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The Search for
Planet Nine

Powerful new telescopes
will soon solve an
astronomical mystery

JANUARY 2025
SCIENTIFICAMERICAN.COM



s

.a

-

- ww

cm e

T

-

-~ e

- aes ==

= TEE

# RN

& » LR

& - eee

esss SSssssw

T R R R R

'R R

sasmEES s ESas

T N NN

smesaEsssan

aas e easEsaw

: smm B E -

& & @88 8, - 88

E "R R L N

“"'-.l' L
g TR R R R
sasaabssene

ey S RS R R L

. R SR N B N R AW

-
- =
- -
- =
-
s
' -
& -
- -
"ewmesEs
bl el L R
bl el L R
SRASSE Sy
AR EE s s nnnasy
.‘."Ul'l-l'-.",.
nd-.--.....‘
s aSRcenEg,
I-Iit.q...,..
LU R
ttl.‘-l..‘,..
SRS seEsRRn,
i--...'..‘.

[
L]
- e
& & & B e g

Our planet is talking to us.

The Global Futures Laboratory is listening
and working to build a healthier relationship
with it. With a holistic, life-systems approach
to solving critical resource challenges, we're
driving toward a future in which all living
things thrive. Join us.

globalfutures.asu.edu/join

Julie Ann Wrigley

Global Futures
Laboratory

Arizona State
University

Reshaping our
relationship
with our world
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FROM THE EDITOR

We Great Apes Are All Jokers

NE OF THE THINGS | ENJOY most about Scientific

American is learning about how scientists do their

work—the inspirations, the questions, the insights, the

collaborations, the “hmm, that’s strange” moments.

On page 30, anthropologist Erica Cartmill recounts
how she came to study the evolutionary origins of joking. We
humans are all just great apes, no matter how fancy we dress up,
and she finds that young orangutans and chimps play the same
kinds of tricks and peekaboo games that we do.

Another thing I appreciate about Scientific American is how
our writers distinguish between hope and hype. As social media
becomes increasingly fractured and fast and full of misinforma-
tion, it’s more important than ever to have trustworthy publica-
tionsthat share the best evidence for health claims. Research on the
vagus nerve isat an interesting point right now. It’s the most mean-
dering nerve in the human body, connecting the brain with most of
our internal organs. A full-spread graphicby Mesa Schumacher on
pages 56 and 57 shows just how elaborate its influence is. Charla-
tans with gadgets to sell will claim that stimulating the nerve can
cure whatever ails you. That’s not true ... but a growing body of
evidence suggests the vagus nerve is a good candidate for treating
arange of health conditions. On page 52, author Jena Pincott out-
lines what we know, what we don’t and what it all means.

We should know soon whether a hypothetical distant planet is
orbiting at the edge of our solar system. Planet Nine (also called
Planet X), if it’s really there, is five to 10 times the mass of Earth
and has been distorting the paths of smaller objects.

have a ninth planet to replace poor Pluto. (One of these astrono-
mers is the person who knocked Pluto out of the planetary pan-
theon and is hoping for atonement.)

People can learn to control their dreams and even communi-
cate while dreaming. Sleep researcher Michelle Carr on page 46
details the dream adventures of people who have participated in
research studies in her laboratory, along with tips about how to
practice “lucid dreaming,” which may help some people manage
nightmares and improve sleep.

Bats carry a lot of nasty viruses that don’t bother them but do
endanger other species, including humans. New research explains
how their odd immune systems are tied to their evolution of
flight. On page 36, science writer Jane Qiu warns that deforesta-
tion and climate change make us more vulnerable to spillover
pandemics. Photojournalist Doug Gimesy’s images of gigantic
bats called flying foxes are gorgeous and surprisingly endearing.
Read more about Gimesy in our Contributors column (page 6).

NASA’s Europa Clipper mission launched on October 14,2024,
toward one of Jupiter’s most intriguing moons, with a briny
ocean that is one of our best chances for finding life elsewhere in
the solar system. The space probe is scheduled to arrive in 2030.
Science writer Nadia Drake was there for the launch, and on
page 60, she shares the excitement of the mission and the rich
history of the search for life, which is guided in part by the work
of her father, astronomer Frank Drake.

Enjoy the two new columns in thisissue: a crossword by Aimee

Lucido that features clues related to articles in the

On page 22, volcanologist and science writer Robin
George Andrews tracks the evidence and the growing
enthusiasm among some astronomers that we’ll soon

Laura Helmuth
is editor in chief
of Scientific American.
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CONTRIBUTORS

DOUG GIMESY THE NEXT VIRAL PLAGUE

m Photojournalist Doug Gimesy (above) is a font of knowl-
edge about flying foxes. He first photographed a colony
of these fuzzy bats eight years ago in Melbourne, Australia, and
soon became a rescuer who campaigned for local bans on certain
types of netting and barbed wire that can trap and maim these
animals. All this work was taking place within a few miles of his
home. “It became an urban wildlife story,” says Gimesy, whose
photography focuses on conservation issues in Australia.

For this issue’s story on bats and viruses, Gimesy traveled to
Queensland to photograph flying foxes. He didn’t have to venture
far from population centers to find his subjects; the story’s open-
ing image was captured in a public park. After spotting bats in a
tree, he would lie below them to await the perfect shot. “I could
be there for half an hour just waiting for them to look down,” he
says. Flying foxes are “magnificent” but vilified mammals. “For
me, to show them in their best light is important so | can hopefully
get people to fall in love with them,” Gimesy says.

MICHELLE CARR ENGINEERING OUR DREAMS

While working at a sleep laboratory in college, Michelle
Carr began having lucid dreams. It happened sponta-
neously—she had been “sleeping very poorly because it was col-
lege,” and one night she became aware that she was dreaming. “The
first one was really eye-opening, and | just started reading every-
thing | could about the subject,” Carr says. Sleep science is a major
field, but few labs at the time studied dreams and nightmares spe-
cifically; Carr joined one for her Ph.D. “How dismissed dreams are
is pretty surprising,” she says. “These are real experiences.”
Dreams, scientists are learning, are more under our control than
we have realized. In her feature article, Carr shares how she and
other researchers are helping people engineer their dreams to
treat nightmares and PTSD. It’s “incredible” how the mind can
instantly produce a “completely vivid and detailed simulation,”
she says. “It reveals something really impressive about the mind.”

PAGE 46
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JANE QIU
THE NEXT VIRAL PLAGUE

m Since the start of

the COVID-19 pan-
demic, Beijing-based journalist
Jane Qiu has been keenly
focused on bats. In March
2020 she was the first journal-
ist to profile bat virologist

Shi Zhengli of the Wuhan Insti-
tute of Virology for Western
media, in an article for Scien-
tific American, and she has
been reporting on infectious
diseases ever since. Through
it all, she’s been driven by a
question: Why have so many
emerging diseases in the past
20 years come from bats?
What makes these animals
special? “I've been on this kind
of journey—a quest, really—
to answer those questions,”
she says. For her feature arti-
cle, Qiu tells the story of a
bat-borne virus in Australia
and what it taught us about
the flying mammals’ immunity
and evolution.

Before becoming a journal-
ist, Qiu spent a decade work-
ing as a molecular biologist.

It seemed like a logical career
path at the time—her mother
was a medical doctor, and her
father is a philosopher of sci-
ence. Then she decided to fol-
low her intense curiosity and
love of learning to the field of
science journalism.

She began covering ecology,
climate change and develop-
ment in China—all of which,
she has learned, are factors in
the spread of infectious dis-
eases because they leave bats
increasingly displaced from
their habitats and short on
resources. This stress can
impact their immune systems,
just as it would ours, Qiu says.
“I started my project asking
what’s special about bats, and
| think what | found fascinating
is that they’re actually not that
different from us.”

NADIA DRAKE
MISSION TO EUROPA

PAGE 60 The visceral experi-

ence of a rocket
launch does not translate to TV.
“It shakes the ground, it shakes
buildings, it shakes you,” says
science journalist Nadia Drake,
who witnessed the launch of
the Europa Clipper mission
from the Kennedy Space Center
in Florida last October. She
attended both as a reporter and
to honor the legacy of her late
father, astronomer Frank Drake,
whose work influenced the
Clipper expedition’s search for
life on Jupiter’s icy moon
Europa. Her father’s epony-
mous equation is etched on the
spacecraft’s vault plate in his
handwriting, alongside other
writings such as a poem by for-
mer U.S. poet laureate Ada
Limén. When project scientist
Robert Pappalardo told Nadia
about this commemoration of
her father, she was struck by
the “beautiful, poignant trib-
ute.” The vault plate, she says,
“is just a work of art.”

Nadia has known Pappa-
lardo for more than a decade;
in 2011 she reported on the
project that would become
Clipper for her first magazine
cover story. She initially
planned to write about life
sciences when she became
a journalist—her Ph.D. is in
genetics—but ultimately devel-
oped a specialty in astronomy
and the search for life beyond
our planet. “We learn so much
about life here on Earth” in
pursuit of those answers,
she says, by doing things
such as exploring deep-sea
hydrothermal vents to learn
how organisms can survive
without sunlight.

The messages we humans
send into the unknown can
reveal something about us, too.
“Clipper is staying in the solar
system. It’s going to end its
mission on [Jupiter’s moon]
Ganymede, probably,” Nadia
says. “So those messages are
not intended for anybody
except us.”

Heather Kiley
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LETTERS
EDITORS@SCIAM.COM

QUANTUM COLLAPSE

“The Quantum Observer,” by Anil
Ananthaswamy [ July/August], notes that
outcomes in quantum mechanics depend
on observations and asks whether the
observer must be a human being.

It seems very anthropocentric to
assume that only humans can observe a
superposition. Quantum entanglement
and superposition probably occur
everywhere all the time. Do particles stay
entangled or in superposition indefinitely
until they are observed or measured by
“people”—or maybe just by physicists?
PAUL BACINA VIA E-MAIL

ANANTHASWAMY REPLIES: 7%is is
exactly the argument made by those who
oppose observer-dependent interpretations
of quantum mechanics. In a 1990 paper,
physicist John Bell quipped elegantly,
“What exactly qualifies some physical
systems to play the role of ‘measurer’? Was
the wavefunction of the world waiting to
Jump for thousands of millions of years until
a single-celled living creature appeared?
Or did it have to wait a little longer, for some
better qualified system ... witha Ph.D.?”

So, for example, there are so-called
collapse theories, which propose that states
of quantum superposition can randomly
collapse to one of the possible classical
States, and the observer merely discovers
the final state after measurement.

But both observer-dependent and
observer-independent interpretations lead
to paradoxical situations in thought
experiments: neither gives theorists a free
pass. We are missing something in the
foundations of quantum theory.

CIRCADIAN RHYTHMICITY

In “The End of the Lab Rat?,” Rachel
Nuwer writes that “90 percent of novel
drugs that work in animal models fail in
human clinical trials,” implying that only
asmall percentage of the data obtained
from such animal research turn out to be
applicable to human biology.

But the story didn’t mention chrono-
biology, the science that investigates the
dimension of time in biology and medi-
cine. Typical physiological events in nearly
every living thing are characterized by
statistically significant circadian rhyth-

8 SCIENTIFIC AMERICAN JANUARY 2025

September 2024

micity—a rise and then fall of function.
The common practice of using
single-time-point sampling leads to
much nonreproducibility, and it is no
wonder that nonapplicability occurs
when data from mice or rats are expected
to transfer directly to human biology.
When high-frequency sampling is done,
however, there is remarkable reproduc-
ibility. And only an intact organism, such
asahuman or animal, contains a
circadian body-clock-timing system. In
2017 the Nobel Prize in Physiology or
Medicine was awarded for discoveries on
how the circadian mechanism works in
living things.
E.ROBERT BURNS PROFESSOR
EMERITUS, UNIVERSITY OF ARKANSAS
FORMEDICAL SCIENCES

ENGINEERING VS. MATH
In hisarticle “Cracked” [ July/August],
Manil Suriimplies that mathematics is
the only tool that can safely mitigate the
dangers of structural failure. Yet facts
dictate why aerospace structures are de-
signed by engineers, not mathematicians.
The advances mathematicians are
bringing to the finite element method
(FEM) used to solve engineering prob-
lems are welcome. What is unwelcome is

the misguided smugness toward “rank-
and-file” engineers who “learn about FEs
[finite elements] in a couple of courses at
best.” We engineers do typically take one
or two courses—at best—in our core
studies. Yet within the rigors of real-
world engineering is where we learn
of the pitfallsinherent in FEM and gain
asolidified understanding of necessary
principles in structural mechanics.
Significant dangers lurk when basic
engineering principles are not applied or
are applied incorrectly. No FEM software
is safe in the hands of an unwitting user.
The paramount way to achieve structural
safety is through the training and develop-
ment of engineering minds. AsI’ve told
younger engineers, the most powerful
CPU you have is between your ears.
MARKBAXTER VIA E-MAIL

SURI REPLIES: Baxter passionately
defends the role of engineering judgment,
but he risks undervaluing the symbiotic
relation between mathematics and
engineering. The point of my article was
that progress in structural safety isa
collective effort in which mathematical
insights enhance and support rather
than replace engineering expertise. The
“CPU between our ears” must process both
empirical experience and mathematical
theory to achieve safety and innovation.

