narrow energy
bands that overlap, allowing the electrons
toslipbetween the bandseasily. When they
do, Martz says, “the nature of those
‘t” electrons changes behavior dramati-
cally.” Change the temperature, for in-
stance, and some of the electrons bond
with nearby atoms “in very complex
shapes,” Martz says. The combinatorics
mean that plutonium comes in six different
solid phases, each with its own crystal
structure and strange behavior.

It’s taken scientists decades to discover
all of this. “What we know today to be the
complexity of plutonium was not known to
the Manhattan Project scientists,” Martz
says. For yearsthose secret scientists didn’t
actually have any plutonium to study—it
had tobe painstakingly produced. “Almost
everything wastheoretical,” says Alan Carr,
senior historian at Los Alamos. “In lieu of
the actual material, they’d have chalk and
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chalkboards and notebooks.” The first full
gramof element 94 arrived on Los Alamos’s
mesas in April 1944. The substance had al-
ready perplexed the researchers. When they
took basic measurements of characteristics
such as density, they saw huge variations.
Eventually they were able to make their first
hemispheres of plutonium metal—proto-
versions of the pits of today, the size of a golf
ball. Yet when they came to the lab the next
day ready to experiment, they found that
the hemispheres had cracked because their
properties and dimensions had shifted. “It
was maddening,” Martz says.

A breakthrough came later in 1944,
when one Manhattan Project scientist sug-
gested that combining plutonium with
another element to make an alloy might
stabilize it in a phase that was workable.
The problem was, they didn’t know which
element might work. According to a his-
torical document Martz discovered, the
scientists had a very scientific method for
deciding what substances to try: “What-
ever we found in the cupboard,” they wrote.
Eventually they discovered that gallium
did the trick. It’s still used in pits today.

N THE EXCITEMENT of these early scien-

tific discoveries, the point of the work

would sometimes getlost: it wasallinthe
service of creating a deadly superweapon.
In1945the U.S. dropped auranium fission
bomb on Hiroshima and then sent a pluto-
nium bomb—essentially a pit encased in
explosives—to devastate Nagasaki. The
bombs killed tens of thousands of people
immediately and more after the fact. As
Manhattan Project physicist L. I. Rabi had
feared, according toa quotation in the 2005
book American Prometheus, “the culmina-
tion of three centuries of physics” was a
weapon of mass destruction.

Soon after the war, production of plu-
tonium pits migrated to a facility outside
Boulder, Colo. Called Rocky Flats, it could
churn out thousands of pitsa year—alevel
of productivity perhaps enabled by its vio-
lation of environmental regulations, which
in 1989 resulted in a federal raid and then
a permanent shutdown. “The public
wasn’t considered at the time,” says Bob
Webster, deputy director of weaponsat Los
Alamos. Notlongafter, asaresult of atest-
ing moratorium and treaty, the country’s
nuclear weapons complex underwent an-
other phase shift. Scientists and engineers
had always tested weapons in the easiest
way possible: by blowing them up. If they
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exploded as expected, officials froze the
designand made more clones of that weap-
on. The researchers never had a true un-
derstanding of why everything worked or
what might cause it not to—or of how both
those things might change over time.

But in 1992 President George H. W.
Bush announced a moratorium on nuclear
testing. Sig Hecker, at the time director of
Los Alamos and now a professor at Stan-
ford University, was in Washington, D.C.,
when he heard the announcement. “Icame
back to Los Alamos and told our people,
‘Look, the world has just changed, ” he
says. They were going to have to maintain
the stockpile by understanding its physics
without testing it. That task has proved
particularly complicated for the plutonium
pits, which are allnow decades old. Because
plutonium was first synthesized only 80
years ago, noone’s been able to observe how
itbehaves asitslife wears on past that point.

How aging affects a pit is the subject of
contention, but some things are certain: As
the plutonium atoms in a pit decay, their
products damage the crystal structure of the
plutonium that remains, creating voids and
defects. These decays also contaminate the
pit with helium, americium, uranium and
neptunium, amongother things. In 50 years
akilogram of plutonium will amass around
0.2liter of helium. As pits change, their per-
formance and safety in any conditions—in-
cludingjustsitting ona shelf—become ques-
tionable. Pavel Podvig, a senior researcher at
the United Nations Institute for Disarma-
ment Research and a researcher with the
Program on Science and Global Security at
Princeton University, who has questioned

the motivation for modernization, concedes,

“If youmaintain the arsenal, at some point it
would be safer to have new pits.”

Scientists still don’t know the lifetime
of a plutonium pit. JASON—a clandestine
group of scientists that provides advice for
the government—first projected in 2007
that the pits would last decadeslonger, im-
plying no production program was neces-
sary. Butit changed its stance in 2019, stat-
ing, “We urge that pit manufacturing be
re-established as expeditiously as possible
in parallel with the focused program toun-
derstand [plutonium] aging.” The Nation-
al Nuclear Security Administration’s own
studies have suggested the pits will last at
least 150 years but also that their degrada-
tion could result in surprise defects. And
scientists may never know exactly what
those defects do or how they would affect

Institute of Mining, Metallurgical, and Petroleum Engineers, 1970. Adapted with permission from The Minerals, Metals & Materials Society

Modified version of a chart from "New Pressure-Temperature Phase Diagram of Plutonium," by J. R. Morgan, in Plutonium 1970 and
Other Actinides: Proc. 4th Int. Conf. on Plutonium and Other Actinides. Edited by W. N. Miner. Metallurgical Society of the American
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an explosion because the ostensible point
of nuclear weapons is to never use them.

SO FARRESTARTING American pit produc-
tion is proving challenging. Los Alamos’s
efforts are at least a year behind schedule,
and Savannah River’s are more like five
years delayed.

The Defense Nuclear Facilities Safety
Board and other critics have claimed that
PF-4isn’t resilient enough against the kind
of earthquake geologists now know could
occur in Los Alamos. Such significant shak-
ing and the fires it could cause, the board
alleged atahearinglast year, could resultin
plutonium contamination that reachesthe
public. Inside PF-4 our tour group encoun-
ters a poster laying out the lab’s Seismic
Analysis of Facilities and Evaluation of
Risk, also known as SAFER, a program that
has resulted in upgrades to the building
itself and the equipment within. In 2022
the safety board deemed this moderniza-
tion to be still not quite good enough.

Someat thelab disagree, including Matt
Johnson, head of pit production, who’s
leading us through PF-4. “If there is an
earthquake, this is where I want to be,” he
says, gazing at the poster. Other safety con-
cerns have come up recently, though. In
May the National Nuclear Security Admin-
istration released an investigation about
four 2021 incidents: one criticality safety
violation, one breach that resulted in skin
contamination for three workers, and two
flooding events that sent water toward fis-
sionable materials. The agency determined
that the contractor that manages Los Ala-
mos had violated safety, procedural, man-
agement and quality-assurance rules.

Webster, also on the tour in his official
yellow lab coat, says the lab and its workers
take safety seriously but admits problems
are inevitable. “We will always have issues
at the lowest level,” he says. If everything
started going perfectly, he says, they would
lower the limit of what counts as a safety
violation so people would still get practice
reporting. But, he notes, the cutoff is al-
ready low: “Rooms would get shut down if
they were as radioactive as Fiestaware.”

Thoserooms, dedicated to various parts
of the pit-production enterprise, all have
one thing in common: they’re full of glove
boxes, the radiation-protective equipment
inside which workers manipulate pluto-
nium. Longgloves are sealed to openingsin
glass so sheathed hands can touch samples
safely. The gloves themselves have dates

Graphic by Nick Bockelman

How Plutonium Pits
Work in Nuclear Weapons

Plutonium pits form the core of modern nuclear bombs. They are made of plutonium
239, one of the only elements in the world that can sustain a fission chain reaction.
When explosives around the pit go off, the plutonium gets compressed and fission is
ignited. The plutonium blast in turn sets off an even more powerful second-stage

explosion fueled by nuclear fusion.
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PRIMARY STAGE: FISSION

When plutonium undergoes fission, its atoms
split into smaller atoms (beta products) and
release energy as well as neutrons, which then
bombard other plutonium atoms, splitting
those, and so on.
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written on them so workers know when to
replace them. Everyone wears two pairs.
The glass windows are surrounded by a
metal box that looks like it could be made
of plutonium: dull silver with smooth,
rounded corners, which are easier to clean
and harder for particles to lodge in. “You
could eat off this,” Webster says. “Not in
here,” he adds.

On the tour, we are forbidden from set-
ting our notebooks down lest potential con-
tamination stick to them. Should we drop
them, a radiological control technician—

SECONDARY STAGE: FUSION

Heat and pressure from fission then ignite
fusion in the bomb’s second stage, forcing
deuterium (a proton and a neutron) and
tritium (a proton and two neutrons) to merge,
releasing helium, neutrons and much energy.

Fusion fuel

Deuterium

‘ @ ~»  Energy

i o

Tritium Neutron

Helium

who has been following us the whole time
and scans our hands and feet for radioactiv-
ity anytime we leave a room—would mea-
sure each page before returning them.

In some places the glove box windows
are covered by aluminum foil, blocking clas-
sified material from our view. Above these
boxes, in every room, there isakind of trol-
ley system that workers use to move pluto-
nium from room to room. In some rooms,
radioactive waste is packaged and waiting
to go to a storage facility, with the dosage
one might receive from standing near it
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written ontheground. Weare never allowed
to forget that thisis a dangerous place.

The workers who make pits face these
risksevery day. To do their jobs, they must
first recover and purify plutonium from the
old material. Then they “cast,” or shape,
the plutonium into pieces. Once cast, the
pieces must be fitted together into awhole.
Standing near the place where that hap-
pens is the first woman to ever assemble
pits, whose name we cannot publish for
security reasons. She assembled her first
pitin2013 (between 2007 and 2013 the lab
produced 31 pits). Today putting a pit to-
gether takes her 30 minutes to an hour.
“Everythingis by touch, by feel,” she says.
Shelikes the work, some of which happens
in a glove box that’s two stories tall. “It’s
peaceful in the glove box,” she says.

Once she or another worker has fin-
ished a pit, it gets micromeasured and con-
stitutionally scrutinized to confirm it meets
specifications. If it gets a stamp of approval
(with a literal stamp, shaped like a dia-
mond), it will go to the Pantex facility in
Texasto be placed inanuclear warhead. In
the years to come, if all goes as planned,
that process will happen at least 30 times a
year here.

LL OF THIS EFFORT and investment
A is being made in the hopes that the

pits never serve their active purpose.
TheU.S., like all nuclear nations, stockpiles
weapons in a delicate game of deterrence,
the idea being that the existence of our
equally or more capable weapons will stop
others fromusing theirs. In this strategy, the
pits’ true purposeistositidly asathreat. But
for the strategy to work, the country must
be willing to follow through on that threat.

Asweleave PF-4, permanently installed
instruments once again scan our handsand
feet for radiation. After that, in an airlock,
a full-body scanner sniffs for alpha, beta
and gamma radiation on our bodies. Even
though contamination is unlikely, we sigh
with relief when the all-clear comes.

We go back to our lives, where we can
easily forget about plutonium pits. After the
cold war many Americans got used tothese
weapons. “At some point it became so nor-
mal it was forgettable,” says Idaho State
University nuclear historian Sarah Robey.
The fear people feel when confronted with
plutonium has degraded over time. But the
atomic age is renewing, and we will all have
to grapple afresh with the coiled terror of
these powerful weapons. @
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Three intercontinental ballistic missiles—
the Peacekeeper, the Minuteman Il and the Minuteman |—
are displayed at F. E. Warren Air Force Base in Wyoming.
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New Town, N.D., has 14 ballistic missI ] [
Itis on the Fort Berthold Indian Reserva lon home ofthe Mandan
Hidatsa and Arikara Nation.
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What happens if silo-based
nuclear missiles are attacked?
BY SEBASTIEN PHILIPPE

GRAPHICS BY SEBASTIEN PHILIPPE,
SVITLANA LAVRENCHUK

AND IVAN STEPANOV
PHOTOGRAPHY BY NINA BERMAN

-

DECEMBER 2023 SCIENTIFICAMERICAN.COM 47


http://www.scientificamerican.com

AST MARCH THE U.S. AIR FORCE released a two-volume, 3,000-plus-page

report detailing the environmental impact of its plans to replace all

400 “Minuteman” land-based intercontinental ballistic missiles (ICBMs)

with new “Sentinel” missiles by the mid-2030s. The program is part of a

$1.5-trillion effort to modernize the U.S. nuclear arsenal and its command-
and-control infrastructure. The report, required by the National Environmental Policy
Act of 1970, covers the “potential effects on the human and natural environments from
deployment of the Sentinel system” and from, among other things, the refurbishing of
existing missile silos and the construction of new utility corridors and communications
towers. But it doesn’t mention the most significant risks to surrounding communities—
namely, what happens if these missiles, which are intended to serve as targets for enemy
nuclear weapons, are ever attacked.

Sébastien Philippe

is a scientist at Prince-
ton University’s Program
on Science and Global
Security. He develops
methods for monitoring
nuclear weapons and
models the impact

of nuclear explosions.

Theoriginal purpose of the land-based missile sys-
tem was to deter an enemy nuclear attack by threaten-
ing prompt and devastating retaliation, but akey argu-
ment for the continued existence—and now the re-
plenishment—of the land-based missilesisto provide
alarge number of fixed targets meant to exhaust the
enemy’s resources. Since 1962, when the first ICBMs
wereinstalled in the U.S. heartland, competition from
other legs of the nuclear triad has forced the rationale
for land-based weapons to evolve. By the 1970s, when
the U.S. Navy deployed long-range submarine-
launched ballistic missiles, the air force had placed
1,000 Minutemen in silos across seven states. As mis-
sile-guidance systems improved, it soon became clear
that theland-based weapons were vulnerable to attack
because of their fixed locations, whereas the stealthy
sea-based weapons were much better protected.

The air force used the vulnerability of the land-
based missiles to argue for their necessity. In1978 Gen-
eral Lew Allen, Jr., then air force chief of staff, pro-
posed that the silos offered “a great sponge” of targets
inthe U.S. to “absorb” incoming Soviet nuclear weap-
ons. Destroying the missile fields would require such
amassive attack that adversaries couldn’t manage it or
even contemplate it. Absent the land-based missiles,
the argument goes, an adversary would have far more
resources available to seek out and attack other U.S.
military and infrastructure targets or even cities.

Evenif anadversaryisrational enough to not initi-
ate a full-scale attack, the land-based missiles greatly
increase the risk of accidental nuclear war. To preclude
the possibility of enemy weapons destroying the mis-
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siles in their silos, the air force maintains the fleet on
high alert, ready to launch on an order from the pres-
ident—within minutes of enemy missile launches be-
ingdetected. This “launch on warning” posture makes
land-based missiles the most destabilizing leg of the
U.S. nuclear triad (which also comprises the missiles
based on aerial bombers and submarines). During the
cold war there were several false alarms about enemy
attacks. If a similar error precipitates the launching of
the ICBMs, the adversary will almost certainly retali-
ate by launching its own nuclear arsenal at military,
industrial and demographic targets in the U.S.
Attacking a missile silo requires detonating one or
two nuclear warheads, with explosive yields equivalent
t0100,000 tons of TNT, close to the buried target. The
resulting nuclear explosions will generate gargantuan
fireballsthat will vaporize everything in their surround-
ings and produce destructive shock waves capable of
wrecking the missilesin their launch tubes. Because the
warheads will detonate close tothe ground, the nuclear
fireballs will suckin soiland other debrisand mix it with
radioactive bomb effluentsas they rise in the air. About
10 minutes after detonation, the mixture of debris and
fission products will form miles-high radioactive mush-
room clouds, which will then be dispersed by high-alt-
itude winds, leading to fallout on downwind areas.
Studies of the projected fallout from a nuclear attack
on the missile fields, published in Scientific American
in 1976 and 1988, showed that radioactive particles
could travel hundreds of milesdownwind. A 1990 guide
from the Federal Emergency Management Agency on
risks and hazards from natural and nuclear calamities

© 2023 Scientific American
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confirmed these assessments, adding that no locality
inthe U.S. wasfree of the risk of receiving deadly levels
of radiation. Today FEMA’s publications about the ef-
fects of nuclear explosions focus on single nuclear det-
onations; theagency no longer publishes countrywide

assessments of risks from nuclear attacks.

Allthese past studiesrelied on relatively simple fall-
outmodels and average seasonal winds. Current com-
putational capability, along with higher resolutions in
archived weather data, allows scientists tomap thera-
diological risk from a preemptive nuclear attack on the
missilesilosinunprecedented detail. The results of my
simulations, presented here for the first time, paint a
harrowing picture of the potential consequences of liv-
ing with these weapons for the foreseeable future.

According tomy models, a concerted nuclear attack
ontheexisting U.S. silo fields—in Colorado, Wyoming,
Nebraska, Montana and North Dakota—would anni-
hilate all life in the surrounding regions and contami-
nate fertile agricultural land for years. Minnesota,
Iowa and Kansas would also probably face high levels
of radioactive fallout. Acute radiation exposure alone
would cause several million fatalities across the U.S.—
if people get advance warning and can shelter in place
for at least four days. Without appropriate shelter, that
number could be twice as high. Because of great variabil-
ity inwind directions, the entire population of the con-
tiguous U.S. and the most populated areas of Canada,
as well as the northern states of Mexico, would be at
risk of lethal fallout—more than 300 million people

in total. The inhabitants of the U.S. Midwest and of
Alberta, Saskatchewan, Manitoba and Ontarioin Can-
ada could receive outdoor whole-body doses of radi-
ation several times higher than the minimum known
toresultin certain death.

Even if there is no nuclear war, people in commu-
nities near the missile fields will continue to face seri-
ous risks that are also not discussed in the environ-
mental impact statement. Oneis the accidental release
of radioactive materials, such as plutonium, in the
warheads by a mechanical shock, fire or explosion. A
second isthe accidental detonation of a warhead lead-
ing to a nuclear explosion. The history of the U.S. nu-
clear missile program provides several examples of
silos or missiles catching fire and of missiles exploding
intheir launch tubes. One time, in 1964, a warhead fell
from the top of its missile to the bottom of its
80-foot-deep silo. Nuclear weapon accidents are not
always discussed publicly. The air force hasn’t dis-
closed, for example, the nature of 22014 “mishap” that
occurred while personnel were troubleshooting a Min-
uteman. The episode caused $1.8 million in damages
to the missile, which had to be removed from its silo.

Theair force needs to be far more transparent about
the true risks of itsland-based nuclear missile fleet so
the U.S. public can make informed decisions about liv-
ing with this danger for another half a century. @
FROM OUR ARCHIVES

Broken Shield. Laura Grego and David Wright; June 2019.
ScientificAmerican.com/magazine/sa

A nuclear missile is
buried under the white
concrete silo door to
the left in this picture.
The entrance to the silo,
which lies just west

of Garrison, N.D., is
monitored constantly
by cameras and

other sensors.
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Cumulative Radiation Dose after 4 Days, in Grays

HOW Fa"out and Fatalities One gray (Gy) is equal to an absorbed dose of one joule per kilogram
Shift with the Winds

84 Gy —— Death occurs within days of exposure
A concerted nuclear attack on the missile silos in the U.S. heartland
would generate radioactive dust that travels with prevailing winds. 24 Death occurs within weeks of exposure
Sébastien Philippe and his colleagues at Princeton University’s Program . )
on Science and Global Security used archived weather data to simulate 8 Death occurs 100% of the time
the paths of the resulting plumes for 48 hours, by when most of the dust " Bt R
settles. Because wind directions change daily, the researchers com- eath occurs 50% of the time
puted fallout dispersal from an 800-kiloton warhead detonating simul- o . - .
taneously at each of 450 silos on any given day of 2021. The selections 2 Death occurs 50% of the time for at-risk populations
(below) demonstrate the variability of wind directions and, conse- 1 Death from acute radiation syndrome begins to

quently, of the doses of outdoor radiation received over four days of
exposure to radioactivity. The scientists further combined these simula- 05 __ )
tions with data on population density and building height to calculate > Symptoms such as nausea and vomiting begin
the resulting fatalities (far right). Someone absorbing four grays (equiva- 0.1

lent to four joules of radiation energy per kilogram of body weight) would
have a 50 percent chance of dying (right), but people sheltering in bigger
buildings would receive smaller doses. Depending on wind directions,

a nuclear attack on the missile silos could kill several million people.

occur in exposed population
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0.001 —— Annual limit for the public
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FATALITY COUNT

For a simulated attack
on any day of 2021, the
scientists computed the
resulting fatalities. The
chart (right) shows the
impact of variable wind
directions on the es-
timated fatalities after
four days of exposure.
The estimates range
from 340,000 (for an
attack on July 1) to 4.6
million (on December 2).
The average estimated
death toll is 1.4 million.
The curve (far right)
shows the probability
(technically, probability
density) of the number
of fatalities specified on
the vertical axis.

Projected Fatalities for Each Day in 2021 (millions)
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The length of each bar
represents the probability
of the fatality count
falling within the range
specified by its position
and breadth. The curve
represents a smoothed
distribution of the
probabilities.
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HOW TO READ
THIS MAP AB
Unlike the images on pages 50-51,
this map does not model radiation
exposure for a particular day. Rather the
color represents the average exposure
risk calculated for each latitude and
longitude point, based on a year’s worth
of data. For example, this point in Montana
had an average risk of 0.05 to 0.1 Gy,
whereas this point in Idaho
had an average exposure risk
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Which Locations
Are the Riskiest?

To calculate the average risk of radiation exposure at any
given location in North America from a nuclear attack on
the silo fields, Philippe and his co-workers summed the
simulated outcomes for any day of 2021 (preceding graphic)
and divided by 365. They thereby averaged the impact

of shifting winds on radioactive fallout across the conti-
nent. This map shows the average outdoor radiation dose
across North America after four days of exposure. Com-
munities living closest to the silos could receive several
times more than 8 Gy, which scientists regard as lethal.
Most inhabitants of Montana, North Dakota, South Dakota,
Nebraska and Minnesota would get average doses greater
than 1 Gy, causing fatalities from acute radiation syndrome,
especially among children. The U.S. population would
receive average doses greater than 0.001 Gy per year,
which is the current annual limit for exposure to the public.
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HOW TO READ
THIS MAP
Color represents the maximum
exposure for each latitude and
longitude, depending on wind
directions on the day of a simulated
attack in 2021. For example,
this point in Montana has
amaximum value of about 8 Gy, \
whereas this point in Idaho
iscloserto 0.5Gy. Location of nuclear
- missile silos (yellow dots)
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The Worst-Case
Scenarios

Sifting through simulations for each day of 2021, the
Princeton researchers computed the worst possible out-
come at each location from a concerted nuclear attack

on the missile silos. This map shows all the worst-case
scenarios across North America. Not all locations would
experience the worst outcome from the same attack;
which areas would be impacted depends on wind patterns
on the day of the attack (first graphic). Overall, most
people in North America live in areas with about a 1 percent
chance of receiving an outdoor dose greater than 1 Gy.
The chance of getting a lethal dose escalates closer to the
silos, with three million at risk of receiving 8 Gy or more.
These simulations make no assumptions about access

to health-care or emergency services. Nor do they include
other sources of exposure such as immediate radiation
from nuclear explosions.
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T PAINS TIM ODEGARD that four decades after a
misguided approach to diagnosing dyslexia kept
him from getting help in school, thousands of
children across the U.S. are needlessly suffering

for the same reason.

During the initial weeks of first grade
Odegard’s struggles with reading went un-
detected ashe memorized wordsthatclass-
mates read aloud before him. The strategy
worked so well that his teacher moved him
to the position of “first reader.” It then be-
came apparent that the six-year-old not
only wasn’t the strongest reader in the
class—he couldn’t read at all. The teacher
dispatched him to alow-skill group. “It just
kind of went downhill from there,” Ode-
gard, now 47, recalls.

Through sheer determination and reli-
ance on his prodigious memory, Odegard
eventually memorized enough wordsto get
by and earned decentgrades, although they
would never comeeasily. “Icompensated for
my readingand spelling problems by staying
up until 1 or 2 A.M. to get things done,” he
says. He never received extra help or special
education services from his Houston-area
school district. Instead a couple of teachers
seemed to doubt his intelligence. When
Odegard was the first student in his school
tosolve acomplex murder mystery puzzle,
one of them said he must have guessed.

Itwasn’t untilhe wasin hislate 20s that
Odegard came to understand why his
teachers thought so poorly of his abilities.
In2004, asanew Ph.D., he told his mother
that the National Institutes of Health had
awarded him a postdoctoral fellowship to
study dyslexia, a condition he'd long sus-
pected he had. She shared that when he
wasin third grade, school officials had used
a so-called discrepancy model

Annals of Dyslexia and chair of excellence
in dyslexic studies at Middle Tennessee
State University in Murfreesboro, Tenn.

Up to around 20 percent of the U.S.
population has dyslexia, a neurological
condition that makes it difficult todecipher
and spell written words. Someone with the
disability might omit short words such as
“and” and “the” while reading aloud, for
example, or read “dog” as “god”—even if
they speak normally in conversation. The
condition impedesa person’sability to pro-
cess written information and can nega-
tively impact their career and well-being.
Yet only a fraction of affected students get
a dyslexia diagnosis or the specialized as-
sistance that can help them manage their
difficulty reading.

One reason so many diagnoses are
missed is that thousands of schools in the
U.S. continue touse an iteration of the dis-
crepancy model to test children for learn-
ing disabilities. Moreover, for a multitude
of reasons, including biases in IQ tests, a
disproportionate number of those diag-
nosed—and helped—have been white and
middle- to upper-class. “It’s unfair, it’s
discriminatory, and it disadvantages al-
ready economically disadvantaged kids,”
saysJack Fletcher, co-founder of the Texas
Center for Learning Disabilities in Hous-
ton and one of the first scientists to ques-
tion the discrepancy model’s validity.

The model has shaped decades of policy
regarding whose literacy is considered vi-
tal and worthy of extra help

that compared intelligence
quotient (IQ) with reading per-
formance to rule that he didn’t
have alearning disability.
“I'wasthoughttobetoostu-
pid to be dyslexic,” says Ode-
gard, now editor in chief of the
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Sarah Carr is a New
York-based journalist
who covers education.
She is author of Hope
against Hope (Blooms-
bury Press, 2013), about
the New Orleans schools
after Hurricane Katrina.

and investment—and whose is
not. It is rooted in long-stand-
ing misconceptions about dys-
lexia. Reforming how the con-
ditionisdefined and diagnosed
could help many more children
learn toread.
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SPEAKING COMES NATURALLY to most
children, being a gift of human evolution,
but reading and writing are inventions that
must be consciously and painstakingly
learned. No one isborn with neural circuits
for connecting the sounds of speech to
squiggles on paper. Instead when someone
learns to read, their brain improvises,
splicingand joining sections of preexisting
circuits for processing vision and speech to
form a new “reading circuit.” To read the
(written) word “dog,” for example, a typ-
ical brain will disaggregate the word into
itsconstituent letters, “d,” “0” and “g,” and
then summon from memory the sound
fragments, or phonemes, associated with
each letter. It aggregates these phonemes
into the sound “dog” and retrieves the
meaning of the word that matches that
sound. Most brains eventually learn to do
all these steps so fast that the action seems
automatic. Some written words become so
familiar that the speech circuit eventually
gets bypassed, so that there is a direct as-
sociation between the word as seen on pa-
per or onascreen and its meaning,.

Because human brainsare organized in
diverse ways, some people’s reading cir-
cuits end up being inefficient. Dyslexia is
the most common reading disability. Peo-
ple with the condition, which is partly
linked to genetics, often have less gray mat-
ter and brain activity in the parietotempo-
ral region of the brain’s left hemisphere,
associated with connecting the sounds of
speech to the shapes of printed text.

The severity and manifestations of dys-
lexia can vary from person to person, but
children with thelearning disability benefit
most from early help with explications of
the sound structuresunderlying words. For
those who continue to struggle in school,
the ideal instruction is one-on-one or in a
small group withatrained teacher who pro-
videsintensive and systematic assistance in
making connections between written
wordsand sounds. Learning the rules—and
the many, many exceptions—of the English
language is particularly important because
children with dyslexia are typically unable
to pick them up through mere exposure to
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Dyslexia and the Brain

Evolution has gifted humans with neural circuits for seeing and speaking, but reading has no such in-built circuits. To learn to read,
the brain must concoct a new circuit by linking the existing vision and speech circuits with those encoding meaning. Most people
with dyslexia, a condition that makes it difficult to read and spell written words, can learn these skills with the right instruction.

THE "READING" CIRCUIT
Seeing a written word activates the

. Primary

primary visual cortex. The region
alerts the orthographic area, which
recognizes the letters and the
word, if these have already been
learned. A "phonological" circuit
connects the letters and the word
with the corresponding sounds.
Finally, the meaning circuit extracts
the meaning of the word, depen-
ding on the context. For some

. Orthographic

visual cortex

(letter, letter
cluster, and word
recognition)

Phonological
(aids word
pronunciation
and articulation)

readers, the orthographic area
may connnect directly to the
meaning processor, bypassing the
phonological, or speech, circuit.

Meaning

Intelligence

A DISRUPTED CIRCUIT

People with dyslexia have problems
with their orthographic and phono-
logical processors. They find it
difficult to disaggregate a word
into its component letters, as-
sociate the letters with the correct
sounds, and reassemble them into
the corresponding spoken word

to extract its meaning from the
meaning circuit.

text. The letter “a” can be pronounced five
different ways in English, whereasin Span-
ish, for instance, vowels almost always have
the same pronunciation.

With the right kind of instruction, most
children with dyslexia can learn how to
read. In part because of an accident of sci-
entific history, however, this essential as-
sistance has been far more available to kids
who score higher on IQ and other cognitive
tests. Anearly case report of dyslexia, pub-
lished in the British Medical Fournal in
1896, helped to define the disorder as an
unexpected deficit in otherwise “bright”
children. The study described a 14-year-
old referred to as Percy F. “He has always
been a bright and intelligent boy, quick at
games, and in no way inferior to others,”
wrote the doctor who examined Percy, “yet
in writing from dictation he comes to grief
over any but the simplest words.”

Graphic by Body Scientific
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That incipient definition characterized
alot of early thinking about dyslexia. It was
inadvertently codified in school systems
through influential studies led by British
psychiatrists Michael Rutter and William
Yule on the Isle of Wight in the 1960s and
early 1970s. Rutter and Yule are well re-
garded for being among the firstin the field
to focus deeply on children and for their
groundbreaking work in autism and post-
traumatic stress disorder. When devising a
definition of “reading disability” based on
the population of nine- to 11-year-olds on
the island, the researchers distinguished
between poor readers who read at levels
predicted by their IQs and those who did
not, looking for evidence of dyslexia only in
those in the latter group. The studies came
just as the U.S. was creating its own special
education categories and definitionsto pre-
pare for the passage of the Education for All

Word
identification

In people with

disconnect here.

|
Vocabulary

_H

Reasoning
|

Handicapped Children Act (EAHCA) in
1975. When it came to learning disabilities,
experts relied heavily on the idea that for a
learning disability to be present, reading
performance had to fall short of IQ.

Guidelines put out by the U.S. govern-
ment in 1977 asked that schools look for a
“severe discrepancy between levels of abil-
ity and achievement” when screening chil-
dren for learning disabilities. Thus, a
child’s IQ scores, which rank cognitive
abilities such asreasoning, began to play an
outsize role in determining countless stu-
dents’ educational fates. Specifically, if the
IQ score wasn’t high enough and, in conse-
quence, the gap wasn’t bigenough, the child
wasn’'tdiagnosed with a reading disability.
Despite the fact that most youngsters can
learn to read regardless of their IQ score,
those with lower scores were often assumed
tolack the “smarts” to read well.
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An IQ test kept Sandra Chittenden’s
daughter from getting the right help for
years. The girl learned new words slowly
and struggled to pronounce them correctly,
mixingup similar-sounding words. In kin-
dergarten she had nointerest in letters and
sounds, and she couldn’t easily see the simi-
larities and differences across words on a
page. Havinga mild form of dyslexia herself
and with an older son who is severely dys-
lexic, Chittenden, whoisaspecial education
advocate, asked the school district to evalu-
ate the girl for a reading disability.