END-OF-LIFE CARE

Asaretired hospice nurse, I fully endorse
theidea of “Starting Palliative Care
Sooner,” as Lydia Denworth argues in
the June Science of Health column. Death
continues to be a subject that isanathema
to most people, but preparation of the
patient and the family for upcoming
death isincredibly helpful.

Symptoms can be controlled, and the
patient can have a quiet, peaceful death.
Palliative care is not giving up; it is
preparation for aknown life-altering
event for everyone involved. It can

“As I've told younger engineers, the most

powerful CPU you have is between

your ears.”

—MARK BAXTER VIA E-MAIL



improve the quality of the death tremen-
dously—for the patient and their family
alike. It can take pressure off family
members and allow the death to be what it
should be—anatural end to alife well lived.

This is what I want for myself, and my
family is well aware. I believe it should be
the norm for health care in the U.S.
MICHAEL ORLIN VZA E-MAIL

ADVANCED MEDITATION

In “Beyond Mindfulness” [ July/August],
Matthew D. Sacchet and Judson A.
Brewer present their cutting-edge studies
of advanced meditation, with many
concepts that could be the future of
clinical practices. There may still be
issues regarding advanced meditation as
ageneralized practice, however.

When one thinks of meditation in
general, the immediate thought is often of
religion, mainly Hinduism and Buddhism.
Many people may thus feel uncomfortable
because of their personal beliefs. Also,
given that religious background and the
rigorous requirements of any medical
practice, should the use of advanced
meditation by patients require informed
consent, with clinicians giving detailed
instructions about the benefits and risks?
Istrongly agree with the authors’ optimistic
vision, butI prefer to keep the champagne
oniceuntil everything is wrapped up.
WANBO WANG CLEMMONS, N.C.

SLEEP INTRUSIONS
In “Beyond the Veil” [ June], Rachel
Nuwer’s article on near-death experi-
ences, abox says neuroscientist Charlotte
Martial and her colleagues “suggest
thinking about consciousness as a space
with three main dimensions: wakefulness,
internal awareness and connectedness
with the outside world.” It also notes that
“an intrusion of wakefulness into REM
[rapid eye movement] sleep... cannot be
represented in this scheme.”

If REM intrusions into wakefulness
can’t be represented, another dimension
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Rainforest

Playgrounds

Strange acres-wide clearings
are crucial meeting spots
for forest creatures

ELEPHANTS AND GORILLAS that live
in the Republic of the Congo’s rainforests
spend a lot of time hiding in the shad-
ows—or so we thought. Using drone
surveys and artificial-intelligence pro-
cessing, scientists have discovered an ex-
tensive network of mysteriously open
grassand sedge clearings among the trees.
Elephants, gorillas, and other iconic ani-
mals visit these muddy concourses, called
bais in the languages of the Indigenous
Ba’Aka, to forage for vital nutrition and
maintain their intricate social networks.
The numerous playgrounds are visible in
satellite images, and Al analysisis helping
researchers find them more effectively.

Recognizing the surprising extent of
the bai network began on the ground. In
May 2021 Sylvain Ngouma, a local bota-
nist at Odzala-Kokoua National Park in
the north of the Republic of the Congo, led
a small team of researchers through the
rainforest’s verdant arrowroots. Evan
Hockridge, then a second-year Harvard
University graduate student, was with
Ngouma in search of a thesisidea. As they
walked, the forest’s150-foot canopy of ka-
pok and red ironwood trees abruptly
ended atanunobstructed meadow the size
of Times Square. Ngouma pointed to a
trail of wet, pot-sized footprints leading
through the woods to the open rotary and
murmured, “Les éléphants.”

Hockridge was planning to study forest
animal behavior and had thought dais
were anomalies in his data collection. “I
had it backward,” he says. “It kind of hit
me when I'was there: these freaking enor-

10 SCIENTIFIC AMERICAN JANUARY 2025

mous bais, with buffalo at the front and el-
ephants right in the middle ... you can’t
understand animal interactions without
first understanding bais.”

For the next three summers Hockridge
and his colleagues investigated the clear-
ings. They first sifted through more than
two million camera trap images placed
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around 13 known dais, confirming what
many local people had told them—that
these natural clearings are crucial gather-
ing grounds for some of the world’s most

endangered mammals. Among the regu-
lars: Forest elephants congregate to con-
sume nutrient-rich soil. Western lowland
gorillas feed on salt-rich roots of dai

Elephants trek
through an
expansive
rainforest bai.

plants. Forest buffalo, blue duikers, si-
tatungas and even bongos—nocturnal,
forest-dwelling antelopes with large spi-
raled horns—graze around bais. The un-
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gulates in turn attract predators such as
spotted hyenas and lions.

“There is something quite magical in
watching a family of elephants, gorillas or
giant forest hogs emerge from the forest
edge and bask in sunlight and social op-
portunities before slipping back into the
cool shade of the forest interior,” says
Vicki Fishlock, deputy director of re-
search at the Amboseli Trust for Ele-
phants, who is not involved in Hockridge
and Ngouma’s work. In these social are-
nas, elephant families meet and the young
getintroduced. The calves play in the mud
or, according to Odzala park managers,
spend a lot of time chasing birds. Female
gorillas get a better look at solitary males
and decide whether to join them. Herbi-
vores graze with their calves, perhaps be-
cause clearings allow them to more easily
spot predators.

During the initial surveys, the team of-
ten followed elephant trails—so-called
elephant boulevards—to move through
the rainforest from dai to bai. This process
led Hockridge to wonder about a network.
Although previous studies documented
animal behavior in selected &ais, no one
had counted them or had the means to
map their distribution.

Doing so required taking to the sky.
Partnering with African Parks, a non-
profit organization that manages Odzala,
the team flew drones equipped with
high-resolution lidar over some of the 220
baisthat parkrangers already knew about,
gathering structural and spectral signa-
tures. The researchers used this informa-
tion to train a machine-learning algo-
rithm that picked out dais from satellite
images. For a study in Zco/ogy, Hockridge
and Ngouma mapped all the 4ais in a na-
tional park the size of Connecticut and
found 2,176 of them—10 times more than
the park management had previously
known of. (Disclosure: The writer of this

“You can’t understand
animal interactions
without first under-

standing bais.”
—Evan Hockridge
Harvard University
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Scientific American article was formerly
affiliated with the senior study author’s
laboratory at Harvard but was not in-
volved in the work.)

Bais are always located near rivers or
streams. Most are smaller than a city
block, but a few, at more than 100 acres,
are larger than some college campuses.
“Especially in the West, we often view
rainforest as a continuous sea [of trees],
but we need to consider where the forests
cease to be,” Hockridge says. “Bais are ul-
timately islands of resources, and animals
produce these networks of trails to essen-
tially navigate to and from a nodal net-
work of bais.”

The researchers’ map of bais, the first
of its kind, is also a map of conservation
priorities. “We find that a huge portion of
the animal community is dependent on
this unique ecosystem. These species
don’t have alternative habitats other than
bais,” Hockridge says. “We name a lot of
the animals asthe forest elephants, the for-
est buffalo, but if you look at their move-
ment patterns and the amount of time
they spend in the bais, they are almost like
clearing specialists.”

Observers have been able to clearly see
the network only recently as satellite reso-
lution and computation capacity have im-
proved, says senior study author Andrew
Davies, an ecologist at Harvard. Davies
hopesto apply the same algorithm to chart
bais across the entire Congo basin—the
second-largest rainforest in the world.

The study is also a step toward solving
the ultimate mystery: How did bais form?
Many ecologists have argued that a com-
bination of hydrology and animal land-
scaping, especially by forest elephants, is
at play. But no one has ever documented
their formation or recession. Now, with a
map in hand and camera traps still in
place, the research team is tracking long-
term changes, which have implications
for the maintenance of these crucial ani-
mal habitats. For example, would ram-
pant ivory poaching that reduced ele-
phant population affect bais? Would
changing climate cause the dais to shrink
or expand?

“We have hypotheses,” Davies confides,
“but the short answer is: we don’t know.”

—Zhengyang Wang

Jelly

Fusion

Multiple injured comb
jellies can merge to form
one organism

RESEARCHERS KNEW SOMETHING
strange was afoot at the Marine Biological
Laboratory in Woods Hole, Mass., when
they spied a ctenophore, or comb jelly—
a gelatinous sea creature that resembles
ajellyfish—with two butts.

Closer examination revealed that the
jelly with the double derriere had recently
been two separate “sea walnut” comb jel-
lies (Mnemiopsis leidyi). After sustaining
injuries while being collected the previous
day, the combjellies had fused overnightin
the researchers’ tank to become one crea-
ture joined at the midbody.

The union was extensive, write Kei
Jokura, a biologist at the University of Ex-
eter in England and at Japan’s National In-
stitutes of Natural Sciences, and his col-
leagues in a paper published in Current
Biology. When the scientists poked one
side, both bodies flinched, suggesting that
the two nervous systems had joined.

This team wasn’t the first to discover
comb jellies” spooky fusion trick. In the
1930s, at the very same research station,
marine biologist B. R. Coonfield per-
formed experiments on comb jellies that
would make Frankenstein author Mary
Shelley shudder. Perhaps the most im-
pressive of Coonfield’s cteno-monsters
comprised the bodies of four individuals
with the mouth, sensory organs and anus
of afifth.

With 21st-century tools, Jokura and his
team were able to rigorously test the pro-
cess. By taking high-resolution images ev-
ery second after grafting additional jellies
together, the researchers found that the
fusing comb jellies synchronized their re-
spective nervoussystemsinjust two hours.
“The extent and the rapidity of that inte-
gration is pretty shocking,” says Steven
Haddock, a marine biologist who studies
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Two comb jellies
become one
living creature.

ctenophores at the Monterey Bay Aquar-
ium Research Institute and wasn’t in-
volved in the study.

The researchers also determined that
in the grafted jellies, food eaten by one
mouth was shared between both digestive
tracts. There was only one holdout of each
animal’s individuality: Sea walnuts have a
“transientanus,” meaning the openingap-
pears only during defecation. Each body
formed an anus and pooped, but they did
not do so simultaneously.

The scientists say it’s unlikely that these
animals’ fusion happens frequently in the
wild because adults of the species aren’t of-
ten together. Still, the chance finding sug-
gests that comb jellies lack allorecogni-
tion—the ability to distinguish between

self and nonself within the same species.

“They’re completely okay with incor-
porating another animal’s tissue into their
bodies,” says study co-author Tommi Ant-
tonen, a sensory physiologist at the Uni-
versity of Southern Denmark.

The researchers hope comb jellies’ fu-
sion could one day inform transplant tech-
niquesin humans. Allorecognitiontriggers
the immune response that can lead to
transplant rejections, and learning how the
ctenophores’ immune system fares with-
out it might help scientists make it easier
for human bodies to accept a stranger’s or-
gans. “Simple organisms [hold] clues to
understanding our own complexity,”
Jokura says, “as well as treasures that can
benefit our lives.” —E/izabetf AnneBrown
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Slingshot

World

A planet-toting star is
whipping through the galaxy
at incredible speed

OUR SOLAR SYSTEM ORBITS the Milky
Way galaxy’s center once about every 210
million years, cruising along at around
240 kilometers per second—a staggering
rate that we don’t feel because the entire
system moves at the same constant veloci-
ty. Butanew study suggests we’re a cosmic
slowpoke compared with one system in
our galaxy that was somehow flung toa ve-
locity of 541 kilometers a second, making
it the fastest known planetary system.
“This velocity was extremely high and
kind of shocking,” says University of
Maryland astrophysicist Sean Terry, lead
author of the study, which hasbeen posted
on the preprint server arXiv.org and sub-
mitted to the Astrophysical Fournal. It in-
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troduces “a regime of questions about the
survivability of these types of systems.”

This galactic speed demon appears to
center on a red dwarf star smaller and dim-
mer than our sun. It’s about 24,500 light-
yearsfrom Earth and some1,500light-years
away from our galaxy’s center. Astronomers
discovered the star and a suspected accom-
panying planet after a 2011 “microlensing”
event called MOA-2011-BLG-262, when the
system passed in front of a background star
and warped the latter’slight.

Terry and his colleagues observed the
system again in 2021 from the W. M. Keck
Observatory in Hawaii. They found that its
known planet most likely is a gas giant
with about 29 times Earth’s mass that or-
bits its star at a distance between those at
which Venusand Earth orbit the sun. (The
system may have unseen planets as well.)
The researchers also mapped the system’s
position in the 2021 data relative to where
it was about a decade prior, revealing how
fast it traveled.

This speed suggests that it might be a
hypervelocity star system, an example of a
rare class of stellar objects that have been
sped up by past encounters with other
stars’ gravity—or even by a gravitational

The Milky Way’s galactic bule is dense with strs.

slingshot from the supermassive black
hole at the center of our galaxy. These ob-
jects travel faster than 500 kilometers a
second, and the fastest known one hurtles
at more than 2,000 kilometers per second.
“It’s this really exotic subset of stars,”
Terry says, estimating that the system in
this study more than doubled its speed af-
ter its own dramatic encounter. No previ-
ous hypervelocity stars have been found
with planets, he notes.

Jessie Christiansen of the NASA Exo-
planet Science Institute says the system
offers clues about what worlds exist in the
denseregion of stars at our galaxy’s center.
We don’t know if being in that galactic
bulge “impacts the types of planetary sys-
tems that are formed,” she says.

The speedy system’s known planet or-
bits far from the zone around a red dwarf
where liquid water (and therefore life as we
know it) could persist on the surface. But
its existence suggests planets can survive
the “somewhat chaotic interaction” that
occurs when stars are accelerated to im-
mense speeds, Terry says. “This might
open up a new study of the origin and evo-
lution of planetsaround very high-velocity
stars,” headds. — Fonathan O’Callaghan

NASA/ESA/Tom M. Brown
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Hungry
Seas

Researchers measure the
ocean’s appetite for carbon

FROM THE SUNLIT TOP 200 meters of the
sea, plankton carcasses, excrement and
molt particles constantly drift toward the
depths. As this so-called marine snow
sinks, the bits can clump together or break
apart, gain speed or sink more slowly, or
get eaten up by bacteria. They descend
through darker, colder and denser waters,
carrying carbon with them and settling on
the bottom as biomass.

The oceans absorb billions of tons of
carbon every year, a process crucial to ac-
count for in climate models. But research-
ers have long been stumped by how much
carbon actually reaches the seafloor—and
stays there. To find out, oceanographers
are investigating how carbon is eaten, ex-
pelled and otherwise influenced asit drifts
through what some scientists think of as
the ocean’s “digestive system.”

Measuring the rate of carbon storage
means scrutinizing the composition of
what sinks, how particles stick together
and thus drop faster or slower, the decel-
erating effects of mucus-producing phy-
toplankton—and even, for a new study
published in Science, specific microbes’
dietary preferences.

“We currently do not have a very good
way to connect the processes at the surface
with what’s arriving at the seafloor,” says
Monterey Bay Aquarium Research Insti-

Carbon falls as “marine snow”
through ocean layers.

tute oceanographer Colleen Durkin. “We
know they’re linked, but it’s been very dif-
ficult to observe the mechanisms that
drive that connection.”

Recent advances in sensor develop-
ment, imaging and DNA sequencing are
now giving researchers a closer look at the
particular organisms and processes at
work. By isolating and testing bacterial
populations in marine snow, the study’s
co-author Benjamin Van Mooy, a re-
searcher at Woods Hole Oceanographic In-
stitution, and his colleagues found that spe-
cific microbe populations prefer to eat phy-
toplankton that contain specific kinds of
fatty acid biomolecules called lipids.

Lipids constitute up to 30 percent of the
particulate organic matter at the ocean’s
surface, sobacterial dietary preferences in
agivenregion could significantly alter how
much carbon-containing biomass reaches
the seafloor. “If we can start tounderstand
what [microbes] can do, then we can
imagine afuture where we can start to pre-
dict, potentially, the fate of carbon based
on the organisms that are present,” says
Van Mooy, who was awarded a MacArthur
Fellowship in 2024 for his work.

Scientists are also working to docu-
ment what falls through particular loca-
tions over various time frames. Sediment
traps reveal a snapshot of certain areas’
marine snow, and Durkin and others are
deploying sensors with autonomous cam-
erastoobserve sinking particles overalon-
ger period. Seeing the complexity of ma-
rine snow distribution, says Rutgers Uni-
versity microbial oceanographer Kay
Bidle, “reveals how we can’t necessarily
model and understand carbon flux by the
very simple constructs and equations and
laws that we had before.” —Susan Cosier
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| |
Killer

Electrons

Lightning frees dangerous
particles from Earth’s
magnetic field

LIGHTNING STRIKES in the atmosphere
can trigger a rain of high-powered “killer
electrons” in low-Earth orbit that form
harmful streams of radiation, new re-
search suggests. Scientists had previously
thoughtKkiller electrons might appear only
inour planet’s distant outer radiation belt,
but a study in Nature Communications
finds that lightning nudges them loose in
the much closer inner belt, too.

“These high-energy particles are
damaging to spacecraft and also to hu-
mans in space,” says study co-author
Lauren Blum, an astrophysicist at the
University of Colorado Boulder. “Know-
ing when there are very high-energy elec-
trons in the inner radiation belt would
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be helpful to know when to avoid it.”
Electron precipitation occurs when
charged particles, held in place by Earth’s
magnetic field, are dislodged from stasisin
one of the planet’s doughnut-shaped radi-
ation belts. Examining data from NASA’s
SAMPEX mission, which tracked charged
particles, the new study’s lead author Max
Feinland (then an undergraduate student
at Boulder) noticed something strange
in the readings on “microbursts”—quick
surges of high-energy electron precipita-
tion—recorded between 1996 and 2006.
After designing an algorithm to find these
spikes in the data, Feinland was surprised
to see readings from the inner radiation
belt, which many scientiststhought hosted
only less energetic, slower electrons. Fein-
land and Blum, then Feinland’s research
adviser, immediately began wondering
about potential causes. “People knew that
there waslightning-induced electron pre-
cipitation in the inner belt,” Feinland says,
but “they hadn’t conclusively seen it for
electrons that are going this fast.”
Comparing their microburst data with
National Lightning Detection Network
datasets, the researchers found a statistical
likelihood that bursts in the inner belt in-

Lightning releases
charged particles
in Earth’s orbit.

deed coincide with lightning flashes. Elec-
tromagnetic waves unleashed by the latter
travel up Earth’s magnetic field lines from
the atmosphere and into the region of the
inner radiation belt, where their energy is
enough to knock high-energy electrons
out of their magnetic confinement.

The team’s findings are compelling be-
cause it seems that noone has made such a
link before, says space weather scientist
Steven Morley of Los Alamos National
Laboratory. This area of research has data
constraints, he adds, as there have been
few measurements since SAMPEX ended
two decades ago. But he says that the study
“is very exciting, even though it is very
data-limited. It really does openup a lot of
other questions.”

These findings are a “wake-up call” for
how weather on Earth and in space are in-
tertwined, Blum says; this connection
could potentially have consequences for
the ozone layer, atmospheric chemistry
and even climate. “We can’t just study
sun-to-Earth and radiation belt dynamics
separately,” she says. “We have to under-
stand what’s going on below in our own
atmosphere and terrestrial weather sys-
tems, t00.” —Kate Graham-Shaw

Samuel Boivin/Getty Images
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Sponging for Gold A self-assembling
sponge pulls gold from electronic waste

If all 62 million metric

tons of electronic
waste the world produces in a year were
loaded into garbage trucks, they’d encircle
the planet bumper to bumper, according to a
recent United Nations report. And hidden in
that monstrous traffic jam would be star-
tling amounts of precious metals, including
gold—crucial in electronics because it con-
ducts electricity, stretches into wires and
won'’t easily corrode. Modern iPhones have
gold in their cameras, circuit boards and
USB-C connectors. Pound for pound, there
is more of the substance in cell phones than
in ore from a typical gold mine.

But wringing precious metals
from trashed electronics is
a harsh business. Using
energy-intensive smelt-
ers, recycling facilities
process e-waste with
punishing heat. Or
caustic agents are
used to break down
bulk electronics into
liquids full of metal
ions. This approach
then requires complex
electrochemical pro-
cesses and toxic treat-
ments to extract valuable ele-
ments in their metallic forms. The
search for environmentally friendlier meth-
ods that skip those additional steps has led
materials scientists down some unusual al-
leyways. For instance, an aerogel made from
whey protein—a cheese by-product—can
capture gold ions from computer mother-
boards bathed in acid.

An experimental sponge, described in
the Proceedings of the National Academy of
Sciences USA, combines graphene oxide (a
thin sheet of carbon and oxygen molecules)
with chitosan, a sugar derived from shrimp
shells, to strain out gold. Because chitosan
spontaneously attaches to the carbon
sheet, the sponge essentially builds itself.

In their initial experiments, the study au-
thors used the sponge to filter water that
contained gold ions. The pale-yellow liquid
became clear as gold particles piled up in
the material’s molecular mesh. Once there,
the ions reacted with the chitosan, which,
as a natural reducing agent, helped to trans-
form the gold back into its metallic form.

The researchers also tested the sponge
on partially processed e-waste; when they

Tllustration by Thomas Fuchs

increased the acidity of the liquid to a pH of
3, the sponge’s chitosan captured the re-
maining gold while ignoring other metals. Al-
though it requires an acidic environment to
work, the sponge could eliminate the need
for further processing, which can rely on
poisonous substances such as cyanide to
obtain metallic gold from liquids. “Our
method allows for efficient recovery of gold
directly from the waste mixture,” say study
co-authors Daria Andreeva-Baeumler and
Konstantin Novoselov, materials scientists
at the National University of Singapore.
The new material is one of the most po-
tent gold adsorbers ever created. (“Adsorp-
tion” is similar to the more familiar
“absorption,” but adsorbed
things accumulate on sur-
faces, whereas absorbed
things are internalized.
It’s the difference be-
tween a mustard glob
on your chin and the
hot dog you just ate.)
The sponge collected
up to 99.5 percent of
the gold by weight
from liquids with gold
/i concentrations as low as
three parts per million.
“To the best of my knowl-
edge, this is a record-high value,”
says ETH Ziirich physicist Raffaele Mez-
zenga, an author of the whey protein aero-
gel study, who wasn’t involved with the
graphene-chitosan research. He notes that
as efficient as the sponge is, the compo-
nents needed to make it aren’t cheap, and
he questions whether it would be a work-
able option “under real operating condi-
tions.” Adapting the technique for industri-
al-scale use, Novoselov and Andreeva-
Baeumler say, “is indeed the next step in
our research.” —Ben Guarino

e W N AN :
Gold (yellow) nestles in a graphene-chitosan sponge.
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Drinking
These hornets thrive

on just alcohol without
getting buzzed

AN ALCOHOL-ONLY DIET would throw
most species for a loop, but new research
suggests certain hornets can live—appar-
entlyunimpaired —with an 80 percent eth-
anol sugar solution astheir sole food source.

Fruit flies, tree shrews, and many other

Alcohol works as
effective fuel for
this hornet species:

18 SCIENTIFIC AMERICAN JANUARY 2025

animals naturally consumealcoholin fruits
thatferment—a processthat happenswhen
yeastor certain bacteria arearound to break
down sugars in ripe fruit, creating small
amounts of ethanol. Most animal species
show signs of impairment or toxicity after
consumingthissubstanceat concentrations
above 4 percent. But animal researcher So-
fia Bouchebti, now at Ben-Gurion Univer-
sity of the Negev in Israel, suspected that
hornets and wasps might tolerate alcohol
better or even use it as a food source. After
all, the guts of these insects are known to
host yeast that converts fruit sugar to alco-
hol. When hornets or wasps pollinate and
feed, some of this yeast is passed onto
plants and their fruits—playing a key role
in the fermentation process.

Bouchebti turned her attention to the
hornet Vespa orientalis, a type of social
wasp. For a study in the Proceedings of the
National Academy of Sciences USA, she
and her colleagues at Tel Aviv University
fed both hornets and honeybees sugar
solutions containing O to 80 percent etha-
nol that incorporated a trackable carbon
isotope. The researchers found that hor-
nets’ exhaled breath contained up to 300
percent more labeled carbon than the hon-
eybees’, suggesting the hornets’ bodies
broke down the alcohol that much faster.

“There’s lots of energy in ethanol, and
it’s a great metabolic fuel,” says study co-
author and zoologist Eran Levin. The prob-
lem for humansand many other animals, of
course, isthat there are behavior and health

JossK/Getty Images
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consequences as the substance interacts
with the brain and organs. But when pro-
vided with nest-building materials, the
ethanol-fed hornetsin the study completed
construction tasks as efficiently as sug-
ar-fed ones. When faced with an intruder,
they did not delay sending the usual “back
off” signals. Moreover, hornets fed with
80 percent ethanol lived out their typical
weeks-long lifespan; their honeybee coun-
terparts died within 24 hours. Still, hornets
showed no preference between sugar and
ethanol when given a choice. “If ethanol is
more nutritious and without bad effects,
shouldn’t they want more? Maybe they
can’t taste it,” Bouchebti suggests.

To distill the secret behind this meta-
bolic mastery, study co-author and zoolo-
gist Dorothée Huchon led a hunt for ge-
netic clues. She found that hornets possess
multiple copies of the gene responsible for
the enzyme that breaks down alcohol—an
adaptation perhaps fueled by their rela-
tionship with yeast.