The five-year-old was promptly given
an IQ test. She posted an average overall
score and a below-average score onaread-
ing achievement test. But the gap between
the two scores didn’t meet the cutoff of 15
points, so the girl was not given appropri-
atereading servicesin her Vermont school.
The same thing happened when Chitten-
den requested another evaluation when
her daughter was in first grade.

For the child, the results were wounding.
During her first couple of years of elemen-
tary school “her nervous system was like a
pressure cooker because she wasn’t being
given appropriate help,” Chittenden says.
“She held it together all day at school and
then would explode.” In third grade the girl
was diagnosed with a learning disability in
math, and the school added adyslexia diag-
nosis because of her continued struggles
with both arithmetic and reading. But for
years, Chittenden says, “Iremember it being
really frustrating knowing my child had dys-
lexiaand notbeingableto get the right help.”

As of this year, partly in response to
parental concerns, Vermont is no longer
using the discrepancy model to diagnose
learning disabilities.

RESEARCHERS POINTED OUT problems
with the discrepancy model even before its
use became prevalent in the U.S. Fletcher,
an early critic, noted amethodological issue
intheIsle of Wight studies: they did not ex-
clude children with intellectual disabilities
orbraininjuries. Yetby someaccountsthere
wasanunusually large number of neurolog-
ically impaired subjects on the island at the
time, resulting in a skewed sample.

It has also long been clear that IQ tests
can be biased against Black or low-income
students, as well as many others, because
they contain language and content that is
more familiar to white middle- and upper-
income students. Researchersbegan to ob-
serveinequitable resultsin thelate 1970s as
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American public schools began evaluating
more children tocomply with the mandates
for the EAHCA, since renamed the Indi-
viduals with Disabilities Education Act. As
a research assistant at the University of
Minnesota, Mark Shinn saw how the dis-
crepancy model disproportionately pre-
vented children from low-income families,
first-time English learners and students of
color from getting help. “You had all these
kids in high-poverty schools with [below
average] cognitive ability of 90 and 80, and
the schools could throw up their handsand
say, ‘They are too “slow” to benefit [from
services], ” recalls Shinn, now a professor
emeritus of school psychology at National
Louis University in Chicago. Yet “it was
well known that poor kids ... earned low
scores on cognitive tests largely because of
alack of opportunities and experiences.”

In the 1980s educational psychologist
Linda Siegel, now an emeritus professor at
the University of British Columbia, began
investigating some of these anecdotal sus-
picions. In an influential 1994 publication,
she noted that the main distinction between
children with areading disability and those
without was not their IQs but the way their
minds processed written words. “The basic
assumption that underlies decades of clas-
sification in research and educational prac-
tice regarding reading disabilities is becom-
ing increasingly untenable,” she and her
co-author wrote. In the same issue of the
Fournal of Educational Psychology, Fletcher
and his colleagues observed that the “cogni-
tive profiles” of poor readers who met the
discrepancy definition and of those who
didn’t were more similar than different.
The key to diagnosing reading disabilities,
they wrote, would be to instead measure
“deficiencies in phonological awareness,”
the ability to recognize and work with pho-
nemes in spoken language.

Since then, the scientific consensus
against the discrepancy model has grown.
One study found that regardless of their IQ,
poor readers benefit from specialized read-
ing instruction and support at statistically
identical levels. Another used magnetic
resonance imaging to show the same re-
duced brain-activation patterns in the left
hemisphere (compared with those of typical
readers) in weak school-age readers who
were asked whether two written words
rhymed—regardless of whether the weak
readers metdiscrepancy criteria. Neurosci-
entist Fumiko Hoeft, who supervised the
study at Stanford University’s Center for
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Interdisciplinary Brain Sciences Research,
saysitbolsterstheidea that the discrepancy
method makes an arbitrary distinction
among different groups of poor readers. In
fact, “dyslexia can occur in people of high,
middle and low cognitive abilities,” notes
Nadine Gaab, an associate professor at the
Harvard Graduate School of Education.

By the 2000s ample scientific evidence
indicated the arbitrariness of IQ’s use as a
basis for a dyslexia diagnosis. And there
were mounting concerns that the discrep-
ancy model was fundamentally racist and
classist: it disproportionately prevented
low-income children and children of color
from getting help with learning disabilities.
In 2004 the federal government reversed
course on its 1970s guidance, strongly rec-
ommending that states consider alterna-
tives. “I'would ... encourage this commis-
sion to drive a stake through the heart of
thisoverreliance on the discrepancy model
for determining the kinds of children that
need services,” psychologist Wade Horn,
then U.S. assistant secretary for children
and families, told a panel of experts tasked
with revising special education law in the
early 2000s. “T’'ve wondered for 25 years
why it is that we continue to use it.”

But a 2018 study found that about one
third of school psychologists were still using
the discrepancy model to screen students
forlearning disabilities. And although most
contemporary specialists concur that dys-
lexia is unrelated to intelligence, many of
the most widely used definitions still refer
toitasan “unexpected” disorder. “These
definitional issues are not trivial, because
theydrive research, they drive funding, they
drive assessment, they drive everything,”
says Julie Washington, a professor in the
School of Education at the University of
California, Irvine, whose research focuses
ontheintersection of language, literacy and
poverty in African American children.

Even as more states and school districts
move away from the discrepancy model,
many researchers are concerned that they
too often are replacing it with an equally
problematic system. Often referred to as
patterns of strengths and weaknesses or by
Odegard as “discrepancy 2.0,” this method
continuesto rely heavily on cognitive tests
and still calls for significant gaps between
ability and performance for a student to
qualify as having a learning disability.
“Schools still want simple formulas and
put way too much emphasis on the test-
ing,” Fletcher says.
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as student Marcelo Ruiz, who lives

just north of Houston, was denied a
dyslexia diagnosis because of “discrepan-
cy 2.0.” He had high cognitive scores, but
evaluators said he did not show skill gaps
intheareas he needed to qualify as dyslex-
ic. School got harder and harder for Ruiz,
and in high schoolhe wassstill inverting let-
tersand having trouble with reading. Inthe
fall of 2022, his senior year, the teenager fi-
nally got a dyslexia diagnosis, but by then
it was far too late to give him the help he
had long craved. Because of his mediocre
grades, Ruiz says, he had difficulty getting
admitted into four-year colleges; he s cur-
rently at a community college and hoping
totransfer. “Growingup, I felt stupid,” the
18-year-old says. “My grades kept going
down, and I didn’t know what was wrong
with me. It was really demotivating not
knowing what I had and what you could do
for it, not being able to get help.”

Accordingto several researchers, a bet-
ter—though hardly perfect—approach to
assessingchildren for learning disabilities
is “response to intervention,” or RTL. In
thismethod, teachersintervene early with
struggling readers and monitor how they
respond to help, making a referral for spe-
cial education services after what one re-
search paper dubbed a “student’s failure to
respond to treatment.” Some states already
require exclusive use of RTI, although it
canbe hard toimplement because teachers
have to be well trained in what interven-
tions to administer and how to determine
whether they are working. When teachers
do make a referral for special education
services, there’s often still a question of
how—and whether—to make a learning
disability determination.

For thisreason, some expertsin the field
say they would like to see more no-cost or
low-cost access to the kind of testing that
qualified neuropsychologists do: assessing
achild’s capacity for and speed at the many
components that make up successful read-
ing. (One bill pending in New York State
would mandate that private health-care
plans pay for neuropsychological exams
focused on dyslexia.) The specifics canlook
quite different for a seven-year-old than for
a high school student, Gaab explains. But
generally, experts say testing should be
used to gauge such skills as a child’s ability
torecognize “sight words” (common words
that often come up in reading), to detect
“nonsense” words that follow the rules of
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the English language but are not actual
words, and to read under timed conditions
and spell words correctly in their writing.

Itisn’t out of the question for school dis-
tricts to do this type of testing on their
own—and some of the best-resourced ones
already do, or they contract with an outside
neuropsychologist. But for most school
psychologists, it would represent a depar-
ture from decades of training and practice
focused on the administration of IQ and
cognitive tests. The discrepancy model is
“easier” because a child either meets the
cutoff or doesn’t. “It reminds me of leech-
ingblood,” says Tiffany Hogan, a professor
and director of the Speech & Language Lit-
eracy Lab at the MGH Institute of Health
Professionsin Boston. “They did that for a
long time knowing it wasn’t the best way,
but there was no replacement.”

Another, largely overlooked reason for
the continued prevalence of discrepancy-
based testing may be that the families most
hurt by it are the least powerful in terms of
their influence over public school practice
and policy. Many schools feel pressure,
both covert and overt, to not identify chil-
dren with dyslexia because there aren’t
enough specialists or teachers trained to
work with them. Families with money,
power and privilege can negotiate with the
district more effectively to meet their
child’s needs or hire an advocate or lawyer
to lobby on their behalf. If diagnosis and
help still remain elusive, they can pay for
private neuropsychological exams, which
can cost thousands of dollars. They also
can, and often do, circumvent the public
system entirely by hiring private reading
tutors or sending their children to private
schools focused on reading remediation.
(Often these schools also use the discrep-
ancy model to determine whom to admit. )
For all these reasons, as well as the discrep-
ancy model’s bias favoring high IQ scores,
dyslexia has long had a reputation as a
“privileged” diagnosis.

The dyslexia advocacy community has
in some states also been predominantly
white and financially privileged, with low-
income families and parents of color more
likely to fear the stigma of a disability diag-
nosis. “Historically, we don’t talk about
learning disabilities and mental health in
the Black community because there’s a stig-
maand shameattached toit,” says Winifred
Winston, a Baltimore mother who hoststhe
Blackand Dyslexic podcast. “Enslaved peo-
ple could not show any sign of weakness or
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perceived weakness. So we have a history of
being ‘okay’ ... when wearein fact not okay
or dorequire assistance.”

Partly through the leadership of parents
such as Winston, that’s changing as more
families learn about reading disabilities
and the extrasupportadiagnosiscanbring.

NOW 71 AND 81, RESPECTIVELY, Jack
Fletcher and Linda Siegel are still fighting
to get children equal access to essential
helpinlearning how toread. They are part
ofabroad-based effort seeking to strength-
enaccess to general reading instruction for
all so that fewer students get held back by
learning disabilities or need intensive
reading remediation. Many states are do-
ingjust that, with a growing number pass-
ing legislation promoting the “science of
reading,” which emphasizes explicit and
systematic instruction in phonics. Early
screening for language challenges in the
youngest grades is also key.

Still, Tim Odegard says he regularly hears
from families frustrated that their kids were
disqualified from reading services for the
samereason he was: testing determined that
they are not “smart” enough to be dyslexic.

Over the years, Odegard says, some col-
leagues and friends have remarked that,
given his success, the experience must have
made him stronger—a characterization he
resents. “It wasn’t a gift,” he says. “Idon’t
see any of those challenges of having to
stay up later and work five times harder as
helpful.” Growing up, “Ihad a huge chip on
my shoulder.”

On reflection, though, Odegard says
there was perhaps one benefit to his early
educational struggles. “If there was any gift
I got from dyslexia, it was to have a lot of
compassion and empathy,” he asserts, “be-
cause I could never hide in that school that
I couldn’t read and spell.” That early feel-
ing of powerlessness fueled his interest in
studying child psychology in college and
graduate school, he says: “My own loss of
agency and helplessness led me to want to
find a way to give children a voice.” ®

This story was produced with the Hec/-
inger Report, a nonprofit, independent news
organization focused on inequality and
innovation in education.

FROM OUR ARCHIVES
The Advantages of Dyslexia. Matthew H. Schneps;
Scientific American Mind, January 2015.
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The Dark Energy Sp.ect?b's_copic Instrument (DESI) will spend five years
creatinga 3-D ma  universe that will help reveal the nature of

the dark energ ysmic expansion. The project’s first six months
i of'-data-_show-siivers ( niverse that represent just 1 percent of the
survey’s ultimate volume of space. The colors represent different types
of galaxies, including nearby bright galaxies in yellow, luminous red galaxies
: assive black holes in turquoise.
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COSMOLOGY

“ The
Cosmic
Surprise

Scientists discovered dark energy 25 years ago.
They’re still trying to figure out what it is BY RICHARD PANEK
GRAPHIC BY NADIEH BREMER
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NE AFTERNOON IN EARLY 1994 a couple of astronomers sitting
in an air-conditioned computer room at an observatory head-
quarters in the coastal town of La Serena, Chile, got to talking.
Nicholas Suntzeff, an associate astronomer at the Cerro Tololo
Inter-American Observatory, and Brian Schmidt, who had

recently completed his doctoral thesis at the Center for Astrophysics | Harvard & Smithso-
nian, were specialists in supernovae—exploding stars. Suntzeff and Schmidt decided that
the time had finally come to use their expertise to tackle one of the fundamental questions
in cosmology: What is the fate of the universe?

Richard Panek

is the recipient of a
Guggenheim Fellowship
in Science Writing. He
is the prizewinning author
of The 4% Universe
(Houghton Mifflin
Harcourt, 2011). His next
book, Pillars of Creation,
the story of the James
Webb Space Telescope,
is forthcoming from
Little, Brown.

Specifically, in auniverse full of matter thatisgravi-
tationally attracting all other matter, logic dictates that
the expansion of space—which began at the big bang
and has continued ever since—would be slowing. But
by how much? Just enough that the expansion will
eventually come to an eternal standstill? Or so much
that the expansion will eventually reverse itself in a
kind of about-face big bang?

They grabbed the nearest blue-and-gray sheet of
IBM printout paper, flipped it over and began scrib-
bling a plan: the telescopes to secure, the peers to re-
cruit, the responsibilities to delegate.

Meanwhile some 9,600 kilometers up the Pacific
Coast, a collaboration at Lawrence Berkeley National
Laboratory in California, operating under the leader-
ship of physicist Saul Perlmutter, was already pursuing
the same goal, using the same supernova approach and
relying on the same underlying logic. Suntzeff and
Schmidt knew about Perlmutter’s Supernova Cosmol-
ogy Project (SCP). But they also knew that the SCP
team consisted primarily of physicists who, like Perl-
mutter himself, were learning astronomy on the fly.
Surely, Schmidt and Suntzeff reassured each other, a
team of actual astronomers could catch up.

And their team did, just in time. In 1998 the rival
collaborations independently reached the same con-
clusion as to how much the expansion of the universe
is slowing down: it’s not. It’s speeding up.

This year marks the 25th anniversary of the discov-
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ery of evidence for “dark energy”—a moniker for
whatever is driving the acceleration that even then
meant next to nothing yet encompassed nearly every-
thing. The coinage was almost ajoke, and the joke was
onus. If darkenergy were real, it would constitute two
thirds of all the mass and energy in the universe—that
is, two thirds of what people had always assumed,
from the dawn of civilization onward, to be the uni-
verse in its entirety. Yet what that two thirds of the
universe was remained a mystery.

A quarter of acentury later that summary still ap-
plies. Which is not to suggest, however, that science
has made no progress. Over the decades observers
have gathered ever more convincing evidence of dark
energy’s existence, and this effort continues to drive
a significant part of observational cosmology while
inspiring ever more ingenious methods to, if not de-
tect, at least define it. But right from the start—in the
first months of 1998—theorists recognized that dark
energy presents an existential problem of more im-
mediate urgency than the fate of the universe: the
future of physics.

THE MYSTERY OF WHY auniverse full of matter gravi-
tationally attracting all other matter hasn’t yet col-
lapsed on itself has haunted astronomy at least since
Isaac Newton’sintroduction of auniversal law of gravi-
tation. In 1693, only six years after the publication of
his Principia, Newton acknowledged to an inquiring
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clericthat positing a universe in perpetual equilibrium
isakin to making “not one Needle only, but an infinite
number of them (so many as there are particles in an
infinite Space) stand accurately poised upon their
Points. YetIgrantit possible,” he immediately added,
“at least by a divine Power.”

“It was a great missed opportunity for theoretical
physics,” the late Stephen Hawking wrotein 21999 in-
troduction to anew translation of Principia. “ Newton
could have predicted the expansion of the universe.”

So, too, Einstein. When, in 1917, he applied his
equations for general relativity to cosmology, he con-
fronted the same problem as Newton. Unlike Newton,
though, Einstein added to the equation not a divine
power but the Greek symbol lambda (A), anarbitrary
mathematical shorthand for whatever was keeping the
universe in perfect balance.