University of Rochester biologist James
Fry says the hornets’ ethanol metabolism
tells an “interesting evolutionary story.”
But he cautions that the research methods
are too different from those of other stud-
ies to directly compare ethanol resistance
between species.

Robert Dudley, an insect flight special-
ist at the University of California, Berke-
ley, notes that the hornets would never en-
counter such high ethanol valuesin nature.
Bouchebti says the researchers “aimed to
find a maximum limit, and we still didn’t
findit.”

Next up is examining gene expression
during ethanol consumption and seeking
patterns among animals known to be at-
tracted toalcohol (somebeetles and bats, for
example). Dudley agrees: “A broader sur-
vey of social Hymenopteraand other insects
isclearlycalled for.”  —Rachel Berkowitz

Hornets fed with

80 percent ethanol
lived out their typical
weeks-long lifespan;
honeybees died
within 24 hours.

_
Nuclear Time

Physicists have broken into the atom

to build the first nuclear clock

FOR EONS the regular movements of the
sun and moon set the pace for life on Earth.
But over millennia humans found more
precise methods to measure time, such as
the swing of a pendulum or the rates at
which water flows. Today most electric
timepieces measure the steady vibrations
of quartz crystals.

Still, creeping chaos eventually cor-
rupts the order of any timekeeping sys-
tem. A month’s worth of varying tempera-
tures and movements, for example, can
knocka quartz watch offitsmark by 15 sec-
onds. In search of a truly constant “tick,”
scientists have focused on the atomic
world, where atoms’ minuscule scales and
unchanging properties allow for slicing
time into smaller, more stable increments.
The resulting atomic clocks that set official
international times today are astonish-
ingly robust, losing only about one second
every 100 million years.

Physicists have been trying for decades
to zoom in even further to escape clock-

contaminating noise, past an atom’s outer
electron shells and into the nucleus at its
core. Now they have finally succeeded in
building the world’s first nuclear clock. Al-
though this particular timekeeper, de-
tailed in Nzture, is not more accurate than
its best atomic partner, the technology
could soon shatter precision timekeeping
records and vastly improve GPS and deep-
space navigation. And making such sharp
measurements within an atom’s nucleus
just might give physicists access to vast,

unexplored realms of the physical world.
Atomic and nuclear clocks work on the
same principle. Atoms can become “ex-
cited” when they’re hit by photons packing
just the right punch—that is, waves of light
atavery specificenergy level, or frequency.
Which tiny range of frequencies will do the
trick remains the same for all atoms of a
particular element. This cosmic constancy
can be used to keep time because a wave’s
frequency isitself atime measurement—it
Continued on page 20
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Continued from page 19
represents how many wave cycles occur
per second. If an ultraprecise laser excites
a known atom, physicists can infer the
beam’s exact oscillation frequency and use
that as a constant measurement of time.

But what if physicists could excite not
an entire atom but just its nucleus? Nuclei
are1/100,000 the size of atomsbut contain
99.99 percent of their mass. Exciting some-
thing so tiny and heavy requires ultrapre-
cise lasers delivering thousands or mil-
lions of electron volts of energy, but you’re
rewarded with less drift and more “ticks”
per second than an atomic clock. Unfortu-
nately, no tabletop laser can generate
enough energy to excite a nucleus in the
vast majority of elements.

There is one exception: thorium-229.
Exciting this baffling isotope requires a
much lower level of energy, one within

MATH PUZZLE

reach for nuclear clockbuilders. But scien-
tists had to identify the precise amount of
energy needed—a task that required
building brand-new laser systems and
many years of clever trial and error by
physicists around the globe.

“It’s this ‘needle in a haystack’ prob-
lem—although finding a needle in a hay-
stack is much easier than what we did, in
terms of orders of magnitude,” says study
co-author Thorsten Schumm, a physicist
at the Vienna University of Technology.
Schumm’s team grew transparent crystals
that kept quadrillions of thorium-229 nu-
clei from moving around. In the spring of
2024 they shipped the thorium crystals to
physicist Jun Ye’slaboratory at JILA in Boul-
der, Colo., which runs the most accurate
atomic clock. Ye’s team had developed a la-
ser system that could narrow the range of
remaining possible frequencies down to a

Move the Tower

By Heinrich Hemme

FRENCH MATHEMATICIAN Edouard Lucas was born in Amiens in 1842 and died
in Paris 49 years later. He wrote the four-volume work Recréations Mathématiques,
which became a classic of recreational mathematics. In 1883, under the pseudonym
“N. Clausde Siam” (ananagram of “Lucasd’Amiens™), he marketed a solitaire game
that he called the Tower of Hanoi.

He claimed that the game was a simplified version of the so-called Tower of
Brahma. In this supposed legend, monks had to move a tower made of 64 golden
disks in a great temple. Before they could complete this task, however, the temple
would crumble to dust, and the end of the world would arrive.

The Tower of Hanoi consists of a small board on which three identical cylindrical
rodsare mounted. On the left rod there are five disks of different sizes with aholein
the middle. They are ordered by size, with the largest disk at the bottom. The goal
of the game is to move all the disks from the left rod to the right rod in as few moves
as possible. In each move, only one disk can be taken from one rod and placed on
another rod, and alarger disk can never be placed on a smaller disk. How many and
which moves are necessary to transport the disks?

For the solution, visit www.ScientificAmerican.com/games/math-puzzles
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precise answer, as well as sync up the result-
ingnuclear “ticks” with the atomic ones.

The Boulder team shot its special laser at
the crystal, sweeping through different fre-
quencies. For weeks the researchers looked
for the faint, telltale ultraviolet glow of asuc-
cessful nuclear transition. “It was close to
midnight when we saw the first indication of
the signal,” says Chuankun Zhang, a gradu-
ate student at the University of Colorado
Boulder. “Nobody could sleep after the ex-
periment.” By 4 A.M., the team verified that
they had excited the thorium-229 nucleiand
synced their frequency measurements with
JILA’s atomic timekeeper, creating the
world’s first nuclear clock. For now, it reads
out 12 digits of a frequency measurement
compared with the atomic clock’s 18.

“This first realization is not about ‘Oh,
theygotonly12digits.” The first realizationis
‘Oh, they got thisthingtorun,’” says José R.
Crespo Lopez-Urrutia, a physicist at the
Max Planck Institute for Nuclear Physics in
Heidelberg, Germany, who was not involved
in the new research. The remaining techni-
cal challenges may be “overcome in a few
years,” potentially letting the clocks reach
20 or even 21 digits of precision, he says.

“It’s beautiful work,” says physicist Eric
Hudson, whose team at the University of
California, Los Angeles, hasalsobeen work-
ing to grow thorium crystals. Unlike many
atomic clocks, which use electromagnetic
fields to levitate atoms, the nuclear clock’s
crystal setup “could lead to a much more
portable and robust clock that could come
out of thelabinto the real world,” he says.

Such portable nuclear clocks could find
their way onto GPS satellites or spacecraft
navigation systems, letting the devicestrian-
gulate locations down to centimeter- or mil-
limeter-level precision. They could also give
physicists a new way to study fundamental
forcesof nature. Atomicclocksare governed
by the electromagnetic force, but nuclear
clocks are the domain of the mysterious
strong force, which binds nuclei together.
Physicists generally assume that these two
forces remain constant over time, but com-
paring the clocks’ outputs could finally test
that assumption, Lopez-Urrutia says. If
their paces change relative to one another,
scientists in search of a steady timekeeper
might instead have discovered that there’s
nosuchthingafterall. —A/ison Parshall

Graphic by Amanda Montariez
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THE
"HUNT FOR
~ PLANET NINE

Is there a hidden world in the solar system?
A new telescope will find out once and for all
BY ROBIN GEORGE ANDREWS

ILLUSTRATION BY RON MILLER
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is a volcanologist and
science writer based

in London. His most
recent book is How to
Kill an Asteroid

(W. W. Norton, 2024).

OST ASTRONOMERS would love to find a planet,
but Mike Brown may be the only one proud

of havingkilled one. Thanks to his research,
Pluto, the solar system’s ninth planet, was
removed from the pantheon—and the pub-

lic cried foul. How can you revise our childhoods? How can you mess around

with our planetariums?

About10yearsago Brown’s daughter—then around
10 years old—suggested one way he could seek re-
demption: go find another planet. “When she said
that, Ikind of laughed,” Brown says. “In my head, Iwas
like, “That’s never happening.’”

Yet Brown may now be on the brink of fulfilling his
daughter’s wish. Evidence he and others have gathered
over the past decade suggests something strange is hap-
pening in the outer solar system: distant subplanetary
objects are being found on orbits that look sculpted,
arranged by an unseen gravitational force. According
to Brown, that force is coming from a ninth planet—
one bigger than Earth but smaller than Neptune.

Nobody has found Planet Nine yet. If it’s really out
there, it’s too far and too faint for almost any existing
telescope to spot it. But that’s about to change. A new
telescope, the Vera C. Rubin Observatory in Chile, is
about to open its mechanical eyes. When it does, it
should catch millions of previously undetected celes-
tial phenomena, from distant supernovae to near-
Earth asteroids—and, crucially, tens of thousands of
new objects around and beyond Pluto.

If Brown’s hidden world is real, Rubin will almost
certainly find it or strong indirect evidence that it ex-
ists. “In the first year or two, we’re going to answer that
question,” says Megan Schwamb, a planetary astron-
omer at Queen’s University Belfast in Northern Ire-
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land—and, just maybe, the solar system will once
again have a ninth planet.

PLUTO WAS DISCOVERED in 1930 and always seemed
tobe alonely planet on the fringes of the solar system.
But in the early 2000s skywatchers found out that
Pluto had company: other rime-coated worlds much
like it were popping up in surveys of that benighted
frontier. And in 2005, using California’s Palomar Ob-
servatory, Brown—an astronomer at the California
Institute of Technology—and two of his colleagues
spied a far-flung orb that would change the way we
perceive the solar system.

That orb was Eris. It was remarkably distant—68
times as far from the sun as Earth. But at roughly 1,500
miles in diameter, it was just a little larger than Pluto.
“The day I found Eris and did the calculation about
how big it might be, I was like, ‘Okay, that’s it. Game’s
up,”” Brown says. Either Eris was going to become a
new planet, or Pluto wasn’t what we thought.

In 2006 officials at the International Astronomical
Union decided that to qualify as a planet, abody must
orbit a star, must be sufficiently massive for gravity to
squish it into a sphere and must have a clear orbit.
Pluto, which shares its orbital neighborhood with a
fleet of other, more modest objects, failed to overcome
the third hurdle. Pluto became a “dwarf planet”—but




its demotion didn’t make it, or its fellow distant com-
panions, any less beguiling to astronomers.

Pluto and Eris are members of the Kuiper belt, a
roughly doughnut-shaped torus of icy shards left over
from the solar system’s formative days. There are

Finding a ninth planet would be
huge. Such a discovery could
change what we know about our

countless worldsjust like them, known as trans-Nep-
tunian objects, but they are very hard to see.

Still, in the early 2000s Brown, along with his two
co-discoverers of Eris, Chadwick Trujillo of Northern
Arizona University and David Rabinowitz of Yale Uni-
versity, found their fair share. They announced one of
these, named Sedna, in2004. The closest it gets to the
sun is 76 astronomical units, or AU (1 AU is equivalent
tothe average Earth-sun distance), which is so mind-
bogglingly far-flung that a person standing on it could
obscure the furious light of the sun with the head of a
pin. Back then, it was the most distant object ever de-
tected in the solar system. In fact, it resides beyond the
Kuiper belt and was viewable only as a fuzzy little dot
shifting between the stars. Some refer to Sedna as an
extreme trans-Neptunian object, or ETNO. Though
poorly defined, ETNOs are key players in the saga of
Planet Nine, which is also referred to as Planet X.
“Sedna was our first clue to Planet Nine, although we
didn’t recognize it at the time,” Brown says.

In2014 Trujillo (then at the Gemini Observatory in
Hawaii) and astronomer Scott S. Sheppard of Carnegie
Science in Washington, D.C., published a paper on
Sedna and another remote object called 2012 VPyy3,
whose closest approach to the sun was a staggering
80 AU. Both dance back and forth across the helio-
pause—the putative boundary of our solar system that
separates the magnetized wind of the sun from the gas
and dust found between stars, beyond which interstel-
lar space begins. “Those two objects are in a class of
their own,” Sheppard says. They seemed inexplicable.

Sedna and 2012 VPy; (along with a few other, sim-
ilarly odd objects) are on orbits so stretched out and
distant that the gravitational influence of something
had to have positioned them there and paved their
strange orbital highway around the sun. But what was
that something? At these distances the immense grav-
itational fields of the giant planets, including Neptune,
don’t have any significant effect on them; the only thing
that should be influencing their orbits is the sun.

“Those objects are in a dead zone,” Sheppard says.
He and others figured an invisible gravitational actor
had tobe invoked to explain these aberrant wayfarers.
In 2014 Sheppard and Trujillo suggested that Sedna,
2012 VPy;3 and company may have those outlying or-
bits thanks to a hidden planet—one anywhere from
two to five Earth masses in size—that is pulling at
them and gradually changing the shapes and positions
of their original orbits over time.

The best way to find out if that’s true is to use these
ETNOs and their orbits “as gravitational probes of the
outer solar system,” Sheppard says. The idea appealed
toBrown, who took Sheppard and Trujillo’s 2014 study
down the halls of Caltech to astronomer Konstantin

solar system’s past.

Batygin. Whereas Brown is more of an observer of the
night sky, Batygin is a theorist, someone who wants to
know why the cartography of the solar system is the way
it is. “I take deep joy in taking on observational puz-
zles,” he says. “For me, the thrill is in putting the calcu-
lations out there and battle-testing them with data.”

Brown and Batygin ruminated on six ETNOs and
noticed something weird was going on. Unlike the
eight known planets, whose orbits are approximately
circular and are oriented along the same flat plane,
known as the ecliptic, these six objects—including
Sedna—had elliptical orbits and were tilted about
20 degrees with respect to the ecliptic. The six also
made their closest approaches to the sun in the same
region of space. They were all too far out to be within
Neptune’s gravitational reach, but something ap-
peared to have crafted their orbits.

Brown and Batygin’s computer models suggested the
only reasonable possibility was a hidden planet with a
mass five to 10 times that of Earth orbiting as far as 700
AU away. This world, perhaps one exiled from the
warmer confines of the solar system during its chaotic
earlier years, managed to cling to the sun’s gravitational
ropes. And asit whirled through the distant darkness, it
wielded its own gravitational influence on those passing
six orbs, herding them into similar, strange new orbits.

Since Sedna’s discovery in 2004, the notion of a huge,
incognito planet had come up on several occasions. But
Brown and Batygin’s 2016 paper announcing their cal-
culationswasa clarion call: We are confident that Planet
Nine s out there. Now all we need to dois find it.

THE HUNT FOR A MISSING PLANET is inherently pecu-
liar. “How many planets are in the solar system?”
Schwamb asks. “This should be an easy question,
right? But it’s not!”

Finding a ninth planet would be huge. Beyond con-
soling those in the public who still mourn Pluto’s de-
motion, such a discovery could change what we know
about our solar system’s past. Any objects in, and be-
yond, the Kuiper belt are “relics left over after planet
formation,” Schwamb says. “They tell us about that
hidden history that basically has been erased from the
solar system.” Did planets manage to form that far
from the sun, or did they migrate out there? Most or-
reries of planets moving around other stars include a
mini Neptune of some variety. “It is very odd that we
don’t have one,” she says.

If itexists, Planet Nine isbig compared with Earth—
Brown’s best guess is that it hovers around seven Earth
masses. Butit’s so far away that it’sbeyond the detection
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capabilities of most telescopes. In general, observato-
ries have a choice: have a wide field of view to see more
of the night sky in one go or a big mirror to collect more
light from a smaller area and see distant, faint objects.
Space is rather expansive, so trying to zoom in on one
minuscule patch of it in the hope of finding a single ob-
jectis extremely unlikely to succeed.

Many astronomers—not just Brown, Batygin, Shep-
pard and Trujillo—have tried looking. Several more
ETNOs have been found, including the Goblin (discov-
ered around Halloween 2015), Farout and FarFarOut—
more gravitational probes for Planet Nine hunters to
study. But to date, Planet Nine itself has eluded them.

There is, of course, a chance that they can’t find it
not because Planet Nine is stealthy but because it
doesn’t exist. Over the past decade various alternative
hypotheses have sprung up to try to explain Sedna and
its cohort’s weirdly clustered orbits.

One possibility is that there is a Planet Nine but not
the canonical one; instead it’s something considerably
punier—Mars-size—and it sits elsewhere on the solar
system’s outermost boundary. In 2017 Kathryn Volk, an
orbital dynamicsresearcher at the University of Arizona,
thought the orbits of various trans-Neptunian objects
hinted at the presence of a Mars-esque world within the
Kuiper belt. Additional observational data on other dis-
tant objects has since undercut her team’s hypothesis,
and although the possibility of a Mars-like Planet Nine
hascome upat astronomy conferences, Volk is now skep-
tical. “Much like the more standard Planet Nine, theyre
probably both wrong,” she says. “Idon’t think any of the
existing predictions are correct.”

In 2020 scientists suggested that an icy ring of pri-
mordial debris, if massive enough, could also be sculpt-
ing the orbits of several ETNOs. Brown notes that we
see inclined frosty rings around other stars, but those
rings are thought to be held in place by the gravitational
influence of another hefty planet, making this a more
complicated explanation than Planet Nine alone.

It’salsobeen suggested that perhaps a passing star or
arogue planet zipping through space could have dragged
Sednaand its friends onto their weird orbits long ago. In
2019 researchers even wondered whether a tiny black
hole might be the culprit. When I raise this possibility to
Brown, hegrins. “Thaveit!” he says. He disappears for a
moment, then reemerges holdinga sphere about the size
of avolleyball. “This is a seven-Earth-mass black hole.
One of my students 3D-printed it for me.”

Brown chuckles. “What we know is that there is a
seven-Earth-mass object out there. What it is, we don’t
know,” he says. “It could be a planet. It could be ablack
hole. It could be a cat or a burrito. All of these are pos-
sibilities—some make more sense than others.” He
putsdown histiny black hole. “A planet isa really mun-
dane explanation.” After all, he says, we see planets like
that on distant orbits around other stars all the time.

Trujilloisalittle more circumspect when consider-
ingalternative explanations. Sure, he says, they could
be right; those theories deserve to be explored. “We
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still don’t really know how Sedna and the other ETNOs
got out there,” he says. But the fact remains that “an
undiscovered large planet is a real possibility.”

Though not as adamant as Brown, Batygin is cer-
tainly bullish. In astrophysics, “most theories are
wrong,” he says. “The most surprising thing I've en-
countered over the course of the past eight years for
this particular problem is that there hasn’t been a com-
pelling other alternative.”

Arguably, the greatest challenge to the Planet Nine
story is the suggestion that Sedna and company may
not have strange orbits at all. Astronomers cannot see
every region of space clearly. If an observatory is af-
flicted by bad winter weather, then data will be lacking
for that corner of the night sky. ETNOs also spend most
of their unfathomably long orbits so far from Earth
that they glint in sunlight only when they reach their
closest approach to the sun. Then there’s the Milky
Way. Our solar system is perched on one of the arms of
our spiral galaxy, and when we look inward, all we see
is starlight. It’s beautiful but bothersome to astrono-
mers. “Nobody finds [trans-Neptunian objects] where
the Milky Way is,” says Samantha Lawler, an astrono-
mer at the University of Regina in Canada. “You’re
looking for a small, fuzzy, moving dot, and when there
are so many stars in the background, it’s harder to find
them.” Because astronomers know about only a small
number of Kuiper belt objects and ETNOs, some sci-
entists skeptical of the Planet Nine hypothesis think
we simply do not have enough information to know
whether worlds like Sedna really are on strange orbits
orjust looklike they are for the moment.

Think of it this way: imagine you're in the dark, and
you have a flashlight. You shine it on one patch of the
floor ahead of you, and you see a handful of marblesin
that one spot. (That’s Sedna and friends.) With that
information alone, you may think there must be a spe-
cial reason those marbles are in that spot. But there
could be plenty of other marbles all over the floor—
and if you could see all those other marbles, you would
realize that the first seeming cluster of them isn’t a
cluster at all. Instead it’s just a random group of mar-
blesonafloor covered in haphazardly placed marbles.
The problem is that, for now, your flashlight isn’t
bright or wide enough to let you see the rest of them.

This misperception is caused by what’s known as
an observational bias. To see whether the case for
Planet Nine was afflicted by one, Lawler and her col-
leagues turned to the Outer Solar System Origins Sur-
vey (OSSOS). Between 2013 and 2017, 0SSOS used the
Canada-France-Hawaii Telescope to scan eight
patches of the night sky and ultimately identified more
than 800 new Kuiper belt objects. Eight objects had
average distances from the sun greater than 150 AU,
making them ETNOs—the kinds of objects that could
be used as gravitational probes for Planet Nine. And
their orbits were not clustered at all.

If a giant hidden planet is influencing these eight
objects, they should exhibit the same type of cluster-




Source: Caltech/R. Hurt (IPAC) (ETNO and Planet Nine orbital reference)

The Case for Planet Nine

A handful of objects in the outer solar system seem to have strange orbits, inexplicable

unless a hidden force is guiding them gravitationally. Scientists suspect that hidden
force is a large undiscovered ninth planet in the distant reaches of the solar system
that is sculpting their paths around the sun.
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SEDNA
The dwarf planet Sedna,
announced in 2004, orbits the sun
every 12,599 years, never getting
closer than 76 times the Earth-sun
distance, and veering as far as
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trans-Neptunian objects, or ETNOs,
have elliptical orbits (blue).
Neptune is massive enough that
its gravity can steer nearby small
bodies into tilted elliptical orbits.
But the ETNOs shown here
are too far from Neptune for it
to explain their paths.

HYPOTHESIZED PLANET NINE
Computer modeling suggests
that the ETNOs are likely herded
by an undiscovered planet

with a mass five to 10 times

that of Earth, orbiting up to

700 times the Earth-sun distance
(dotted red line).

SIDE VEW
Like the ETNOs, the orbital path
of Planet Nine is expected to
be tilted at about 20 degrees from
the ecliptic—the orbital plane of
Ecliptic plane Earth and the other eight planets

‘ around the sun.

OFFSET ORBITALS

Sedna and most of the known
ETNOs have much more elliptical
(oval-shaped) orbits than the

eight planets, and they move around
the sun at a tilt compared to the
ecliptic. They share these features
with Pluto, which also orbits at

an angle and in an oval.
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Graphic by Jen Christiansen

Possible Planet Nine orbit
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ingasthose beingused to invoke Planet Nine. But they
don’t. The OSSOS data cannot rule out Planet Nine,
but they do suggest that what may look like clustered
orbits sculpted by an invisible world could, in fact, be
an illusion. Authors of another bias-checking study,
using the Dark Energy Survey, came to the same broad
conclusionin2020. “Why say there’s something more
complicated if you can’t rule out the null result?” Law-
ler says. “That’s our argument.”

The crux of the debate is that we are dealing with
small-number statistics: there are too few known
trans-Neptunian objects for astronomers to confirm
one way or the other. “The agnostic perspective now
is that we do not have enough data either way,” says
Pedro Bernardinelli, an astronomer at the Institute for
Data Intensive Research in Astrophysics and Cosmol-
ogy at the University of Washington. “Iam fairly con-
vinced that it’s probably not there. But I also think it’s
silly to not search forit.”

Thankfully, that search is about to get a lot easier.

erawas moved from its construction site in Califor-

niatoamountaintop in Chile. After a10-hour flight
and a several-day, winding, bumpy drive to an
8,700-foot-high peak in the Cerro Pachén mountain
range, the 3,200-megapixel camera—the world’s larg-
est—arrived without a single scratch. Like the prize
jewel for amonarch’s crown, the $168-million camera
was then almost ready to be set in place within the
nearly finished Vera C. Rubin Observatory.

The observatory will see its first light sometime in
early 2025. Thankstoits enormousfield of view, Rubin
will take images of the entire night sky viewable from
the Southern Hemisphere night after night—and its
house-size nest of mirrors will gather up remarkably
distant starlight, meaning nearly everything that
shimmers or shifts about will be photographed.

Rubin—a venture funded by the U.S. National Sci-
ence Foundation and the Department of Energy—is
named after the late, great astronomer who, by looking
at the way stars and galaxies stuck together more than
could be explained by the gravity of visible matter
alone, uncovered compelling evidence for dark matter.
Her namesake is aptly set to find a cornucopia of con-
cealed objects, from faraway collapsing stars to mil-
lions of asteroids and even a bunch of interstellar ob-
jects in our own solar system.

TheKuiper belt, whose population and structure are
only vaguely known, stands to be greatly illuminated
by Rubin. After nearly four decades of searching, as-
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“Each year we don’t find [Planet
Nine], the probability of it actually

existing goes down dramatically.”
—MARIO JURIC UNIVERSITY OF WASHINGTON
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tronomers have found about 4,000 objects out there.
“With Rubin, it should go up to about 40,000,” says
MarioJurié, an astronomer at the University of Wash-
ington. I bring that up with Brown, who laughs. “Ah,
who cares about those?” he says with a grin. But ulti-
mately, he has his eyes on Planet Nine. And, he says,
Rubin is probably going to find it.

Here’s how: To fulfill Rubin’s myriad science objec-
tives, astronomersare putting together a strategy for the
observatory’s survey of the night sky, which will essen-
tially be automated. Astronomers can’t just ask for time
on Rubin as they do on other telescopes. Instead algo-
rithms will process Rubin’s nightly images to produce
catalogs, which will then be released to the community.