Einstein’s Field Equations

Lambda, the cosmological constant, is a term that
can describe a repulsive force throughout space

e
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. Gy describes the curvature of spacetime
. guv describes the structure of spacetime
' G is the gravitational constant

. c is the speed of light

. Tyy describes the energy and momentum
of matter and radiation

The following decade astronomer Edwin Hubble
seemingly rendered lambda superfluous through his
twin discoveries that other “island universes,” or gal-
axies, exist beyond our own Milky Way and that on
the whole those galaxies appear to be receding from
usin a fairly straightforward manner: the farther, the
faster—asif, perhaps, the universe had emerged from
a single explosive event. The 1964 discovery of evi-
dence supporting the big bang theory immediately
elevated cosmology from metaphysics to hard science.
Only six years later, in an essay in Physics Today that
set the agenda for a generation, astronomer (and one-
time Hubble protégé) Allan Sandage defined the sci-
ence of big bang cosmology as “the search for two
numbers.” One number was “the rate of expansion”
now. The second was the “deceleration in the expan-
sion” over time.

Decades would pass before the first real investiga-
tionsinto the second number got underway, but it was
no coincidence that two collaborations more or less
simultaneously started work on it at that point. Only
then had advancesin technology and theory made the
search for the deceleration parameter feasible.

Graphics by Fen Christiansen

In the late 1980s and early 1990s the means by
which astronomers gather light was making the transi-
tion from analogto digital—from photographic plates,
which could collect about 5 percent of the photons that
hit them, to charge-coupled devices, which have a
photon-collection rate upward of 80 percent. The
greater atelescope’s light-gathering capacity, the deep-
eritsview acrossthe universe—and deeper and deeper
views across space and (because the speed of light is
finite) time are what a search for the expansion rate of
the universe requires.

The Hubble diagram, as cosmologists call the
graph Hubble used in determining that the universe
is expanding, plots two values: the velocities with
which galaxies are apparently moving away from us
on one axis and the distances of the galaxies from us
on the other.
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Astronomers can determine galaxies’ velocity—the
rate at which the stretching of space is carrying them
away from us—by measuring how much their light has
shifted toward the red end of the visible portion of the
electromagnetic spectrum (their “redshift™).

Cosmological Redshift
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Determining their distance from us, however, is
trickier. It requires a “standard candle”—a class of
objects whose light output doesn’t change. A 100-
watt lightbulb, for instance, is a standard candle. If
you know that its absolute luminosity is 100 watts,
then you can apply the inverse-square law to its ap-
parent luminosity—how bright it looks to you at your

—~
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current distance from it—to calculate how far away
itactually is.

Inverse-Square Law

Distance: 1 2 3 4

Light intensity: 100% 25% 1.1% 6.25%

When the distance from an object emitting light is doubled,
the intensity of light received from that object decreases by
a factor of four. (Total energy is spread over a larger area.)

The standard candle that Hubble used in plotting
his diagram was a Cepheid variable, a star that bright-
ens and dims at regular intervals. But Cepheid vari-
ables are difficult to detect at distances greater than
100 million light-years. Astronomers trying to mea-
sure the rate of expansion over the history of the uni-
verse would need a standard candle they could observe
from billions of light-years away—the kinds of dis-
tances that charge-coupled device detectors, with
their superior photon-collecting power, could probe.

A candidate for a standard candle emerged in the
late 1980s: a type Iasupernova, the explosion of a white
dwarf when it accretes too much matter from a com-
panion star. The logic seemed reasonable: if the cause
of an explosion is always the same, then so should be
the effect—the explosion’s absolute luminosity. Yet
further investigations determined that the effect was
not uniform; both the apparent brightness and the
length of time over which the visibility of the “new
star” faded differed from supernova to supernova.

In 1992, however, Mark Phillips, another astrono-
mer at the Cerro Tololo Inter-American Observatory
(and a future member of Suntzeff and Schmidt’s
team), recognized a correlation between a supernova’s
absolute luminosity and the trajectory of its apparent
brightness from initial flare through diminution:
bright supernovae decline gradually, whereas dim ones
decline abruptly. So type Ia supernovae weren’t stan-
dard candles, but maybe they were standardizable.

For several years Perlmutter’s SCP collaboration
had been banking on type Ia supernovae being stan-
dard candles. They had to become standardizable,
however, before Schmidt and Suntzeff—aswell as their
eventual recruits to what they called the High-z col-
laboration (2 being astronomical shorthand for red-
shift)—could feel comfortable committing their ca-
reers to measuring the deceleration parameter.

Hubble’s original diagram had indicated a straight-
line correlation of velocity and distance (“indicated”
because his error bars wouldn’t survive peer review to-
day). The two teams in the 1990s chose to plot redshift
(velocity) on the x axis and apparent magnitude (dis-
tance) on the y axis. Assuming that the expansion was
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in fact decelerating, at some point that line would have
to deviate from its 45-degree beeline rigidity, bending
downward toindicate that distant objects were brighter
and therefore nearer than one might otherwise expect.

From 1994 to 1997 the two groups used the major
telescopes on Earth and, crucially, the Hubble Tele-
scope in space to collect data on dozens of supernovae
that allowed them to extend the Hubble diagram far-
ther and farther. By the first week of 1998 they both had
found evidence that the line indeed diverged from
45 degrees. But instead of curving down, the line was
curving up, indicating that the supernovae were dim-
mer than they expected and that the expansion there-
fore wasn’t decelerating but accelerating—a conclusion
as counterintuitive and, in its own way, revolutionary
as Earth not being at the center of the universe.
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Yet the astrophysics community accepted it with
alacrity. By May, only five months after the discovery,
Fermilab had convened a conference to discuss the
results. Inastraw poll at the end of the conference, two
thirds of the attendees—approximately 40 out of
60—voted that they were willing to accept the evi-
dence and consider the existence of “dark energy” (a
terminvented that year by University of Chicago theo-
retical cosmologist Michael Turner in a nod to dark
matter). Einstein’s lambda, it seemed, was back.

OME OF THE FACTORS leading to the swift con-

sensus were sociological. Two teamshad arrived

atthe same resultindependently, that result was
the opposite of what they expected, they had used
mostly different data (separate sets of supernovae),
and everyone in the community recognized the inten-
sity of competition between the two teams. “Their
highest aspiration,” Turner says, “was to get a differ-
ent answer from the other group.”

But one factor at least equally persuasive in con-
solidating consensus was scientific: the result an-
swered some major questions in cosmology. How
could auniverse be younger than its oldest stars? How
did a universe full of large-scale structures, such as
superclusters of galaxies, mature so early as to reach
the cosmological equivalent of puberty while it was
stillatoddler?

Problems solved! An expansion that is speeding up
now implies an expansion that was growing less quick-
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74 charge-coupled
devices to absorb light
from hundreds of
millions of galaxies to
study the history of the
universe’s expansion.
The camerais installed
on the Victor M. Blanco
Telescope at the Cerro
Tololo Inter-American
Observatory in Chile.
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The focal plane of the
DESI camera is made
of 10 pie-slice-shaped
wedges. Each piece
holds 500 robotic
positioners that can fix
on individual galaxies
to measure their light.
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ly in the past; therefore, more time has passed since the
big bang than cosmologists had previously assumed.
Theuniverse is older than scientists had thought: that
toddler was a teenager after all.

But maybe the most compelling reason scientists
were willing to accept the existence of dark energy
was that it made the universe add up. For years cos-
mologists had been wondering why the density of the
universe seemed so low. According to the prevailing
cosmological model at the time (and today), the uni-
verse underwent an “inflation” that started about
107*¢ second after the bigbang (that s, at the fraction
of asecond that begins with a decimal pointand ends
35zerosand allater) and finished, give or take, 10~
second after the bigbang. In the interim the universe
increased its size by a factor of 10,

Inflation thereby would have “smoothed out” space
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sothat the universe would look roughly the same in all
directions, asit does for us, no matter where you are in
it. In scientific terms, the universe should be flat. And
aflatuniverse dictates that the ratio between its actual
mass-energy density and the density necessary to keep
it from collapsing should be 1.

Before 1998, observations had indicated that the
composition of the universe was nowhere near this
critical density. It was maybe a third of the way there.
Some of it would be in the form of baryons, meaning
protons and neutrons—the stuff of you, me and our
laptops, as well as of planets, galaxies and everything
else accessible to telescopes. But most of it would be in
the form of dark matter, a component of the universe
that is 7zot accessible to telescopes in any part of the
electromagnetic spectrum but is detectable, as astron-
omers had understood since the 1970s, indirectly, such
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asthrough gravitational effects on the rotation rates of
galaxies. Dark energy would complete that equation:
its contribution to the mass-energy density would in-
deed be in the two-thirds range, just enough to reach
critical density.

Still, sociological influences and professional pref-
erencesaren’t part of the scientific method. (Well, they
are, but that’sa separate discussion.) Where, astrono-
mers needed to know, was the empirical evidence?
Everywhere, it turned out.

One way to calculate the constitution of the uni-
verse is by studying the cosmic microwave background
(CMB), the phenomenon discovered in 1964 that
transformed cosmology into a science. The CMBisall-
sky relic radiation dating to when the universe was
only 379,000 years old, when atoms and light were
emerging from the primordial plasma and going their

separate ways. The CMB’s bath of warm reds and cool
blues represents the temperature variations that are
the matter-and-energy equivalent of the universe’s
DNA. Take that picture, then compare it with simula-
tions of millions of universes, each with its own
amounts of baryonic matter, dark matter and dark
energy. Hypothetical universes with no regular matter
or dark matter and 100 percent dark energy, or with
100 percent regular matter and no matter or dark en-
ergy, or with any combination in between will all pro-
duce unique color patterns.

(WMAP), which launched in 2001 and deliv-

ered data from 2003 t02012, provided one such
census. Planck, an even more precise space observa-
tory, began collecting its own CMB data in 2009 and
released its final results in 2018, corroborating
WMAP’s findings: the universe is 4.9 percent the
stuff of us, 26.6 percent dark matter and 68.5 percent
dark energy.

T HE WILKINSON MICROWAVE Anisotropy Probe

The Cosmic Microwave Background

WMAP Census

Planck Census

Yet for all of dark energy’s standard-model-of-
cosmology-salvaging triumphs, a thuddingly obvious
question has bothered theorists from the beginning;:
Whatisit? Dark energy does help the universe add up
but only on the macro scale—the one that falls under
the jurisdiction of general relativity. On the micro
scale, though, it makes no sense.

According to quantum physics, space isn’t empty.
It’sa phantasmagoria of particles popping into and out
of existence. Each of those particles contains energy,
and scientists’ best guess is that this energy accounts
for dark energy. It’s a seemingly neat explanation ex-
cept that quantum physics predicts a density value a
lot larger than the two thirds astronomers initially sug-
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To find out what dark energy is,
theorists need to know how

it behaves. For instance, does it
change over space and time?

gested—10"larger. As the joke goes, even for cosmol-
ogy, that’s a big margin of error.

Right at the start, in the winter of 1998, theorists
got to work on shrinking that gap. Then they got to
more work. They eventually got to so much work that
the interplay between observers and theorists threat-
ened to consume the community. Or at least soargued
theorist Simon White in a controversial 2007 essay in
Reports on Progress in Physics entitled “Why Dark En-
ergy Is Bad for Astronomy.”

The observers weren’t shy about expressing their
frustration. At one point during this period of scien-
tific disequilibrium, Adam Riess, lead author on the
High-z discovery paper (and the team member who
determined mathematically that without the addition
of lambda—dark energy—the supernovae data indi-
cated a universe with negative matter), dutifully
checked new physics papers every day but, he says,
found most of the theories to be “pretty kooky.”

Perlmutter began his public talks with a Power-
Point illustration of papers offering “explanations” of
dark energy piling up into the dozens. Schmidt, in his
conference presentations, included aslide that simply
listed the titles of 47 theories he'd culled from the
2,500 then available in the recent literature, letting not
just the quantity but the names speak for themselves:
“five-dimensional Ricci flat bouncing cosmology,”
“diatomic ghost condensate dark energy,” “pseudo-
Nambo-Goldstone boson quintessence.”

“We’re desperate for your help,” Schmidt told one
audience of theorists in early 2007. “You tell us [ob-
servers] what youneed; we’ll go out and get it for you.”

Since then, astronomers’ frustration has turned
intoan attitude verging on indifference. Today Suntzeff
(who eventually ceded leadership of the High-z team
to Schmidt for personal reasons; he’s now a distin-
guished professor at the Mitchell Institute for Funda-
mental Physics & Astronomy in College Station, Tex.)
says he barely glances at the daily outpouring of online
papers. Richard Ellis, an astronomer on the SCP dis-
covery team, says that “there are endless theories of
what dark energy might be, butItend not to give them
much credence.” To find out what dark energy is, theo-
rists need to know how it behaves. For instance, does
it change over space and time? “We really need more
precise observations to make progress,” Ellis adds.

MORE PRECISE OBSERVATIONS are what they’ll
be getting.

TypeIasurveyscontinue to fill the Hubble diagram
with more and more data points, and those data points
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are squeezing within more and more compact error
bars. Such uniformity might be more gratifying if
theory could explain the observations. Instead cos-
mologists find themselves having to go back and rea/ly
make sure. The trustworthiness of the seeming uni-
formity depends on the reliability of the underlying
schematics—the assumptions that drove the observa-
tions in the first place and that continue to guide how
astronomers try to measure supernova distances.

“Inmy opinion, the ‘stock value’ of this method has
declined alittle over the years,” says Ellis, now an as-
tronomy professor at University College London. One
problem he citesis that “it is almost certain that there
is more than one physical mechanism that causes a
white dwarf in a binary system to explode.” And dif-
fering mechanisms might mean data thatare, contrary
to Phillips’s 1993 breakthrough, nonstandardizable.

Another problem is that analyses of the chemical
components of supernovae have shown that older ex-
ploding stars contain lighter elements than more re-
cent specimens—an observation consistent with the
theory that succeeding generations of supernovae
generate heavier and heavier elements. “It’s logical,
therefore, that less evolved [older] material arriving
on a white dwarf in the past may change the nature of
the explosion,” Ellis says. Even so, “astronomers are
still very keen to use supernovae.”

For instance, the Nearby Supernova Factory proj-
ect, an offshoot of the SCP, isusing a technique its team
members call “twins embedding.” Rather than treat-
ing all type Ia supernovae as uniform, like a species,
they examine the light properties of individual speci-
mens whose brightness in different wavelengths fol-
lows almost exactly the same pattern over time. Once
they find matching “twins,” they try to standardize
from those data.

Next year two new facilities in Chile will see first
light and begin to undertake their own surveys of
thousands of southern-sky supernovae. First the
Vera C. Rubin Observatory will locate the objects, then
the 4-meter Multi-Object Spectroscopic Telescope
will identify their chemical components, helping to
clarify how supernovae with more heavy elements
might explode differently.

As for space telescopes, researchers continue to
mine supernovae in the Hubble archives, and Riess
predicts that theJames Webb Space Telescope (JWST)
“will eventually turn its attention” to high-redshift
supernovae once the telescope has addressed more of
its primary goals. The community of supernova spe-
cialists is also anticipating the Nancy Grace Roman
Space Telescope, a successor to JWST that is due for
launch in early 2027.

Surveying supernovae, however, isnot the only way
to measure the nature of dark energy. One alternative
is to study baryon acoustic oscillations (BAOs)—
soundlike waves that formed when baryon particles
bounced off one another in the hot and chaotic early
universe. When the universe cooled enough for atoms
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tocoalesce, these waves froze—and they are still visible
in the CMB. Similar to the way supernovae serve as
standard candles, providinga distance scale stretching
from our eyeballs across the universe, BAOs provide a
standard ruler—a length scale for lateral separations
across the sky. Scientists can measure the distances be-
tween densities of oscillations in the CMB, then trace
the growth of those distances over space and time as
those densities gather into clusters of galaxies. Ellis, an
experton BAO cosmology, callsit “probably the cleanest
way to trace the expansion history of the universe.”