For solar system science, astronomers will see a list
of moving objects—those known and those previously
unidentified—with orbital parameters based on the
current crop of Rubin observations. Researchers seek-
ing Planet Nine can then use the newly discovered
trans-Neptunian objects to see whether the case for the
planet is stacking up or collapsing.

When lots of ETNOs have been found, Brown says,
it will become clear whether the clustered orbits one
would expect to be caused by a hidden planet—like
those of Sedna and company—are present. And be-
cause Rubin will see the entire southern sky, any ob-
servational bias will be quickly ruled out. “If the clus-
tering is there, Planet Nine is there,” Brown says.

IT’S ALSO POSSIBLE that among the moving objects
Rubin detects will be Planet Nine itself. If it’s more like
Uranus or Neptune—a hydrogen-enveloped orb with
plenty of ice—it will reflect a lot of light, making it
easier to spot. (Evenin that best-case scenario it would
probably look like a pinprick of light in a Rubin im-
age.) Pessimistically, Batygin says, “it’sabare rock”—
asuperdark world, practically invisible. “Undeniably,
that would suck. But that might be the reality of it.
We'll get what we’ll get, and we won’t get upset. Well,
some of us will get upset.”

If it’s hanging out in front of the Milky Way, that
would be “the nightmare scenario,” Bernardinelli
says. “It will be very hard to find.” Jurié¢ notes that Ru-
bin’s software will do its best to subtract that bright
conflagration of starlight, revealing, he hopes, any-
thing concealed within it. Will that work? Jurié¢ thinks
s0, “but you don’t know until you try it,” he says.

Worst-case scenarios aside, astronomers expect that
the mission to find Planet Nine will be over in a few
years. In just one, Earth (and Rubin) will have circled
the sun once. Only inclement weather will prevent us
from seeing what’s out there; a bad winter month may
take one month of full-sky coverage away, but the tele-
scope should be able to capture it the next year.

“Each year we don’t find [Planet Nine], the proba-
bility of it actually existing goes down dramatically,”
Juriésays. And after a couple of years, the existence (or
nonexistence) of Planet Nine will be, to most astrono-
mers, unequivocal. Rubin is “the ideal planet hunter,”
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Schwamb says. “I don’t think there’s any other tele-
scope in the world that could manage to do this.”
Most astronomers are happy to wait and find out
what Rubin reveals. Schwamb, whose Ph.D. adviser
was none other than Mike Brown, treads carefully.
“I'will be pleasantly excited if there is a planet,” she
says. “I'will not be so surprised if there isn’t one.”
But Brown and Batygin have never been surer. Ina
2024 study, they analyzed the orbits of 17 trans-Nep-
tunian objects, each with a bizarre feature: their closest
approaches to the sun can get as near as Jupiter. Objects
that cross Neptune’s orbit like that should get ejected
from the solar system, so how can these objects on these
orbits exist today? Something is grabbing orbs that
linger at the very edge of the solar system and putting
them on orbits that take them far closer to the sun than
they would otherwise get, the scientists surmise.
Their study used virtual re-creations of the solar
system and tried to see what kinds of objects had the
gravitational influence to sculpt these orbits—includ-
ing passing stars, the Milky Way itself and Planet
Nine. According to the researchers, the versions of
reality without Planet Nine make no sense. This out-
come is “the strongest statistical evidence yet that
Planet Nine is really out there,” Batygin says.
If the planet does exist, there’s a good chance that

Brown and Batygin might not find it first. Rubin may
detect it autonomously, Juri¢ says, whereupon another
group of astronomers reading the data will confirm
that itis genuine. Alternatively, Rubin’s software might
not detect it automatically, but an astronomer may find
Planet Nine by using their own software to go through
the imaging data or by perusingalist of moving objects
that Rubin found but did not autonomously flag as
Planet Nine candidates. Batygin, ever the theorist, says
the discovery is what matters most, regardless of who
claimsit. “Tjust want to know the answer,” he says.

If Planet Nine is real, “my instant reaction might be
relief,” Brown says. He admits that should he not be the
one to first cast eyes on it, he would feel an initial gut
punch of frustration. “I would love to discover it,” he
says. But he'd be satisfied if he and his colleagues were
proved right all along, and he met his daughter’s chal-
lenge of redemption—and he would be thrilled that the
history of the solar system would change, once again,
partly because of his research.

“There’s a very good chance that we could be sit-
ting around studying Planet Nine in just a couple of
years’ time,” he says. Every telescope, on Earth and
in space, might be zeroing in on its secrets. Whatever
it’s like, Brown says, “it will be the best planet in the
solar system.” ®

The soon-to-open Vera
C. Rubin Observatory
stands atop the Cerro
Pachdn mountain range
in Chile.

FROM OUR ARCHIVES
The Search for
Planet X. Michael D.
Lemonick; February
2016. Scientific
American.com/archive
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ORIGIN
OF JOKING

EVOLUTION

Studies of great apes hint at why
and when clowning behavior evolved
BY ERICA CARTMILL

ILLUSTRATION BY TIM O’BRIEN
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NE SUNNY AFTERNOON IN SAN DIEGO, three—year—
old Aisha played outside while her father sat
nearby. Her father wasn’t paying much attention
to her, so Aisha took a toy and waved it at him.
When he didn’t respond, she redoubled her efforts,

gently bonking him on the head with the toy. She looked at her dad’s face
expectantly, but to no avail. Aisha then waved the toy in her dad’s face and
brushed it across the top of his head, making it harder and harder for him
to ignore her. Finally, he gave in and watched while she swung on a swing.

Like most three-year-olds you might know, Aisha
could be a handful. Unlike those three-year-olds, Ai-
sha is an orangutan. She is 11 now, and she and her
family live at the San Diego Zoo. Throughout her
childhood, Aisha spent her days playing, eating,
sleeping and frequently bugging her parents. Aisha’s
behavior toward her father probably sounds familiar.
You're likely to see similar behavior from a bored tod-
dler and her father in a supermarket checkout line.
Where does this urge to bug, mess with, or tease oth-
ers come from? Is the similarity between Aisha’s be-
havior and that of a human child merely a superficial
resemblance, or isit the result of deep commonalities
in the way we play, learn and think?

Over the past several years my colleagues and T have
been studying teasing in humans and great apes to fig-
ure out why—and when—this behavior evolved. Teas-
ing existsin a gray area between play and aggression.
It can sometimes lead to bullying and ostracism. But it
can also be loving and even endearing. For humans,
playful teasing—which includes clowning, pranking
and joking—provides a wonderful space tolearn about
social relationships. It can test those relationships by
gently stretching the boundaries of social norms and
seeing what one can get away with. And it can adver-
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tise the strength of those relationships to others (im-
agine watching a group of friends playfully insult one
another). We think much the same is true for the other
great apes. Although scholars have traditionally
viewed humor as a uniquely human trait, our findings
suggest that it has surprisingly deep roots.

I FIRST STARTED THINKING about the origin of humor
in2005, when I was researching orangutan communi-
cation for my Ph.D.Iwas at a zoo studying how orang-
utans use gestures to communicate. One day, I wit-
nessed a fascinating interaction that I didn’t know how
to categorize or analyze. Aninfant orangutan was dan-
gling from arope over her mother, who waslying on her
backina pile of straw. The infant extended a large piece
of bark toward her mother, and her mother reached for
it. Atthelast second, the infant pulled the bark back out
of her mother’s grasp. Her mother lowered her hand.
The infant offered the bark again. This “here, take it—
oops, just kidding” behavior happened a few more
times until the infant dropped the piece of bark.

To my surprise, the mother then picked it up and
started doing the same thing back toward the infant.
This role reversal was intriguing. Now it wasn’t just a
tolerant mother going along with her daughter; it was



a game—or maybe a joke!It had the core features of a
joke: a setup (the offer) and a punch line (the with-
drawal). Sure, it wasn’t a great joke—it wouldn’t ap-
pear inanyone’s stand-up routine—but it seemed like
the kind of joke a toddler might enjoy.

Young children find repetitive jokes
incredibly entertaining. The humor
centers on something unexpected

Young children find repetitive physical jokes in-
credibly entertaining. The humor centers on a mo-
ment of surprise: something unexpected happening.
And yet these interactions are typically repeated over
and over. The unexpected moment becomes an ex-
pected part of the game. Peekaboo!

This kind of expected surprise is the basis of a lot
of humor. Jokes often involve a conventionalized setup
(“knock knock ...,” “what’s the deal with ...,” “did
you ever notice how ...,” “what’s the difference be-
tween ....”). The framing primes the listeners for a
punch line, letting them know they should listen to the
language that follows in a less literal way.

Children begin creating these unexpected mo-
ments before their first birthday, even before they say
their first word. Vasu Reddy, a psychologist at the Uni-
versity of Portsmouth in England, calls these inter-
actions “clowning” behaviors and highlights three
common types: offer-and-withdrawal, disruption of
others’ activities, and provocative noncompliance (in-
tentionally doing something that violates a norm or
rule). A human infant might offer an object and pull it
back at the last second, just as I saw the infant orang-
utan do. They might demonstrate noncompliance by
puttingashoe on their head like a hat instead of on their
foot, smiling as they do so. An infant’s primary moti-
vation for clowning seems to be engagement with oth-
ers, not violation of rules. These are playful social be-
haviors; youngsters frequently laugh while clowning
and look toward the faces of the adults for a reaction.

The exchange between the infant and mother
orangutan wasn’t immediately relevant to what I was
researching at the time, but it stuck in my mind, along
with other instances of teasing that I occasionally ob-
served while studying gestural communication in this
species. Eventually my research focus shifted, and I
got more and more interested in the cognition that
drives communication. I began to think about those
teasing interactions I had witnessed. They weren’t
necessarily part of the communication systems I had
been studying, but they involved understanding the
minds of others. It occurred to me that those behaviors
could provide an interesting lens on the evolution of
social intelligence.

Orangutans and humans are both great apes, along
with chimpanzees, bonobos and gorillas. Members of
this group have many things in common. We have big
brains and long childhoods. We laugh, mourn, getjeal-
ousand hold grudges. We recognize ourselvesin mirrors
and understand that others can know things we don’t.
Great apes have well-developed social intelligence;
we’re very interested in other individuals, and we spend
alot of time playing with, learning from, fighting over,
getting even with, and befriending them. Could play-

happening. Peekaboo!

ful teasing have evolved as part of thisintense interest
in the goals, feelings and relationships of others?

GETTING AT THIS QUESTION would require system-
atically observing the great apes for the presence of
teasing behaviors, something that, to my knowledge,
no one had done before. In early 2020 I assembled a
team of students, postdocs and colleagues—including
Isabelle Laumer, Johanna Eckert and Sasha Winkler,
all then at the University of California, Los Angeles,
and Federico Rossano of the University of California,
San Diego—to conduct this research. We initially
planned a series of hands-on studies in zoos, but the
world had other plans. Like humans, the other great
apes are susceptible to COVID, so at the height of the
pandemic, the primate research community paused
all research that involved interacting directly with
great apes. We decided to carry out a video-based
study instead. Using footage of orangutans, gorillas,
chimpanzees and bonobos in zoos in the U.S. and Eu-
rope, we identified social interactions that appeared
to contain a mix of playful and annoying elements. We
explicitly avoided any cases of pure aggression or pure
play so we could focus on the gray area in between.

Social cognition is difficult to study, particularly in
animals as complicated as great apes. Researchers
studying humans can use questionnaires to ask people
what they think about others’ intentions or beliefs. But
studies of nonhuman apes and human infants must
measure subjects’ thinking without language—for
example, by observing and coding natural interactions
or by measuring the behaviors individuals produce
when presented with sounds, images or puzzles.

We developed a coding system for teasing that builds
on those used to study ape communication. Behavioral
coding systems are the most common way to study in-
teractions between animals or people when you are
observing them from a distance. They consist of a set of
codes (basically, labels) and a set of rules about how to
apply those codes. Systematic application of the codes
according to the rules turns messy real-world interac-
tions into quantifiable variables that can be analyzed
statistically. It also can be used to confirm that behaviors
seen by one person are also seen by others, giving re-
searchers a way to bolster the reliability of their obser-
vations. This approach helps to ensure that the phe-
nomenon is not merely in the eye of the beholder.

In developing our coding system, we made sure to
include things such asthe identity of the teaser and tar-
get, theteaser’s actions, whether the teaser waited for a
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Ajuvenile orangutan
pulls her mother’s hair.

response from the target, whether there were any repe-
titions of behavior, and whether interactions were pri-
marily one-sided or reciprocal. We also coded for ele-
ments of play, including facial expressions, gestures,
relaxation, and evidence of mutual enjoyment (for in-
stance, both parties willingly continuing an interac-
tion). Three of us worked together to code categories,
apply them, discuss them, revise them, and apply them
again. We repeated this process several times until we
were happy with the coding system we had developed
and satisfied that we were all applying it in the same way.
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Our final coding system identified five main charac-
teristics of playful teasing: a provocative behavior, a
mainly one-sided provocation, an element of surprise
(suchastheteaser approachingthe target from behind),
alook from the teaser toward the target’s face, and rep-
etition or elaboration of the provocative behavior. Very
few of the examples we observed had all five of these
traits, but 129 examples had at least three of the five.