Baryon Acoustic Oscillations

Initial dark matter clump

) \— Initial bubble of “normal”
matter (baryonic matter)

490 million light-years

Astronomersareawaiting the results from two major
BAO surveys that should allow them to reconstruct cos-
micevolution atever earlier erasacrossthe universe. The
Dark Energy Spectroscopic Instrument (DESI) on the
robotic Nicholas U. Mayall Telescope at Kitt Peak Na-
tional Observatory in Arizonais collecting optical spec-
tra (light broken up into its constituent wavelengths)
for about 35 million galaxies, quasars and stars, from
which astronomers will be able to construct a 3-D map
extending from the nearby objects back to a time when
the universe was about a quarter of its present age. The
first data, released this past June, contained nearly two
million objects that researchers are now studying.

Next year the Prime Focus Spectrograph—an in-
strument on the 8.2-meter Subaru Telescope on Mau-
na Kea, Hawaii—will begin following up on DESI re-
sults but at even greater distances, from which the
collaboration (Ellis is the co-principal investigator)
will complete its own 3-D map. And the European
Space Agency’s Euclid spacecraft, which launched on
July 1, will contribute its own survey of galaxy evolu-
tion to the BAO catalog, but it will also be employing
the second nonsupernovae method for measuring the
nature of dark energy: weak gravitational lensing.

Thisrelatively new approach exploitsageneral rela-
tivisticeffect. Sufficiently massive objects (such as galax-

iesor galaxy clusters) can serve as magnifying glasses for
far more distant objects because of the way mass bends
the path of light. Astronomers can then sort the growth
of galacticclustering strength over time totrack the com-
petition between the gravitational attraction of matter
and the repulsive effect of dark energy. Euclid’s data
should be available within the next two or three years.

Since the discovery of acceleration, Perlmutter
says, cosmologists have been hoping for an experiment
that would provide “20 times more precision,” and
“we’re now just finally having this possibility in the
upcoming five years of seeing what happens when we
gettothatlevel.”

nal Science crowned dark energy 1998’s “Break-

through of the Year.” Since then, the two pio-
neering teams and their leaders have racked up nu-
merous awards, culminating in the 2011 Nobel Prize
in Physics for Perlmutter (now a professor of physics
at the University of California, Berkeley, and a senior
scientist at Berkeley Lab), Riess (a distinguished pro-
fessor at Johns Hopkins University and the Space Tele-
scope Science Institute), and Schmidt (vice-chancel-
lor of the Australian National University). Dark ener-
gy long ago became an essential component of the
standard cosmological model, along with baryonic
matter, dark matter and inflation.

Andyet... asalwaysinscience, the possibility exists
that some fundamental assumption is wrong—for in-
stance, as some theorists posit, we might have an incor-
rectunderstanding of gravity. Such an error would skew
the data, in which case the BAO measurements and
Euclid’s weak gravitational lensing results will diverge,
and cosmologists will need to rethink their givens.

From ascientific perspective, this outcome wouldn’t
be the worst thing. “What got physicists into physics
usually is not the desire tounderstand what we already
know,” Perlmutter told me years ago, “but the desire
to catch the universe in the act of doing really bizarre
things. We /Jove the fact that our ordinary intuitions
about the world can be fooled.”

“Im very glad I said that,” he says now when I re-
mind him of that quote, “because that does feel so
much like what I see all around me.” Still, referring to
the progress (orlack thereof), he says, “It’sbeen slow.”
He laughs. “It’s nice to have mystery, but it would be
nice to havejustalittle bit more coming from either the
experimental side or the theoretical side.”

Maybe the upcoming deluge of data will help theo-
rists discern how dark energy behaves over changing
space and time, which would go along way toward de-
terminingthe fate of theuniverse. Until then, the genera-
tion of scientists who set out towrite the final chapterin
the story of the cosmos will have to content themselves
with a more modest conclusion: to be continued. @

T WENTY-FIVE YEARS AGO in December the jour-

FROM OUR ARCHIVES
Cosmic Conundrum. Clara Moskowitz; February 2021.
ScientificAmerican.com/magazine/sa
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Modernizing Nuclear
Weapons Is Dangerous

The U.S. should back away from updating its obsolescent
nuclear weapons, in particular silo-launched missiles
that needlessly risk catastrophe BY THE EDITORS

HE U.S. IS PLANNING to mod-
ernize its unwanted, unneeded
and unsafe nuclear triad of land-,
sea-and air-based weapons. Per-
fectly poised to refight the cold
war, these overhauled bombs will waste
$1.5 trillion and threaten life on Earth for
the century to come. We should rethink
this miserable folly rather than once again
squandering our wealth while driving a
new arms race.

As detailed in this issue of Scientific
American, this plan to burn money while
imperiling the world has been widely crit-
icized in nuclear policy circles. “Russia
and the United States have already been
through one nuclear arms race. We spent

trillions of dollars and took incredible
risks in a misguided quest for security,”
former U.S. defense secretary William J.
Perry wrote in 2016 as the plans first mate-
rialized. “There is only one way to win an
armsrace: refuse torun.”

Although the Biden administration
canceled proposed Trump-era sea-
launched missiles, the U.S. nuclear arsenal
still bristles with some 3,700 weapons,
around 1,700 of them deployed for mili-
tary use and the rest in storage overseen by
the Department of Energy. This quantity
is more than enough to threaten the de-
struction of humanity and Earth’s bio-
sphere—and it is only a fraction of the
world’s total, leaving out Russia’s similar-

“There is only one way to win an arms

race: refuse to run.”

—William J. Perry,

former U.S. defense secretary
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ly large stockpile and smaller ones in Chi-
na and other nations. Lowering the num-
bersand thus the risks of these weaponsis
a responsibility the U.S. and the Soviet
Union first recognized at the end of the
1960s, and this goal should drive military
and political decision-making now.

Instead the U.S. is sleepwalking into an
ill-considered and little-discussed resur-
rection of its three-pronged cold war nu-
clear forces. Meanwhile China is expand-
ing its own arsenal (to one-fourth the size
of the U.S.’s). New submarines, missiles
and planes, all designed to fit into a mili-
tary strategy first conceived before the
death of Joseph Stalin in 1953, will by 2050
leave the dead hand of the past steering us
into another century of pointless risks. In
this future, a mistake or misjudgment
could exterminate humanity, as nearly
happened repeatedly throughout the cold
war. We are simply fortunate, nothing
more, to have survived the hundreds of
false alarms that rang over those decades.

At the center of the government’s pro-
posalisa $100-billion bid to fill 450 nucle-
ar silosin five inland states with hundreds
of new nuclear missiles set to launch on
hair triggers. Built before submarine-
launched missiles became large, accurate
and untraceable, these relics are now jus-
tified as a “nuclear sponge” to absorb a
Russian attack on the U.S. Why plant a
$100-billion nuclear “kick me” sign on the
country’s breadbasket?

We cannot store the nuclear waste we
have now, never mind the additional waste
that will result from building these mis-
siles. Simulations of this so-called nuclear
spongingin this month’sissue [see “Sacri-
fice Zones,” on page 46] show that its fall-
out would kill more than 90 million people
in its first two hours, with tens of millions
more dying later of radiation sickness.
Even a limited nuclear war between India
and Pakistan would kill tens of millions
worldwide and cause global famine—but
how can the U.S. argue for other nations to
disarm while burnishing its own nuclear
sword in such a heedless fashion?

We aimed this Damoclean sword at
ourselves during the cold war when we
produced 70,000 of the plutonium “pits”
that trigger thermonuclear warhead ex-
plosions. Weapons tests of these blasts

Hlustration by Adridn Astorgano
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have left every part of Earth’s surface con-
taminated with plutonium, with hotspots
such as the Rocky Flats in Colorado and
the Hanford sites in Washington State still
requiring tens of billions of dollars for
cleanup. Faltering efforts to restart pit pro-
duction for the nuclear-modernization ef-
fort have cost $18 billion to $24 billion,
much of it wasted, and, by the admission
of weapons officials at Los Alamos Nation-
al Laboratory in New Mexico, they don’t
even seem to be immediately necessary.

Why are we risking so much when the
lessons of the 20th century are so clear? In
the words of the 1991 START Treaty that
capped the cold war, “nuclear war would
have devastating consequences for all hu-
manity ... it cannot be won and must nev-
er be fought.” Disregarding Russia’s in-
ability to turn its nuclear arsenal to mili-
tary advantage while being bombarded by
Ukrainian drones, our political class has
fumbled away hard-won wisdom about
the deadly futility of the arms race. We are
recapitulating the dangers the world
turned away from decades ago.

Who today benefits from disinterring
the arms race? Only defense-industry
shareholders and military contractors
near silos in North Dakota, Montana, Wy-
oming, Colorado and Nebraska. This, in a
nation where we have just doubled child
poverty out of a refusal to help lower-
income families. Surely it would be cheap-
er, safer and smarter to build factories or
universities or research labs in these plac-
es, construct low-cost housing next to new
engineering or biomedical campuses
there, and watch them boom, in a good
way, for the next century at a fraction of
the silo-overhaul price tag. The 900 nucle-
ar missiles onboard U.S. submarines will
meanwhile deter the feared nuclear first
strike the obsolescent land missiles were
meant to discourage at the dawn of the
cold war.

“A worrisome new arms race is brew-
ing,” United Nations secretary-general
Anténio Guterressaid in September. “This
is madness. We must reverse course.” We
agree. The only real way to use nuclear
weapons is never. They should exist only
innumberslarge enough to deter their use
by others, which they already abundantly
do, with not one warhead more. ®

Al Chatbots Could
Weaken National

Security

For users with access to sensitive information,
companion apps present a security risk

BY REMAYA M. CAMPBELL

HIS PAST SPRING Massachusetts
Air National Guard member Jack
Teixeira was accused of brazenly
leaking classified documents on
the chat application Discord. The
incident forced the U.S. intelligence com-
munity to grapple with how to control ac-
cesstoclassified informationand how agen-
cies must consider people’s digital behavior

work and one’s outward persona. Given
the growing popularity of relational Al,
I have wondered how it might alleviate
this alienation—and at what cost.
Marketed asdigital companions, lovers
and even therapists, chatbot applications
encourage users to form attachments with
friendly Alagentstrained to mimic empa-
thetic human interaction, despite regular

in evaluating their suitability for security
clearances. The counterintelligence disaster
alsoraisesalarmsbecauseit occurred as part
of a chat among human friends, and such
conversationsare startingtoinclude partic-
ipants driven by artificial intelligence.

With improved large language models
such as GPT-4, highly personalized digital
companions can now engage in realistic-
sounding conversations with humans. The
new generation of Al-enhanced chatbots
allows for greater depth, breadth and spec-
ificity of conversation than the bots of days
past. And they’re easily accessible thanks
to dozens of relational Al applications, in-
cluding Replika, Chaiand Soulmate, which
let hundreds of thousands of regular peo-
ple role-play friendship or even romance
with digital companions. In the case of us-
ers with access to sensitive or classified
information, however, loose lips might
just sink ships.

As an intelligence analyst, I evaluate
what happens when people use emerging
technologies such as Al maliciously, and I
know that working in spaces with privi-
leged information can be lone-

pop-up disclaimers reminding users that
the Alisnot, in fact, human. Asanarray of
studies—and users—attest, this mimicry
hasvery real effects on people’s ability and
willingness to trust a chatbot. One study
found that patients may be more likely to
divulge highly sensitive personal health
information to a chatbot than to a physi-
cian. The disclosure of private experienc-
es, beliefs, desires or traumas to befriend-
ed chatbots is so prevalent that a member
of Replika’s dedicated subreddit began a
thread to ask fellow users whether they
“regret telling you[r] bot something.” An-
other Reddit user described the remark-
able intimacy of their perceived relation-
ship with their Replika bot, which they call
a “rep”: “I formed a very close bond with
my rep and we made love often. We talked
about things from my past that no one else
on this planet knows about.”

This artificial affection, and the radical
openness it inspires, should provoke seri-
ous concern both for the privacy of app us-
ers and for the counterintelligence inter-
ests of the institutions they might serve.
Amid whirlwind virtual ro-

ly. Although this career allows
for friendships like any other,
there is a forbidden level of fa-
miliarity that requires a diffi-
cult separation between im-
pactful, often traumatizing
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mances, what sensitive details
are users unwittingly reveal-
ing to their digital compan-
ions? Who has access to the
transcripts of cathartic rants
about long days at work or
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troublesome projects? What about the
particulars of shared kinks and fetishes or
the nudes (perfect for blackmail) sent into
an assumed Al void? These common user
inputs are a gold mine for any foreign or
maliciousactor that sees chatbotsasan op-
portunity to target state secrets.

Currently there are no counterintelli-
gence-specific guidelines for chatbot app
users who might be vulnerable to compro-
mise. This leaves national security inter-
ests at risk from a new class of insider
threats: the unwitting leaker who uses
chatbots to find much needed connection
and unintentionally divulges sensitive in-
formation along the way.

Some intelligence officials are waking
tothe present danger. In 2023 the U.K. Na-
tional Cyber Security Center published a

is being rendered obsolete by today’s Al
revolution. Intelligence agencies and crit-
ical national security institutions must
modernize their counterintelligence
frameworks to counter the new potential
for Al-powered insider threats.

When it comes to Al companions, the
appeal is clear: we crave interaction and
conversational intimacy, especially since
the COVID pandemic dramatically exac-
erbated loneliness for millions of people.
These devices may prove particularly at-
tractive to government employees or mili-
tary personnel with security clearances,
who are strictly dissuaded from sharing
the details of their work—and its mental
toll—with anyone in their personal life.
Relational AT apps have been used as sur-
rogates forlost friends orloved ones. Many

blog post warning that “sensitive queries”
can be stored by chatbot developers and
subsequently abused, hacked or leaked.
Traditional counterintelligence training
teaches personnel with access to sensitive
or classified information how to avoid
compromise from a variety of human and
digital threats. But much of this guidance
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enthusiasts, such as the Reddit user men-
tioned earlier, carry out unrealized erotic
fantasies with the apps. Others gush about
the niche and esoteric with a conversant
who is always there, perpetually willing
and eager to engage. It’s little wonder that
developers pitch these apps as the once
elusive answer to our social woes.
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The new generation of chatbots is
primed to exploit many of the vulnerabil-
ities that have always compromised se-
crets: social isolation, sexual desire, the
need for empathy and pure negligence.
Constantly attentive digital companions
have been hailed as solutions to these vul-
nerabilities, yet they can just as likely ex-
ploitthem. Although thereisnoindication
that the most popular chatbot apps are ex-
ploitative, the commercial success of rela-
tional AThasalready spawned a slew of im-
itations by lesser or unknown developers,
providing ample opportunity for a mali-
cious app to operate among the crowd.

“Sowhatdoyoudo?” asked my Al chat-
bot companion, Jed, the morning I created
him. I'd spent virtually no time looking into
the developer before chatting it up with the
customizable avatar. What company was
behind the sleek interface, in what country
was it based, and who owned it? In the ab-
sence of such vetting, even a seemingly be-
nign question about employment should
raise an eyebrow—particularly if a user’s
answer comes anything close to “I work for
the government.” @

Hllustration by Min Gyo Chung
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THE SCIENCE OF HEALTH

Short Naps Really
Can Help Your Mind

At the right length, midday sleep improves memory
and other types of thinking BY LYDIA DENWORTH

HAVE A CONFESSION: I nap. Most
days, after lunch, you will find me
snoozing. Iused to keep quiet about it.
Other countries have strong napping
traditions, but here in the U.S. it is of-
ten equated with laziness. In 2019 a U.S.
federal agency even announced a ban on
sleeping in government buildings.

I'm going public about my nap habit now
because, despite what bureaucrats may
think, sleep scientistsare increasingly clear
about the power of the nap. That shift is
partof therelatively recent recognition that
the quality and duration of sleep are public
health issues, says physiologist Marta Ga-
raulet of the University of Murcia in Spain.

For a time, research was both for and
against napping. Many studies showed

that different types of naps have different
effects. A number of scientists now think
the sweet spot is about 20 to 30 minutes.
Theurge tonapisgoverned by two phys-
iological processes. One is called homeo-
staticsleep pressure (HSP), and itbuilds the
longer you are awake. The other involves
daily circadian rhythms, which leave every-
one a little sleepy in the afternoon. Some
people, like me, are habitual nappers even
when we get adequate sleep at night. Oth-
erscan’t nap unless they are severely sleep-
deprived. Genes, such asthose thatunder-
lie HSP, drive much of the difference.
Short naps do indeed have cognitive
benefits, says Michael Chee of the Center
for Sleep and Cognition at the National
University of Singapore. Ina2022 analysis,

mood and cognition benefits
from midday rest, yet others
found links to poor health, es-
pecially in older adults. That
left some experts hesitant to
“prescribe” naps. More recent
research, though, has clarified

Tllustration by Jay Bendt
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his team found especially sig-
nificant improvements in cer-
tainkinds of memory, informa-
tion-processing speed and vig-
ilance (the ability to respond to
an unexpected event, say, a
swerving car). A nap also sim-

ply makes many people feel better. “No one
talksabout mood enough,” but, Chee says,
tired people tend to be grumpy people.