The most difficult teasing characteristic to define,
and arguably the most important, was the presence of
provocative behavior. It was reliably coded the same
way by different people, so we knew it could be identi-
fied, but it was hard to put into words. We ultimately
decided that the best definition was “something that
was difficult for the target to ignore.” This could in-
volve the teaser doing something very slowly or very
quickly directly in front of the target. It could involve
shaking or pounding on something the target was sit-
tingon. It could even involve the teaser leaning into the
target’s face until they were almost touching. These
behaviors have very different forms, but they are all
things that would be difficult to ignore.

invery different social groups and natural envi-

ronments in the wild. Orangutans are largely
solitary and spend most of their time up in the trees.
Gorillas live on the ground in social groups made up
of one adult male and multiple adult females and
young. Chimpanzees and bonobos spend time both in
the trees and on the ground, and they live in big com-
munities composed of multiple males and multiple
females. But whereas chimpanzees have male-domi-
nated societies with relatively high levels of aggres-
sion between adults, bonobos live in mostly matriar-
chal societies and tend to respond to conflict not with
fighting but with sex.

Despite these profound differences in their ways of
life, all four species playfully teased one another in
largely similar ways. They poked, hit, pushed, pulled
and tickled one another. There wasa lot of swinging and
waving of arms, legs and objects. A teaser might grab
another’s hand or foot to stop their activity. Sometimes
apes hid under objects when teasing, popping ahand out
to pull someone’s hair or somersaulting into another
individual while inside a burlap sack. On one occasion,
a juvenile chimpanzee named Azibo approached his
mother while she was grooming another chimpanzee
and smacked her on the back, then retreated and looked
at her from a safe distance. The juvenile repeated the
provocation multiple times. The mother ineffectually
swatted the air in response, gently grabbing toward
Azibo while continuing to groom the other ape. This
kind of behavior is different from regular play. When
two apes play, the interaction is more symmetrical. They
approach each other and stay together while they inter-
act, or they chase each other. Azibo’s repeated provoke-
and-remove-to-a-safe-distance pattern is playful, but
itisalso provocative, a characteristic of teasing.

T HE FOUR KINDS OF GREAT APES we studied live

Bjérn Vaughn/BP1/BOS Foundation



Young apes were more likely to tease than adult
apes, but adults teased, too. In another interaction
Azibo had a stick that he was using to try to get into a
feeder. Every time the youngster tried to insert the stick
intoaholeinthe feeder, an adult named Sandrablocked
hisattempt by covering the hole or by grabbing the tool
and then dropping it on the ground. Sandra didn’t want
the tool for herself; she just wanted to tease Azibo.

Teasing actions were used in ways that appeared
specifically intended to elicit a response from the tar-
get. Apes weren’tjust treating others as part of the en-
vironment; they were expecting an interaction. During
and after teasing actions, apes looked at the target to
gauge their response. They then repeated their actions
orelaborated them. A poke might turn into a hair pull.
Waving a toy might turn into abonk on the head.

This provocative, persistent, escalating teasing
seems incredibly irritating, but the responses of other
apes were almost never aggressive. Targets tended to
ignore teasers or try to gently shrug, wave or shoo
them away. Sometimes they responded positively, re-
ciprocating with play, an embrace or teasing of their
own. Other times they just got up and left. Apes were
typically relaxed before teasing began, and teasing did
not agitate either the teaser or the target. Although
teasers were trying to goad their targets, they were
doing itin a low-stakes way. Playful teasing most likely
happens during periods of boredom, not stress. Think
of kids in the back seat on a road trip—that’s an ideal
environment for teasing.

THE PRESENCE OF PLAYFUL TEASING in all four of our
great ape cousins suggests that it benefits them in im-
portant ways. We can look to this behavior in humans
to see how it might be advantageous. Playful teasing
provides a rich opportunity to learn about others’
minds. The teaser has to predict the target’s response
and adjust their behavior based on how the target is
likely to respond. Things that might be received well by
a close friend would not be by a stranger. You can call
your best friend a slut, a punk or a weenie, and they
might playfully insult you back, but you are unlikely to
get the same response from your boss or a tax auditor.
Even within close friendships, someone’s response
might vary from day to day or from hour to hour de-
pendingon the person’s mood and your previousinter-
actions. Learning to predict how others will respond to
you is a critical skill for highly social animals like hu-
mans and other apes. Who will have your backif you get
into a fight? Who will give you the benefit of the doubt
if your actions or intentions are ambiguous? Playful
teasing provides a relatively low-risk environment in
which to develop and refine your social prediction skills.

Being able to predict and understand the goals, in-
tentions, knowledge and desires of othersis the basis for
human language and culture. Although nonhuman apes
donot have language, they do share some of these foun-
dational skills—and playful teasing provides a window
onto them. Most animals play, but playful teasing may

Playful teasing provides a

relatively low-risk environment
in which to develop and refine
your social prediction skills.

offer an opportunity to move from physical to mental
play: from playing with bodies to playing with minds.
We're only just beginning to understand teasing and
how it relates to social cognition in creatures other than
humans. Can apes predict whether someone will be
surprised? My colleagues and I are using methods such
aseye tracking to study what apes pay attention to when
watching othersinteract. Doapes get excited when they
anticipateastrongreactioninasocial interaction? We’re
using thermal imaging to measure changes in blood
flow around the eyes and ears—a physiological sign of
excitement—when we expect a social scene may be
funny, scary or exciting to an ape. We're still collecting
and analyzing data for these projects, but a small pilot
study using thermal imaging with bonobos suggests at
least some apes get excited when they see another ape
get tickled, for instance. By combining biological mea-
sures such as eye position and blood flow with behav-
ioral measures such as an ape’s preference for different
partners in a game, we can develop a more complete
picture of how attention, memory, mood and prediction
combine when apes are thinking about others.
Although playful teasing has been systematically
studied only in humans and other apes, we suspect that
other animals do it, too. If it provides a way to build,
test and show off relationships, as well as an opportu-
nity to practice predicting others’ behavior, then we
might expect it to evolve in other highly social animals
with big brains, few predators and long childhoods.
Parrots, dolphins, elephants, whales and dogs are all
good candidates. Our group is studying a few of these
nonprimate species, but it will take many more observ-
ersto get a clear understanding of what playful teasing
lookslike across the animal kingdom. To get more peo-
pleinvolved, we recently surveyed zookeepers in more
than 100 zoos, and we are now collecting stories about
animal teasing from folks around the world. If you have
stories or recordings of animals playfully teasing you
or other animals, we invite you to share them on our
website: www.observinganimals.org/teasing.
Gettingabig picture of playful teasing across the an-
imal kingdom will inform how we study the origin and
evolution of thisbehavior. Already observations of teas-
inginallthe great ape species suggest the roots of human
humor may go back 13 million years or more to the last
common ancestor of Aisha the orangutan and the bored
child in the checkout line. They may not get a Netflix com-
edy special, but teasing apes provide strong evidence
the firstjoke is far older than the early human who ex-
tended ahand inthe firelight and said, “Pull my finger.”®

FROM OUR ARCHIVES
Why Animals Play.
Caitlin O’Connell;
August 2021. Scientific
American.com/archive
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THE
NEXT
VIRAL
PLAGUE

A newly identified—and deadly—
combination of climate and habitat
crises, coupled with immune system
stress, is driving more bat-borne
viruses to afflict humanity

BY JANE QIU
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Black flying foxes,
a bat species, shed
the Hendra virus.



T 4:30 ON A CHILLY MORNING in Australia, headlights burned
through a dark forest in central Woodford, a small rural town
50 miles north of Brisbane, Queensland. Hundreds of flying
foxes—magnificent fruit-eating bats with big eyes, fluffy coats,
and a wingspan nearly that of an eagle—had just returned from

foraging and dangled on tree branches like gigantic Christmas ornaments. Below them,
rather incongruously, a large plastic sheet covered the ground. It had been placed there by
ateam of ecologists to collect urine and feces that the animals dropped.

Jane Qiu
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writer in Beijing. She has
won a Knight Science
Journalism Fellowship,
as well as awards from
prestigious groups such
as the American Associ-
ation for the Advance-
ment of Science and the
Association of British
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The scientists, from Griffith University in Brisbane,
were probing bat droppings because of a grave hu-
man-health concern: plagues now come at us from the
skies. Viruses carried by the world’s only flying mam-
mals, bats, have infected people. In the past decades a
series of viral attackers—many of them deadly—have
been found in or linked to bats: Marburg, Ebola, Hen-
dra, Nipah, SARS-CoV-1, MERS-CoV and, most re-
cently, SARS-CoV-2. COVID, the disease that last virus
causes, has killed more than seven million people
across the world. Bat-derived viruses seem to threaten
our health with disturbing frequency.

But why bats? And why now? After decades of
searching for clues and putting together puzzle pieces
involving evolution, ecology and climate, scientists have
come up with agood answer. Bats have evolved aunique
immune system that lets them coexist with a horde of
otherwise harmful viruses, a development that seems
tied, in surprising ways, to their ability to fly. But when
people destroy their habitats and food and trigger dis-
turbing changes in climate—all of which have coincided
recently—bats’ immune systems can be strained to the
breaking point. The animals can no longer keep viruses
incheck. Their burgeoning population of microbesrains
down on other animals and eventually infects people.

The search for further evidence to bolster this hy-
pothesis, as well as early warnings of bat-virus out-
breaks, had brought the Griffith team to Woodford last
year. The investigators were looking for signs of nutri-
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tion problems or biomarkers of impaired immunity in
thebats, amongother indicators. Alison Peel, one of the
ecologists, carefully transferred puddles of bat urine
from the plastic sheet into test tubes. Then she felt
something hard land on her back. “Great, I just got hit
by bat poop,” she said with a grimace. The first light of
dawn began filtering through the dense forest canopy.

The team will be spending several years in the field,
trying to pick out causes of virus shedding that can be
easily obscured in a wild environment. “Such long-term
studies are extremely hard but absolutely critical,” says
James Wood, an infectious disease ecologist at the Uni-
versity of Cambridge, who has been working on Hen-
dra-like virusesin African batsin Ghana and Madagas-
car. The basic links between environmental stress on
batsand increased spread of disease were documented
in 2022, in a landmark paper in Nazure. It connected
climate variability, deforestation and food shortages
over aquarter of a century to pulses of heightened virus
infections in bats, other animals and people.

One of the authors of that paper was Raina Plow-
right, an infectious disease ecologist at Cornell Univer-
sity who has been studying flying foxes and viruses for
two decades. The interwoven nature of these causes,
she says, means that any public-health intervention to
prevent future pandemics will need to tackle the whole
environmental tapestry, notjust pull on a single thread.
“Halting deforestation and climate change will help
address the root cause,” she says.



In Queensland, Australia, large groups
of black flying foxes hang from trees.

ON A MARCH EVENING in 2006, Plowright
wasin the bushland in northern Australia’s
Nitmiluk National Park when she felt that
something was not quite right. She had set
up a finely meshed net under the forest
canopy to capture flying foxes, then sat
back and stared at the sky. Plowright, a
graduate student at the time, was waiting
for what she called a flying river of ani-
mals—hundreds of thousands of them
rushing from their rooststo feed as the sun
went down—Iletting out a cacophony of
high-pitched calls. “It’s absolutely spectac-
ular,” she says. “They are the wildebeests
of the Northern Territory.”

But that twilight was eerily quiet. Plow-
right could barely find a trickle of flying
foxes, let alone a gushing river. It was ex-
tremely unusual. “Where have the bats
gone?” she recalls wondering.

Plowright was part of a team trying to
understand why flying foxes had been
spreading the Hendra virus to horses and
people. Hendra had killed two humans at
that point, and it had killed and sickened
many more equines, threatening an indus-
try worth several billions of dollars to Aus-
tralia. The scientists’ job was to periodi-

cally measure the extent of virus infection
in wild bats and monitor their health.

When the researchers finally managed to
capture a few bats, they realized all was not
well. The animals were skinny and in bad
shape; it looked as if they had not been eat-
ing. “Thebats were basically starvingand in
really poor health,” Plowright says. And even
though it was just after the mating season,
none of the captured females was pregnant.
The team couldn’t detect any Hendra genetic
material in the animals—which is notori-
ously tricky to do—but nearly 80 percent of
the bats had immune system antibody pro-
teinsagainst the virus. That was nearly twice
the level measured the year before, and it
meant the bats had caught the pathogen. “It
wasthe first clue that nutritional stress may
have a role in an increased susceptibility to
virusinfection,” Plowright says.