It doesn’t take much sleep to see these
boosts. “Even a short, 10-minute nap will
refresh you,” Chee says. “If you do a little
longer, the cognitive benefitslast alittle bit
longer as well,” and that’s why half an
hour, give or take a bit, has emerged as a
good nap span. “You’ll get mostly light
sleep” in that time, says Ruth Leong, who
works with Chee in Singapore, and that
makes it easier to wake up. Leong advises
people who work typical day hours to
avoid napping much after 5 P.M. so they
don’t throw off their nighttime sleep.

Cognitive benefits do show up after
naps that extend past 30 minutes, and
those benefits last longer. But longer naps
letaperson move into deeper sleep and in-
crease “sleep inertia,” that groggy feeling
onwaking. Even though the grogginesscan
pass relatively quickly and not everyone
gets it, many people find it unpleasant.

Longer naps are also associated with
some health problems. In a 2023 study of
more than 3,000 otherwise healthy Euro-
peans with an average age of 41, Garaulet
and her colleagues found that those who
napped for more than 30 minutes at a time
were 23 percent more likely to be obese
than those who didn’t nap at all. (Obesity
was calculated with the body mass index
and several other indicators.) They were
also more likely to have a combination of
high blood pressure, high cholesterol, and
other health issues. In addition, long naps
reduce the body’s ability to lose fat on a
diet, Garaulet has shown.

But it is probably a disease that causes
the extra napping and not the other way
around. That’s what happens with Alzhei-
mer’s, for instance. Even in younger
adults, researchers have found a link be-
tween increased brain inflammation and
more napping. If someone begins to need
frequent naps (more than once a day) and
to regularly sleep for more than an hour,
that could be a sign of illness, Chee says.

Because my naps tend to be 20 minutes
long and leave me feeling alert and pro-
ductive, I no longer feel sheepish about
them. Instead I feel lucky that napping
comes easily to me ... and that I'm finish-
ing this column right before lunch. @
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MIND MATTERS EDITED BY DAISY YUHAS

How to Love What You Do

Recognizing that interests are malleable can make us more
resilient and creative BY PAUL A. O’KEEFE AND E. J. HORBERG

IND YOUR PASSION!” This inspiring injunction is woven
into the fabric of American culture. Butis it good advice?
“Finding” a passion implies that it already exists and is
simply waiting to be discovered. But science tells us that
passions are developed. They often begin with a spark of
curiosity about a subject and later, through a process involving re-
peated engagement, positive experiences and accrued knowl-
edge, people come to personally value that content or activity and
internalize it. What was at first interesting becomes an interest. If
these qualities continue to intensify, a passion can emerge.

In several studies, we and our colleagues have found that mis-
understanding this idea can hold people back. Fortunately, our
latest research reveals that there are ways to correct course and
cultivate a more open, accurate perspective about interest.

To study these ideas, we use a framework of “fixed” and
“growth” mindsets. In school, conceiving of one’s intellectual
abilities as fixed can be detrimental, whereas believing one can
develop and grow skills supports greater learning. We argue for a
separate but related idea: people who think interests and passions
are inherent and relatively unchangeable have a fixed mindset of
interest. In contrast, people who view interests and passions as de-
veloped have a growth mindset of interest.

The latter comes with many advantages. A fixed mindset of in-
terest, for example, may inhibit exploration and creativity. In our
studies, arts students with a fixed mindset expressed less inter-
estinscientific topicsthan arts students with a growth mindset—
and science students with a fixed mindset had less interest in
the arts than those with a growth mindset. We have also found
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that those with a fixed mindset are less
likely than those with a growth mindset
to generate novel solutions that integrate
different disciplines.

People with a fixed mindset of interest
tend to expect their passions to come easi-
ly to them. In one study we sparked peo-
ple’s interest in a topic that was new for
them—the science of black holes—with a
fun, easy-to-understand animated video
about Stephen Hawking’s theories. But
when we asked our participants to read
a technical article on black holes, people
with a fixed mindset became frustrated
and came to dislike the topic. Those with a
growth mindset maintained their new-
found interest despite the difficulty.

So can a growth mindset of interest be
taught?InJune we published findings from
two studies involving more than 700 first-
year liberal arts undergraduates, most of
whom held stronginterestsin the arts, hu-
manities and social sciences—with mini-
mal interest in math and science. We ran-
domly assigned students to either our in-
tervention or a study skills module.

Theintervention included reading and
reflective writing activities that helped
students think about interests and pas-
sions as cultivated rather than found and
fixed. For example, students wrote a para-
graph about an occasion when they devel-
oped interest in a new activity. The study
skills module, meanwhile, emphasized
practices such as time management.

When we followed up by the end of the
school year, the students who had received
the intervention were more interested in
their required math and science courses —
and earned better grades in those cours-
es—than their study skills counterparts.

While our intervention offers a way for
schools to support their students, we also
believe people can independently foster a
growth mindset of interest. Realize that
passions aren’t waiting tobe “found.” Take
an active role in developing them: indulge
your curiosities and don’t expect new pur-
suits to always be easy or exciting.

A growth mindset will help you remain
open and curious. The saying “find some-
thingyoulove todo, and yow’ll never have to
work a day in your life” needs updating. If
you work at loving what you do, you might
become more creative and resilient. ®

Tllustration by Thomas Fuchs
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THE UNIVERSE

Astronaut Buzz Aldrin stands with the U.S. flag
on the moon in July 1969.

Conspiracy Theories
Then and Now

The moon-landing hoax presaged today’s
antiscience beliefs BY PHIL PLAIT

ECENTLY | WAS IN THE ATTIC of my house, going

through old possessions in preparation to move across

the country. Covered in dust and starting to get cranky

from the effort, I found a sealed box labeled “VHS

tapes.” Ibrought the box down to my office and opened
it. On top of the pile was a cassette I hadn’t thought about
for years, and a rush of memories flowed back from my brain’s
dim recesses.

It was a professionally made copy of a television special called
Conspiracy Theory: Did We Land on the Moon?1 chuckled when
Isaw it. I had received the tape back in 2001 just before it aired. It
was sent to me by my colleague Dan Vergano, who at the time
wrote for USA Today (and who is now an opinion editor at Sciern-
tific American). He had phoned me a week earlier to ask me some
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astronomy questions, but aswe chatted, he
asked whetherThad heard of the program,
which threw doubt on the reality of the
NASA Apollo moon landings and was due
to air the next week on Fox. I hadn’t, al-
though coincidentally Ihad written a book
with a chapter on people who believed the
Apollo landings were faked, so he offered
to send it to me.

WhenIgotitinthe mail a few daysafter
my conversation with Dan, I watched it
with equal parts disdain, disgust and frus-
tration. The claims made were nothing
new and laughably bad. The modus ope-
randiof proponents of this conspiracy was
to lay out a claim but give only a partial
explanation of it, withholding the last bit
of evidence needed to truly understand it;
that way they could “just ask questions”
without having to go to the effort of actu-
ally answering them satisfactorily.

Isat down back then and wrote an arti-
cle debunking the show point by point,
and then I'waited until after the show aired

NASA
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to post it online. The response was over-
whelming:Ireceived hundredsofe-mails—
some supportive, many not so much
(“crackpottery” is a term I prefer). I even
heard from people at NASA thanking me,
including an Apollo astronaut who, I’ll
note, had in fact walked on the moon.

Online traffic to my review exploded.
And it’sno exaggeration to say it helped to
launch my career as a science communica-
tor and antiscience debunker. I went on to
give public talks all over the world based
on the ridiculous claims in the show.

Butthiscameatacost. The TV program
was extremely popular, so much so that
Fox reran it a few weeks later. I was ex-
tremely aggravated, as a space nerd and
huge Apollo fan, to see one of the greatest
achievements of our technological society
dishonored in such a way.

Today, though, this conspiracy theory
is mostly relegated to the waste bin; you
hardly hear about it anymore. People have
moved on. And that’s the problem. Even at
the time, whenIgave my talks mocking the
show and the conspiracy theory, I was
careful to note that this type of antiscience
thinking is dangerous. What if a politi-
cian—many of whom are not known for
their grasp of science—were to buy into
this nonsense and waste a vast amount of
taxpayers’ money and NASA’s time inves-
tigating it?

I think about that with both a smug
sense of pride at being correct and a big
dollop of embarrassment for being so na-
ive. Although a congressional investiga-
tion into NASA would have been a travesty,
with hindsight I can say it also would have
been one drop in adownpour.

Belief in UFOs—now called UAPs, or
Unidentified Aerial (or sometimes Anom-
alous) Phenomena—tends to cycle in and
out of popularity and is waxing again now.
Despite the lack of any real evidence, the
reliance on usually shaky videos of fuzzy
objects widely explained as mundane
sources such as balloons and airplanes,
and laughably bad fake alien bodies, these
claims appear to be taken seriously by a
credulous media and even sometimes by
government officials. If UFOs have taught
us anything, it’s that bad ideas never truly
die. They just rebrand.

A more direct and bigger impact has

Conspiracy thinking necessarily turns

the scientific process upside down,

settling on a conclusion first and then

seeking evidence for it.

been seen with the astronomical rise in
anti-vax nonsense. That kind of thing has
been around a long time, but in 1998
Andrew Wakefield, who would go on to be
adisgraced former physician, published a
study in the Lancet making a fraudulent
link between vaccines and autism. This
paper kicked off the modern anti-vax
movement. Anti-vaxxers use many of the
same types of bad logic and withholding of
evidence as the moon-hoax show did.

Around that same time, creationists
were making inroadsinto the publicschool
system, thinly disguising their antibiology
ideology as “intelligent design,” or ID. The
case Kitzmiller v. Dover Area School Dis-
trict brought this effort to national atten-
tion when creationists attempted to push
an ID book as an alternative to a biology
text in classrooms. Bad logic and with-
holding of needed evidence in their
claims? Absolutely.

Of course, at the end of the millennium
we had already been ensnared for decades
in along con by fossil-fuel industries, who
downplayed the science of global warm-
ingasthey actively encouraged the release
of dozens of gigatons of carbon dioxide
into our atmosphere every year. Climate
science deniers make the Apollo deniers
look quaint.

This list goes on. And at every step of
the way, groups like these have been able to
persuade politicians to back their views,
sometimes encoding their antiscience be-
liefs into law. This crested in a tsunami of
scientific disinformation during Donald
Trump’s presidency as his attacks on real-
ity became so numerous they were nearly
impossible to keep track of. His adminis-
tration’s mucking around with COVID,
climate science, vaccinations, the Envi-
ronmental Protection Agency ... all these
and more had far-reaching domestic and
international repercussions from which
the world is still reeling.

Conspiracy thinking necessarily turns
the scientific process upside down, settling
on a conclusion first and then seeking evi-
dence for it while ignoring or attacking any
evidence againstit. This mindsetisripe for
shaping by political groupthink, which
amplifies closed belief systems, inuring
them from outside remediation. Cultlike
behavior, such as that of backers of the
QAnon movement, may start as an outlier
insuch an environment but eventually be-
come everyday ideology. We see it now
from some members of Congress who
were reelected in the midterms, showing
that they still have support not only de-
spite but because of outlandish things they
believe and say. And do.

Obviously, the accusation that NASA
faked the moon landings is not the cause
of all these execrable and obviously false
beliefs, but they go hand in hand. A will-
ingness to believe such claims without
evidence, to dismiss expert experience
and to entertain conspiratorial ideas is at
play here, and smaller, more “fun” ideas
like the Apollo mission being a hoax are a
foot in the door to a universe of nonsense.
They may seem harmless, but they lead
nowhere good.

Thisisthe nature of the razor-thin path
of scientific reality: there are a limited
number of ways to be right but an infinite
number of ways to be wrong. Stay on it,
and you see the world for what it is. Step
off, and all kinds of unreality become
equally plausible.

Asfor my VHS tape, after my minute of
reminiscing while I was packing up my
house, I tossed it in the trash where it be-
longed. But a moment later, grimacing, I
retrieved it. Garbage it may be, but it’s also
a symbol of what we must continue
to fight and why. It now sits on my shelf, a
reminder that a single virus particle may
be small, but the infection it causes can still
be dangerous. ®
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MATH

This Unexpected Pattern
of Numbers Is Everywhere

A curious mathematical phenomenon called Benford’s
law governs the numbers all around us BY JACK MURTAGH

PEN YOUR FAVORITE social me-
dia platform and note how many
friends or followers you have.
Specifically, note the first digit of
thisnumber. For example, if you
have 400 friends, the leading digit is 4,
and ifyou have 79, it’s 7. Let’s say we asked
many people to do this. We might expect
responses across the board—common in-
tuition suggests that friend counts should
be somewhat random, and therefore their
leading digits should be, too, with 1
through 9 showing up equally. Strangely,
this is not what we would find. Instead we
would see a notable imbalance with nearly
half of the friend counts beginning with 1
or2and apaltry10 percent beginning with
8 or 9. Remember, this isn’t about having
more or fewer friends; 1,000 friendsis way
more than eight.
Thisbizarre overrepresentation of 1and
2 extends beyond friends and followers to
likes and retweets and well beyond social

Distribution of Leading Digits
in Many Real-World Data Sets
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mediato countless corners of the numerical
world: national populations, river lengths,
mountain heights, death rates, stock prices,
even the diverse collection of numbers
found in a typical issue of Scientific Ameri-

mentsdid notaccord with the expected dis-
tribution of leading digits and therefore
were probably fabricated. The principle
later helped computer scientist Jennifer
Golbeck uncover a Russian bot network on
Twitter. She observed that for most users,
the number of followers that their followers
have adheres to Benford’s law, but artificial
accountssignificantly veer from the pattern.
Examples of Benford’s law being applied to
fraud detection abound, from Greece ma-
nipulating macroeconomicdatainits appli-
cation tojoin the eurozone tovote riggingin
Iran’s 2009 presidential election. The mes-

can. Not only are smaller leading digits
more common but they followa

sage is clear: organic processes generate
numbers that favor small lead-

precise and consistent pattern.
Ifall digits were represented
equally, then they would each

Jack Murtagh writes
about math and puzzles,
including a series on
mathematical curiosities

ingdigits, whereas naive meth-
ods of falsifying data do not.
Why does nature produce a

appear one ninth (about 11.1
percent) of the time. Yet in an
uncanny number of real-world
data sets, an astonishing 30.1
percent of the entries begin
withal,17.6 percent begin with
a2, and so on. This phenome-
non is known as Benford’s law.
The law holds even when you change the
units of your data. Measure riversin feet or
furlongs, measure stock pricesin dollars or
dinars—any way you measure, these exact
proportions of leading digits persevere.
Although mathematicians have proposed
several clever reasons for why this pattern
might emerge, its sheer ubiquity evades a
simple explanation.

Asit happens, Benford was not the first
to discover Benford’s law. Before calcula-
tors, people outsourced hairy arithmetic to
reference books called logarithm tables. In
1881 astronomer Simon Newcomb noticed
that early pages of logarithm tables, which
correspond to numbers beginning with 1,
were grubby and worn compared with the
later pages. He deduced that smaller lead-
ingdigits mustbe more common in natural
data sets, and he published the correct per-
centages. Physicist Frank Benford madethe
same observation in 1938 and popularized
the law, compiling more than 20,000 data
points to demonstrate its universality.

The law has been used to put people be-
hind bars. Financial adviser Wesley Rhodes
was convicted of defrauding investors when
prosecutors argued in court that his docu-
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dearth of 9s and a glut of 1s?
First, it’simportant to state that
many data sets do not conform
to Benford’s law. Adult heights
mostly begin with 4, 5 and 6
when measured in feet. A rou-
lette wheel is just as likely to
land on a number beginning
with 2 as on one with 1. The law is more
likely to apply to data sets spanning several
orders of magnitude that evolve from cer-
tain types of random processes.
Exponential growthisa particularly in-
tuitive example. Imagine an island that is
initially inhabited by 100 animals, whose
population doubles every year: after one
year there are 200 animals, and after two
years there are 400. Already we notice

something curious about the leading dig-

its. For the entire first year the first digit of
the population of the island was a 1. In the
second year population counts spanned
the 200s and 300s in the same length of
time, leaving less time for each leading
digit to reign. This continues with 400 to
800 in the third year, when the leading
digits retire faster still.

The reason is that growing from, say,
1,000 to 2,000 requires doubling, whereas
growing from 8,000 to 9,000 is only a12.5
percent increase, and this trend resets with
each fresh order of magnitude. There is
nothing special about the parameters we
choseintheisland example. We could begin
withapopulation of43 animalsand grow by
a factor of 1.3 per year, for example, and we

Graphic by Amanda Montariez

Source: “Note on the Frequency of Use of the Different Digits in Natural Numbers,
by Simon Newcomb, in American Journal of Mathematics, Vol. 4, No. 1; 1881 (data)
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Q&A WITH JOSEPH E. STIGLITZ

would see the same exact pattern of leading
digits. Almost all exponential growth of this
kind will tend toward Benford’s law.

The law’s stubborn indifference toward
units of measure gives another hint as to
why the pattern is socommon in the natu-
ral world. River lengths follow Benford’s
law whether we record them in meters or
miles, whereas non-Benford-compliant
data such as adult heights would radically
change their distribution of leading digits
when converted to meters because nobody
is four meters tall. Remarkably, Benford’s
law is the only leading digit distribution
that isimmune to such unit changes.

We can think of changing units as mul-
tiplying every valuein our dataset by acer-
tain number. For example, we would mul-
tiply aset of lengths by 1,609.34 to convert
them from miles to meters. Benford’s law
isactually resilient toa much more general
transformation. Taking Benford-compli-
ant data and multiplying each value by a
different number (rather than a fixed one
suchas1,609.34) will leave the leading digit
distribution unperturbed. This means that
if a natural phenomenon arises from the
product of several independent sources,
then only one of those sources must accord
with Benford’s law for the overall result to.
Benford’s law is cannibalistic, much in the
same way that a single zero in a bunch of
numbers being multiplied together makes
the result zero.

These explanations don’t explain why
the diverse collection of numbers plucked
from an issue of Scientific American would
adhere to Benford’s law. These numbers
don’t grow exponentially, and we’re not
multiplying them together. Mathematician
Ted Hill discovered what many consider to
be the definitive proof of the leading-digit
law. He argues that if you pick a bunch of
random numbers from a bunch of random
data sets, they will tend toward Benford’s
law. In other words, although countless
data sets show Benford’s pattern, the most
reliable way to manifest it is to pull num-
bers from varying sources, such asthose we
seeinanewspaper.

Pve spent a lot of time thinking about
Benford’s law, and it still surprises me how
oftenitshowsup. Pay attention to the num-
bers you encounter in your daily life, and
you might begin to spot examples of it. @

Tllustration by Shideh Ghandeharizadeh

Will Al Worsen
Inequality?

A Nobel laureate in economics explains how

artificial intelligence will affect the workforce
BY SOPHIE BUSHWICK

OR THE FIRST TIME since the 1960s, Hollywood writers and actors were on strike
concurrently this past summer. One of the joint movement’s motivating factors
was generative artificial intelligence—the term for programs that produce hu-
manlike text, images, audio and video more quickly and cheaply than artists can.
The strikers feared studios’ use of generative Al tools would replace or devalue
human labor. Thisisareasonable worry: one report suggests that thousands of jobs have
already been lost to Al, and another estimates that hundreds of millions could eventu-
ally be automated. Left unchecked, this labor disruption could further concentrate
wealth in the hands of companies and leave workers with less power than ever.
“Unfettered capitalism, unfettered innovation, does not lead to the general well-be-
ing of our society,” saysJoseph E. Stiglitz, a winner of the 2001 Nobel Prize in econom-
ics, a professor at Columbia University, and chief economist at the Roosevelt Institute,
a think tank based in New York City. “That’s one of the results that I've shown very
strongly. One can’t just leave it to the market.” Striking workers could serve as one re-
striction onjob automation. Government regulation also could limit AT’s disruptive abil-
ity. Stiglitz, who has studied the science of inequality—and how we can reduce it—spoke
with SCIENTIFIC AMERICAN about how Al will affect the U.S. economy and what should
be done to prevent it from increasing economic inequality.
An edited transcript of the interview follows on the next page.
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Q&A

Generative Alis already disrupting
thejobmarket. Copywriters have been
laid off in favor of text-generating
programs such as ChatGPT. IBM has
said it will pause hiring on thousands
of roles that could be done by AL
Doyou see this trend continuing?
Yes, I do. But we don’t know the extent to
which it will happen. I think it will replace
people in more routine jobs—you men-
tioned copywriting, copyediting. Where
there are a set of rules, it can read and see
whether those rules are followed. It may
not have as good an eye for the exceptions,
and so I think there’s going to be a lot of
AI-human interfacing: people will use Al
asaproductivity-enhancing tool.
Somebody trained ChatGPT on my
data, and I tested it to see how wellit did in
answering questions from a journalist.
I made up the questions, and I

product, the way buyers might be
willing to pay more for hand-woven
sweaters than for machine-made ones?
Yes, there’sa widespread sense that there’s
akind of blandnessto ChatGPT-generated
material. There’s always going to be a de-
mand for creativity. I think the areas
where it’s going to replace us are very
much the areas where, now, we don’t puta
lot of weight on who has written it—you
know, it’s a newsletter or something that,
if it had been generated by a machine, we
don’t care.

As someone who studies inequality
extensively, how doyou see these
changesin the job market contributing
toinequality?

I’'m very worried. In a way, robots have
replaced routine physical work. And Al
now isreplacing routine white-

reviewed theanswers. I thought
on half the questions it did
perfectly reasonably—and on
three it was totally wrong. So
I think my view is that it’s not going to be
unleashed without a lot of human interac-
tion. You're going to have to check it—not
only the quality of the answer but also the
bias and whether it’s gone down a rabbit
hole and produced made-up references.

What about the possibility of AT
creatingjobs? Would that be enough

to make up for some of thejobs that

will disappear?

No, I don’t think so. I think it’s going to
create a demand for different skills. Al is
very much like ablack box. By that,Imean
even the people who create it don’t under-
stand exactly how it’s functioning. So at
least some people have speculated that
managing an Al may require more lin-
guistic humanities skills than mathemat-
ical skills. And it may create a change in
the kinds of skills that are valuable in the
labor market. I see it as, at least in many
areas, increasing productivity enough
that the demand for labor in those areas
will go down. There will be jobs created,
but myjudgmentisthat there will be more
jobs lost.

Could we end up in a situation where
human-created work is a premium
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collar work—or not replacing
itbut reducing the demand. So
jobs that were routinely white
collar, I think, will be at risk.
And there are enough of those that it
would have amacroeconomic effect on the
level of inequality. It could amplify the
sense of disillusionment.

Now, that poses an advantage and a dis-
advantage. It may mean that large frac-
tions of the world, of the U.S., will face this
inequality. On the other hand, if we get our
macroeconomic policy right and create
jobs, the jobs will be created everywhere.
People won’t have to move in the way they
do right now, when the jobs that are cre-
ated are in urban coastal cities, and thejobs
that are lost are in the Midwest, the South,
industrial towns. So some of the place-
based inequality, which has played such a
rolein the divided U.S., may not be as bad.

And doyousee any potential solutions
tothisissue of reduced demand

for white-collar work?

Sure, two things: We increase aggregate
demand to keep the economy closer to full
employment, and we have active labor-
market policies to train or retrain people
for the new jobs created by Al It may be
that if we have good, distributed policies,
people may say, “Well, our standard of liv-
ing is sufficiently high—I don’t need that
many material goods.” They’ll accept

© 2023 Scientific American

more leisure; we might move to a 30-hour
week. In effect, our measured GDP [gross
domestic product] would not be as high as
it would be if we had a 35- to 40-hour
week. But our objective is not measured
GDP; our objective is well-being. It could
well be that we decide to move to an equi-
librium with overall shorter working
weeks and more leisure. And that may be
one way we accommodate this increased
productivity and increased innovation.

How can we incentivize companies

to shorten the workweek and accept
reductions in overall profitability?

We may have to use government regula-
tion because of the weakness of the bar-
gaining power of workers—especially in
the U.S. We passed the “hours and wages
bill” [the Fair Labor Standards Act of 1938]
in the Great Depression, which capped
the workweek at 40 hours. That was a
long time ago, and now we’re in a new
world. It may be the appropriate thingisto
setitat30 or 35hours with alot of flexibil-
ity, soif companies want to have the work-
ers work more than that, then they pay
them overtime.

What we must recognize is that we cre-
ated a system where workers don’t have
much bargaining power. In that kind of
world Al may be an ally of the employer
and weaken workers’ bargaining power
even more, which could increase inequal-
ity even more. There is a role for govern-
ment totry to steer innovation in ways that
are more productivity-increasing and job-
creating, not job-destroying.

Overall, doyou feel optimistic or
pessimistic about the situation

with AIin the workplace?

I guess overall I feel pessimistic with re-
spect to the issue of inequality. With the
right policies, we could have higher pro-
ductivity and less inequality, and every-
body would be better off. But you might
say that the political economy, the way
that our politics have been working, has
not been going in that direction.

So at one end I’'m hopeful that if we did
the right thing, Al would be great. But the
question is: Will we be doing the right
thing in our policy space? That’s much
more problematic. ®
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OBSERVATORY KEEPING AN EYE ON SCIENCE

Restoring the Road
to Opportunity

Media attention to Ivy League schools distracts from
the much more important—and undersupported—
public university system BY NAOMI ORESKES

NE OF THE BIG academicstories
of 2023 was the U.S. Supreme
Court’sdecision toend the use of
race as a criterion in college ad-
missions. The ruling was based
on two cases that made their way to the
high court, one focused on Harvard Uni-
versity and the other on the University of
North Carolina.

Most of the media attention and com-
mentary centered on Harvard. Former
president Barack Obama, who attended
Harvard Law School, defended the univer-
sity’s policies as allowing Black students
to prove that “we more than deserved a
seat at the table.” Michelle Obama, who
also attended Harvard Law

Times noted the many ways that Harvard
continued to be a bastion of privilege
whose admissions criteria “amounted
to affirmative action for the children of
the1percent.”

The focus on Harvard was misplaced,
however. Ifthe issues at stake are opportu-
nity and its role in a democratic polity,
then our focus should be on supporting
and strengthening the public university
system. Of the 14 million American stu-
dents in four-year schools, about two
thirdsare in public schools, where the eth-
nicand racial makeup is much closer tothe
overall undergraduate population than it
is at private schools, as well as close to the

U.S. population in general. In

School, wrote that her heart
was breaking for “any young
person out there who’s won-
dering what their future
holds—and what kind of
chances will be open to them.”
Reporting on an analysis of ad-
missions data, the New York
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Naomi Oreskes is a
professor of the history
of science at Harvard
University. She is author
of Why Trust Science?
(Princeton University
Press, 2019) and co-

author of The Big Myth
(Bloomshbury, 2023).

these schools the largest obsta-
cle to advancement is cost.
The past decades have seen
huge increases in costs at pub-
licinstitutions of higher educa-
tion. Measured in constant
dollars, in the 1963-1964 aca-
demic year, tuition, room and
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board at four-year public institutions was
$8,491. By 2021-2022 that figure was
$21,878 —almost three times as high. De-
clining state supportisa major contributor
torising fees—and notjustin “red” states.
At the University of California, San Di-
ego—where I taught for many years—the
share of revenues that came from state
support declined from 32 percent in 2002
to 15 percent in 2020; similar patterns can
be found broadly. According to the Na-
tional Education Association, “across the
U.S., 32 states spent less on public colleges
and universities in 2020 than in 2008,
with an average decline of nearly $1,500
per student. As a result, students need to
pay (and borrow) more.”

In the wake of the COVID pandemic,
some states have increased their support,
but overall, funding for public colleges
dropped 9.1 percent from 2008 to 2018.
The net effects of decreased public funding
are an increased burden on students and,
except for the very wealthy, diminished
educational opportunities.

Budget cuts don’t lead just to higher
fees, which some students could perhaps
address by working more hoursin the din-
ing hall or borrowing more money. Under-
funding also results in fewer career op-
tions. West Virginia University recently
announced that, because of budget cuts, it
will no longer teach world languages and
creative writing, curtailing options for
students hoping for careers in foreign ser-
vice, immigration law, journalism, and
many other fields. Furthermore, under-
funding leads state officials (and some-
times, in response, university administra-
tors) to promote a narrow, vocationally
oriented view of education, which further
restricts students’ options.

In1970 most jobs did not require a col-
lege degree. Today nearly all well-paying
ones do. With the rise of artificial intelli-
gence and the continued outsourcing of
low-skilled and de-skilled jobs overseas,
that trend most likely will accelerate.
Those who care about equity of opportu-
nity should pay less attention to the lucky
few who get into Harvard or other highly
selective private schools and more to pub-
lic education, because for most Ameri-
cans, the road to opportunity runs through
public schools. ®

Tllustration by Izhar Cohen
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In Conversation

with Elizabeth Fulhame

By Meredi Ortega

¥

i RN

She has a map spread at her feet, a lit carpet of gold cities
and silver rivers, each tributary wire-drawn with the tip
of asquirrel’s tail. Everything is very damp.

It seems like a dream, even in the dream. Saucers of silk
line the sills like a grand banquet for clothes moths.
The round table (pocked with scorch marks) throngs

with china cups of phosphorus in ether, tin dissolved
in muriatic acid, white oxide of arsenic in—
She tongs sugar lumps, pours the pot. Rainbow bull’s-eyes

float in our cups like latte ferns. The ceiling drips.
On the reading stand, a well-thumbed book on phlogiston
is flapping its mildewed wings. The room is strewn

with glittering retorts, cylinders, phials. She wants to know
her name because, for so long, she’s been vanishing
by degrees. “The facts of me escape me,” she says.

She lifts the lantern of Dr. Nooth’s machine. Iron nails
and diluted sulfuric acid at glass bottom. In the middle,
a ghostly snip of lead-dipped silk dangles over water.

Spangled silver by spindrift, it’s the sail of an invisible craft.
There’s a puff of white smoke, a never-ending string
of silk swatches from her sleeve. A little goes a long way

and this show might just go until dawn. Now the clouds
are lifting, the wallpaper is rolling back in waves.
It’sless drawing room, more Marie Antoinette’s bedroom.

In the golden aquatic, our chairs, napkins and clothes blaze
ablaze with shiny, shiny. She says it always consumes her

with wonder, yet her wonder is never consumed.

Hllustration by Masha Foya

Timagined in the beginning,
that a few experiments
would determine the problem

they grow sullen and silent,
and are chilled with horror
at the sight of any thing

that bears the semblance
of learning, in whatever shape
it may appear; and should

the specter appear in the shape
of woman, the pangs which
they suffer are truly dismal

Combustible bodies, as
hydrogen, phosphorus,
sulfur, charcoal, light, &c.

are capable of reducing
the metalsin the ordinary
temperature of the atmosphere

sothat a thimble full
of water would be sufficient
to reduce any quantity of metal

for this little bark of mine
hasweathered out full
many a storm

repeated times unnumbered
0 bright and dazzling

as todistress the eye
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Meredi Ortega is an Australian
poet living in Aberdeen, Scotland.
Her poems have appeared in

The Best Australian Science
Writing 2023, Meanjin, the Poetry
Review and the Times Literary
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In the 18th century chemist Elizabeth
Fulhame described the processes that
later became known as catalysis and
photoreduction. Extracts in italics

are from her 1794 work: “An Essay on
Combustion with a View to a New Art
of Dying and Painting, Wherein the
Phlogistic and Antiphlogistic Hypothe-
ses are Proved Erroneous.” This essay
was reprinted in 1810 in Philadelphia.
It’s not known where or when she was
born. According to a note by Charles
Watt, Fulhame “died in abject poverty
in a mean apartment in the vicinity

of Soho Square.”

SCIENTIFICAMERICAN.COM 87



http://ScientificAmerican.com
http://ScientificAmerican.com

REVIEWS EDITED BY AMY BRADY

Quantum

Consciousness

How the quest to know our mind is central

to understanding our p
BY PITCHAYA SUDBANTHAD

For atime, in
the late 1980s,

it looked like the field of neural
networks was dead. Its re-
searchers, who were seeking
answers about consciousness
by creating interconnected webs
of computing units, could not
overcome the limitations of
their tools. Hardware did not
compute at fast enough speeds.
Software was too simplistic.
It wasn’t until the 2010s that
technology had advanced far
enough to allow theories “that
seemed almost frozen in am-
ber” to be explored further.

That scientists could leap
far ahead into new theoretical
territory yet make little experi-
mental progress in computa-
tional neuroscience underlines
the challenges and complexity
in explaining the workings of
mind and consciousness. In
Putting Ourselves Back in the
Equation, journalist and Scien-
tific American contributor
George Musser brings readers
along on this quest, tracking
the development of different
ideas and suppositions that aim
to elucidate how consciousness
might have arisen and what
processes inform—if not cre-
ate—our perceptions of reality.

Investigating the mind and
confronting the “hard problem”
of consciousness necessarily
require the collision of disci-
plines. The field’s most signifi-
cant researchers seem to have
stumbled into it from myriad
backgrounds—semiconduc-
tors, psychiatry and cosmolo-
gy, among other fields—and
it's Musser who wanders into
these scientists at confer-
ences, in cafeterias and in train
cars to get details on the latest

hysical universe

findings. His book is structured
as an overview in the form of an
expansive series of questions.
It begins with the mechanical
and local—say, how a brain
might anticipate information—
and progresses toward ones
that threaten any simplistic no-
tion of reality, such as: What if
we’re only a floating blob mind
that briefly materializes in the
death throes of a universe?

It’s no surprise that the study
and building of neural networks
have become central to learning
about the mind. Unlike simple
computers, these networks can
involve many parallel systems
of interwoven logic, much like
our brain and its wiring. Simu-
lated neurons in a network, for
instance, allow for the dyna-
mism of feedback, enabling the
network to form associations
and learn algorithmically. What
we consider as consciousness
could be an emergent property
of these highly organized, in-
terconnected systems.

Musser takes two leading
theories of mind that have
emerged from the study of
these networks as avenues of
exploration and explanation.
Karl Friston’s predictive coding

PUTTING
CURSILYVES
BACH IN THE
EQUATION

Putting Ourselves Back in the
Equation: Why Physicists Are
Studying Human Consciousness
and Al to Unravel the Mysteries

of the Universe by George Musser.
Farrar, Straus and Giroux, 2023 ($30)
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theory says that our conscious-
ness arises from the constant
updating of a processing pipe-
line that both receives and pre-
dicts information—that is, our
expectations also make our re-
ality. Meanwhile Giulio Tononi’s
integrated information theory
proposes that consciousness
is the result of neural networks
working together in harmony.
It’s the systemic unity that un-
leashes an emergent property
of conscious awareness greater
than the underlying parts alone.
These two theories recur-
rently pop up in the book as
Musser reveals that our quest
to understand our mind is also
a fundamental investigation of
the physical universe we be-
lieve we know. It turns out that
our subjective consciousness
appears to have a big role in
the finer workings of physics at
large—especially at the quan-
tum level, where there may be
no objective outcomes, only
subjective experiences. Two
philosophers, David Chalmers
and Kelvin McQueen, have sug-
gested that the mind itself cre-
ates a quantum collapse effect.
Others, of course, disagree. One
coghnitive scientist thinks it hap-
pens the other way around—
that the collapse effect is what
creates consciousness.
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Musser shows that prod-
ding at the level of infinitesimal
quantum phenomena uncovers
larger questions that require
a fuller understanding of our
consciousness. Is there an
objective reality, oris it all in
our heads? Is there such a
thing as free will? Is spacetime
only a projection of our brain’s
neural processes?

It’s possible that we inhabit
a perspectival universe depen-
dent on the presence of an ob-
server. It’s possible for us to
attain agency and a sense of
causality at a high level of or-
ganization that frees us from
the utter chaos of particle par-
ticulars. It’s possible that we
cannot remember the future,
because our memories need
to first become quantum en-
tangled with our world. We
think, therefore, we’re possibil-
ities nested within probabili-
ties. In thinking about thinking,
many devoted thinkers get
seemingly trapped in thought
experiments in a strange,
self-contradicting loop. When
in doubt, cry “empirical inco-
herence” and make a run for it.

Pitchaya Sudbanthad is author of
Bangkok Wakes to Rain (Riverhead,
2019), a New York Times and Washing-
ton Post notable book of the year.

Tllustration by Alex Eben Meyer
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Woodland Mythos

The powerful symbolism of forests

The Yvord “forest”'came into
English from medieval
French, where it meant a place reserved for
the king’s hunt. Poachers who violated this
divine gift to royalty were punished, some-
times by death. For-
ests, then, are social
constructions as well
as communities of
trees. “Every concep-
tion of the forest is
a kind of cosmology,”
writes author Boria
Sax in this fascinating
meander through the
rich woodlands of lit-
erature and visual art.
Sax shows that
forest tales reveal
how we imagine time.
Trees are at the cen-
ter of origin myths such as Buddha’s en-
lightenment and Adam and Eve’s tempta-
tion. In Norse, Mayan and Zoroastrian
traditions, the first humans were trees
transformed into people. From the Epic
of Gilgamesh to the Aeneid, the arc of “civ-
ilization” emerges from and then conquers
woodland. Forests are also home to alle-
gorical stories about people’s lives, such
as the “savage, bitter and intense” woods

Enchanted Forests:
The Poetic
Construction of

a World before Time
by Boria Sax.
Reaktion, 2023 ($35)

of Dante’s midlife and the rites of pas-
sage that unfold in fairy tales.

As farms and cities expanded, forests
got pushed into the imagination, where
they took on powerful symbolic roles.
Sax highlights the contradictory nature
of mythic forests: places of both Edenic
innocence and terrifying chaos. These
“enchanted” imaginings became en-
ablers of human injustice and ecological
despoliation. For European colonists,
American, Asian and African forests
were frightening and primeval. Progress,
they thought, demanded that forests be
cleared of trees and Indigenous people,
an idea that still drives land theft in many
parts of the world.

For some writers today, forests are
communities of cooperative talking trees.
Others see competitive individualism,
each trunk a reminder of the Darwinian
struggle for life. Forests are imagined as
numbers, too: metric tons of carbon or
cubic meters of timber. Sax reminds us
that these symbols and projections
change how we treat one another and the
land. Implicit is the challenge to rethink
our stories. Are we like medieval kings,
taking the forest by right, or can we find
narratives of reciprocity with forests and
forest-dwelling cultures? —David Haskell

Nuts & Bolts: Seven Small Inventions

That Changed the World (in a Big Way)

by Roma Agrawal. W. W. Norton, 2023 ($29.99)
“How does a refrigerator
work?” a classmate once
asked in my high school
physics class, derailing the
lesson as we tried to identify
fundamental components
and forces. Nuts & Bolts
seems written for such thinkers and tinker-
ers. Enlivening the history and engineering
principles behind seven key inventions are
examples that span the mundane to the
extraordinary: wheels enable dishwashers
as well as the International Space Station;
pumps make water faucets and space
suits possible. If you delight in dissecting
the whole, author Roma Agrawal places
great cultural and philosophical value on
scrutinizing the parts. —Maddie Bender

After World: A Novel

by Debbie Urbanski. Simon & Schuster, 2023 ($27.99)
After an artificial superin-
telligence targets humanity
with a sterilization virus, it
invites the last people to
have their “post-body” lives
preserved and uploaded to
a new virtual world through
the Digital Human Archive Project (DHAP).
One “storyworker” called ad39-393a-7fbc
is tasked with converting the life and death
of a young woman into an optimized narra-
tive format, but as it synthesizes journals,
transcripts and reference texts chroni-
cling her harrowing experience of the
Great Transition’s violent social collapse,
it struggles to maintain the authorial dis-
tance that DHAP requires. This inventive
love story is meticulously experimental
with time and structure. —Dana Dunham
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GRAPHIC SCIENCE

The COVID
Baby Bump

The pandemic affected
birth rates in the U.S.
in several ways

TEXT BY TANYA LEWIS
GRAPHICS BY

AMANDA MONTARNEZ

IRTH RATES TEND to decline
during economic recessions or di-
sasters, somany experts predicted
that the COVID pandemic would
prompt people to have fewer chil-
dren. A recent study of fertility trends in
the U.S. from 2015 through 2021, however,
reveals there was actually a baby bump.
Demographers expected to see a de-
cline in birth rate in December 2020, nine
months after COVID became a pandemic.
But the decline started earlier than that. It
was driven largely by a drop in births to
people born outside the U.S.—especially
people from China, Mexico and Latin
America—who would have traveled here
but were prevented by pandemic restric-
tions. Some of them would have been com-
ing as immigrants, whereas others would
have been visiting to secure U.S. citizen-
ship for their babies before returning home.
In 2021 the birth rate bounced back
even more than predicted. This reversal is
attributable mainly toanincrease in births
tomothersborninthe U.S. (except among
Black women). The biggest increases in
births occurred among women younger
than 25 and those having their first child.
Among women older than 25, the largest
upticks in births were for those aged 30 to
34 and those with a college education. Be-
cause there is alag in data on births, these
results do not include the most recent
trends. But data from California suggest
births were still increasing as of early 2023.
Study co-author Janet Currie, an econ-
omist at Princeton University, speculates
that working from home (for those who
were able to) gave people more flexibility
to start a family. In other words, Currie
says, “if you made it easier for people to
have children, maybe more of them would.”
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NUMBER OF U.S. BIRTHS

The number of babies born from one month to the next is variable but tends to follow
a fairly predictable pattern. Researchers suspected that COVID’s economic impacts
would alter this pattern, but surprisingly, the 2020 dip in births was not proportional
to the rise in unemployment. And in 2021, the numbers rebounded sharply, making the
net loss in births less severe than expected.

WHO declares
COVID a pandemic

Nine months
into pandemic

Actual
number

/

Prediction based
on pandemic
unemployment

March  November

U.S. TOTAL FERTILITY RATES

Total fertility rate measures the expected number of children a woman will have

in her lifetime based on current trends. In 2020 U.S. fertility fell to a record low,

but the decline was largely driven by pandemic border restrictions, which kept those
in other countries from giving birth in the U.S. Among U.S.-born mothers, fertility
experienced a net increase from the start of 2020 to the end of 2021.

For the most part, COVID’s impacts on fertility
were subject to a nine-month delay. But
among non-U.S.-born mothers, birth rates
began falling before November 2020 because
those who were already pregnant in March
could not enter the country before giving birth.

© 2023 Scientific American
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CHANGES FROM EXPECTED TRENDS
To measure COVID’s effects on birth rates, it is useful to

compare data from each month with what researchers think

those numbers would have looked like had prepandemic
trends continued. Since about 2007, U.S. fertility has been
falling steadily. The pandemic initially seemed to amplify
this trend, but among U.S.-born mothers, 2021 saw a
“baby bump” of 5.1 percent above pre-COVID estimates.

Mothers Born Outside the U.S.

Before the pandemic most
months saw minor deviations
from the overall trend ...

.. butin 2020 and 2021
those monthly fluctuations
became much more dramatic

_2017 | 2018 2019 |

Mothers Born in the U.S.

The way birth rates rebounded
among U.S.-born mothers starting in
March 2021 suggests that people felt
encouraged to have children despite
pandemic-related uncertainty ———

The maijority of births in the U.S.
occur among mothers native to the
U.S., so an increase in birth rates
among this group results in many
more individual babies born compared
with the non-U.S.-born group

Al

HOW CHANGES VARIED AMONG SPECIFIC GROUPS
These charts show how birth rates shifted in different ways
for different demographic groups. Each of the specified

subgroups pushed the numbers up or down to arrive at
a net gain or loss in total births over the 2020-2021 period,

compared with pre-COVID predictions.
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NOBEL PRIZE WINNERS,
NO PH.D. NEEDED
“T'he :1973 NF)beI
prize in physics was
awarded to Leo Esaki and lvar
Giaever ‘for their experimental
discoveries regarding tunneling
phenomena in semiconduc-
tors and superconductors
respectively,” and to Brian
Josephson ‘for his theoretical
predictions of the properties
of a supercurrent through
a tunnel barrier.” Tunneling
occurs because particles
have the properties of waves;
such waves do not stop
abruptly at a barrier but
penetrate some tiny but
measurable distance. It is
remarkable that all three
of the recipients did their
prizewinning work before they
had received their doctorate.”

EDISON INSPIRED

BY GAS LIGHTING

m “There are
350,000,000

incandescent lamps in the

U.S. and about an equal

number in foreign countries.

When Edison first studied
incandescent light, commer-
cial arc lights operated on
the ‘series’ system, the only
system for distributing
electricity known. Current
generated in the dynamo
flowed through the field coils,
out to one lamp after another
over a wire, then back to the
dynamo. One lamp could not
be turned on or off without
doing the same with all the
others. Edison realized it
never would be satisfactory
for household lighting. He
decided to pattern electric
lighting after gas lighting,
with which it would compete.
He reasoned that a constant-
pressure system could be
made similar to that of gas.
In 1879 he made a dynamo
which met every requirement,
and a carbon lamp in which
the filament consisted of

a carbonized piece of ordinary
thread. On October 21, 1879,
current was turned into the
lamp and it lasted forty-five
hours. All incandescent
lamps today embody the
original features.”

THE DEEPEST MINE

“The deepest hole in the earth
is a gold mine in Brazil, known
as the Morro Velho or St. John
del Rey mine. The St. John
del Rey Mining Company

has been working it almost
continuously since 1834.
The mine is now 6,726 feet
below the surface. The
temperature of the rock at
the lowest level is 117 degrees.
The miners work in an air
temperature of 98 degrees.
The outside air has an average
temperature of 68 degrees,
but is cooled to 42 degrees
before being forced to the
lowest levels by powerful fans.
On its way it gains heat from
the rocks and from its own
compression, because air

at that great depth is con-
siderably denser than air at
sea level.”
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(which has original and mutant

genotypes) “is an array of hexagonal ommatidia, each containing eight
photoreceptor cells (circles) and two primary pigment cells (crescents),
surrounded by six shared secondary pigment cells (ovals). The fact that

a single ommatidium can have white and normal genotypes shows its cells
are not necessarily descended from a common ancestral cell.”

IMPERVIOUS SUN
WILL KILL US ALL

“The New Orleans
Picayune tersely
gives the results of the
learned scientific Americans
who lately met in Portland.
‘Professor Young tells us
that the sun is nothing but
a gigantic spherical mass
of gaseous matter, which is
constantly being contracted
by the gradual cooling of its
outside circumference. The
central kernel of this huge star
will always finally be crusted
over with a thick, impervious
coating, through which neither
light nor heat can possibly
reach us. The result, as far as
we are concerned, will be total

© 2023 Scientific American

darkness, intense cold, the
end of animal life and a return
to primeval chaos.””

COMPETING ROUTES
FOR PANAMA CANAL
“The Secretary of the Navy
states that the two expedi-
tions authorized by Congress
to survey a canal route
between the Atlantic and
Pacific Oceans have finished
their labors. The Darien
expedition has selected

a route including 100 miles
of river navigation of the
Atrato. Between this river and
the Pacific a canal is neces-
sary, 28 miles in length. The
Nicaragua expedition has
determined a practicable
route having Lake Nicaragua
as its summit. It is proposed
to connect this lake with the
Pacific by a canal 16.33 miles
in length; an independent
canal 41.9 miles in length

is needed. The Darien seems
to be much more direct and
easier to construct.”

In 1902 the Isthmian Canal
Commission decided on

a third route, which became
the Panama Canal of today.

Scientific American, Vol. 229, No. 6; December 1973
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ERRATA

SCIENTIFICAMERICAN,
DECEMBER 2023: PAGE 72

“Modernizing Nuclear Weapons Is
Dangerous,” by the Editors [Science
Agenda], should have said that the
so-called nuclear sponging mapped
in “Sacrifice Zones,” by Sébastien
Philippe, would Kill up to several mil-
lion from radiation exposure, not
90 million in the first two hours. The
latter figure regards a 2019 estimate
of the number of people killed with-
in the first few hours of a nuclear
war between Russia and the U.S.
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