Hendra, the virus that Plowright and
otherswere tracking, had made its fearsome
debut on the outskirts of Brisbane, in the
state of Queensland, in September1994. On
abreezy spring afternoon a thoroughbred
mare named Drama Series started to look
sickly while grazing at a paddock near Hen-
dra, a sleepy area known for its racehorses.

Drama Series deteriorated precipitously,
and she died two days later, says Peter Reid,
the equine veterinarian who treated her.

Within a few days a dozen more horses
fell ill; most of them had shared a stable
with Drama Series. Some soon died, and
the rest were euthanized to prevent possi-
ble transmission to humans. But it was too
late, Reid says. Within a week flulike symp-
toms descended on Drama Series’ trainer,
who eventually succumbed to respiratory
and kidney failure.

Around the same time, another outbreak
killed two horses in Mackay, 600 miles
north of Brisbane. But the cause remained
amystery until their owner died 14 months
later. Medical examinations showed that
the cause of his death—and that of his
horses—was the same viral pathogen that
launched the deadly attacks in Hendra.

The same virus in two deadly outbreaks
600 miles apart: this context gave scien-
tists an ominous clue to the pathogen’s
source. “We started to consider the possi-
bility that the virus was transmitted by a
flying animal,” says Linfa Wang, an infec-
tious disease expert who was then at the
Australian Animal Health Laboratory
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Researchers spread a plastic sheet
under a flying fox roost in Queensland
to collect urine and feces samples.

(now known as the Australian Center for
Disease Preparedness).

But which animal? Scientists decided
to focus their attention on insects, birds
and bats. These creatures were the air-
borne members of a long list of wild ani-
mals, including rodents, snakes and mar-
supials, that field researchers had been
trapping and another team of molecular
biologists, including Wang, had been ana-
lyzing. Their goal was to pinpoint the
source of the disease. Wang, now at Duke—
National University of Singapore Medical
School, says the work soon paid off. Blood
samples from all four of the flying fox spe-
ciesin Australia had antibodies to Hendra.
In the ensuing years, the team managed to
isolate the virus from a bat and obtained
the full sequence of its genome.

That discovery focused attention on bats
as virus carriers, and scientists have since
discovered dozens of bat-borne pathogens.
They learned, for instance, that bats are
vectors for the Nipah virus, which killed
around 100 people and led to the culling of
one million pigs in Malaysia in 1998-1999.
In the aftermath of SARS in 2005, Wang
and his colleagues in China, Australia and
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the U.S. reported in Science that bats might
also be the source of the new contagion.

HESE DISCOVERIES posed a conun-
T drum. Nipah, Hendra, and other vi-

ruses can make humans and other
animals sick, often with devastating conse-
quences, yet bats seem to tolerate them
well. Wang wanted to understand why. He
was shocked when he realized how little
was known. “It was like stepping into a
void,” Wang says. “Our understanding of
bat immunity was almost zero.” It was a
void that, beginning in the early 2000s, he
and other scientists started to fill.

In 2008 the Australian government
gave Wang a coveted blue-sky research
grant, one awarded to scientists deemed
on a path toward breakthrough discover-
ies. With around $2 million to spend over
five years, he could do whatever he wanted.
There was only one thing on his mind. “I
wanted to be the first person in the world
to sequence bat genomes,” he says. What
he didn’t expect was that the effort would
lead to a fascinating link between bats’ un-
usual immune system and their even more
unusual evolution.

Of the 6,400 or so living mammalian
species, bats are the only ones that can fly.
More than one in five mammalian species
is a bat—it is one of the most diverse
groups in the class, second only to rodents.
Bats’ lifespans are extraordinary. Some
bats weigh only a few grams but can live as
long as 40 years, equivalent to humans liv-
ing for almost 1,000 years. Despite such
longevity, bats rarely develop cancer.

How and when the only flying mammals
evolved wings and became airborne is still
unclear. The oldest fossils of bats that “have
all the hallmarks of a flying creature” are
dated to 52.5 million years ago, says Nancy
Simmons, a mammalogist at the American
Museum of Natural History in New York
City, who worked on these exquisitely pre-
served skeletons from present-day Wyo-
ming. The signs of wings and other flight
features on the fossils indicate the animals’
unique path to the skies began to evolve mil-
lions of years earlier, and the lineage proba-
bly split from other mammalian species be-
fore the massive asteroid impact that wiped
out dinosaurs and around 70 percent of all
species worldwide 66 million years ago.

“Theadvantages of flight are tremendous
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because you can cover much larger areasthan
similarly sized animals that can’t fly,” Sim-
monssays. “It opened up a whole new set of
resources that were not available to those
that couldn’t fly.” Bats, in essence, became
“birds of the night,” occupying many of the
same ecological niches as birds but avoiding
competition with them by being nocturnal.
This high-flying lifestyle requires alot of
energy. In flight, some species of bats in-
crease their metabolic rate more than 15-
fold. Body temperature can rise from
around 95 degrees Fahrenheit to 104 de-
grees F, and their heart rates can speed up
from a resting pace of 200 to 400 beats per
minute to 1,100 beats. From their roost
sites, they often travel dozens of miles to
feed in one night. Some migratory species
cantravel upto1,240 miles from their sum-
mer locations to winter ones. The use of so
much energy releases a large amount of
metabolic by-products, such as damaged
DNA and highly reactive chemicals. These
substances trigger inflammatory responses
similar to those caused by microbial infec-
tion. “Bats must have an efficient system to
deal with the insults that come with flight,”
Wang says. “It’s all about damage control.”

With his blue-sky grant, Wang set out to
systematically study how bats were physio-
logically different from other mammals—a
question considered esotericat the time. By
collaborating with BGI, a Chinese genomics
company that had already sequenced the
genomes of organisms such as rice and the
giant panda, Wang and his colleagues got
the first chance to read the “genetic book”
of two types of bats: a small, insect-eating
species (Myotis davidii) from northern
China and Russia, and a big, fruit-eating
black flying fox (Pteropus alecto) from Aus-
tralia. “It was like hitting a jackpot,” Wang
says. Writing in Science in 2013, the team
reported that bats have more genes respon-
sible for repairing DNA damage than other
mammals such as mice and humans do—
possibly allowing the flying creatures to be
more adept at fixing the molecular wear
and tear caused by their high metabolism.

There were also some helpful genetic ab-
sences. The genetic books of both of the bat
species Wang’s team sequenced, for instance,
have lost several “pages”—genes found in
more grounded mammals—that encode
certain immune system proteins. These
proteins help to detect invading organisms

A scientist prepares to analyze DNA
from flying fox feces_saﬁ- ﬁ
and launch inflammatory responses. This
scenario might sound counterintuitive:
Wouldn’t the lack of those genes make bats
more vulnerable to infection? Scientists
thinknot; it’s often theimmunological over-
drive in response to pathogens, rather than
pathogens themselves, that kills the host.
(Alethal aspect of COVID, early in the pan-
demic, was a “storm” of immunological
overreaction that damaged organs beyond
repair.) “This was the first tantalizing clue
tohow bats deal with infection,” Wang says.
A hint about what happens when this
delicate infection-control system goes awry
came from earlier bat-surveillance studies:
when the animals shed more virus, other
species started to get sick. In June 2011 a
Hendra outbreak hit horses in Australia’s
eastern states of Queensland and New
South Wales. By October of that year about
two dozen horses perished, traced to not
one but 18 separate transmissions of the
virus from flying foxes. “It was unprece-
dented,” says Hamish McCallum, an expert
on ecological modeling at Griffith Univer-
sity’s Southport campus. There had been
only 14 transmission events since the first
Hendra outbreakin 1994.
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The grey-headed flying
fox also carries the
Hendra virus, which

threatens people and

other animals.
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At about the same time, a team led by
Peel (whowould go onto collect samplesin
Woodford) uncovered another troubling
phenomenon: bats were shedding a whole
bunch of viruses other than Hendra. Since
November 2010, her colleagues had been
collectingurine samples from flying foxes—
mostly the black flying fox and the grey-
headed flying fox (Pteropus poliocepha-
lus)—at their roost sites on a monthly basis.
Their studies show that the bat populations
usually have a variety of viruses at low lev-
els. But the levels tended to rise in the cold
and dry winter months, between June and
August, when risks of virus transmission
are heightened.

In winter 2011 the levels of eight vi-
ruses—including Hendra, its cousin the
Cedar virusand the Menangle virus (which
can also infect humans)—peaked in urine
samples collected from bats in Queensland.
This bump did not happen in subsequent
winters or in the state of Victoria, where
there were no reported cases of Hendra in-
fectionin horses, Peel says. “That was when
it became clear that flying foxes shed mul-
tiple viruses simultaneously in discrete
pulses,” says Plowright, who collaborated
with both Peel and McCallum for the study.
The pulse seemed to coincide with the
times when the horses gotinfected. A risein
virus shedding therefore seemstobe a crit-
ical step—and a sentinel indicator—for
cross-species transmission.

To bat immunologists such as Tony
Schountz of Colorado State University in
Fort Collins, the level of virus shedding is
intricately related to the so-called immu-
nological détente between pathogens and
their bat hosts. “It’sa relationship in which
the virus and the host effectively say to each
other, ‘If you don’t bother me, I won’t
bother you,’” he says.

Two strategies are in place to maintain
the détente. One typically entails the con-
stant expression of immune system signals
that are switched on in other mammals
only when the animals are invaded by
pathogens. In some bat species, this in-
cludestypeIinterferons (agroup of signal-
ing molecules regarded as the first line of
defense against viral infection) and heat-
shock proteins (which in other animals are
induced in response to stress). “Bats are
always in a state of ‘ready to fight,’” says
Zhou Peng, an expert on bat virology at the
Guangzhou National Laboratory in China.
“This helps to keep the viruses in check.”

The other strategy is to have only mini-

mal inflammation, avoiding the overreac-
tions that can damage organs. Bats show
only small signs of tissue inflammation
even when infected by viruses, Schountz
notes. Such dampened responses can leave
bats vulnerable to viruses, but the “ready
tofight” immune system components usu-
ally take care of the invaders with a more
targeted, precise counterattack that goes
after the viruses and not the organs they
arein. “They never go overboard” in their
defenses, Schountz says.

This finely tuned interaction, developed
over a long history as bats and viruses
learned to coexist, can explain bats’ re-
markable ability to harbor viruses without
getting sick. “It’s all about yin and yang,”
Wang says. “But the balance can be tipped.”

HANGES IN THE ENVIRONMENT can
C do the tipping. That might be what

happened to the bats the Griffith
team sampled in 2011. Research over de-
cades has shown that food availability
predicts virus shedding. Several times a
year since 2006, scientists have conducted
detailed assessments of environmental
conditions within the foraging radius of
several flying fox roosts in Queensland.
They found that the eucalyptus forests at
those sites provided the highestabundance
of food resources in late summer—espe-
cially highly nutritious pollen and nectar.
The amount of food dropped to the lowest
point in winter months, when Hendra
cases canrise.

What was particularly striking was how
well the levels of virus shedding and horse
infection correlated with food availability.
When food was hard to find, bats tended to
shed more virus, and horse infections shot
up. But when food was abundant, virus-
related problems dropped. The food ups
and downs, it turned out, were affected by
a pattern of climate variability known as
the EINiflo—Southern Oscillation (ENSO)
in the preceding months or years. ENSO
lurches between two states: El Nifio, when
surface waters in the tropical central and
eastern Pacific are unusually warm, results
in hot and dry years in Australia. La Nifla,
when waters are exceptionally cool, leads
to wetter weather on land. Recent studies
have shown that global warming might
have made the switches more

Australia was coming out of two strong El
Nifio years. The drought had created a pro-
longed food shortage for batsbecause euca-
lyptustrees didn’t flower. “There waslittle
nectar around,” McCallum says. “The bats
were probably starving.” Food availability
during the winter of 2010 hit one of the
lowest points during the entire period the
scientists studied.

The findings are also consistent with
what Plowright saw in the spring of 2006 in
Nitmiluk: starving and unhealthy bats, as
well asalarge number with signs of Hendra
infection. That period followed a major cy-
clone that reduced food availability. Scien-
tists suspect that food shortages and nutri-
tion deficiencies, possibly exacerbated by
an increasingly erratic ENSO, might have
thrown off the balance of the animals’ im-
mune systems, leading toincreased levels of
virus infection, replication and shedding.

But ENSO is not the only culprit behind
food shortages for flying foxes. The species
have suffered from habitat loss for decades.
Plowright’s team found that 70 percent of
the forest that provided winter habitats for
the animals was cut down and cleared,
mostly for agriculture, mining and urban
development, by 1996. Nearly a third of the
remaining habitat was gone by 2018 —often
without proper regulatory approval, Plow-
right says. Millions more acres are set to be
cleared in the coming decade, she adds,
making Australia one of the worst deforest-
ersin the world. The 2022 Nature paper she
co-authored, which highlighted the cor-
relations between environmental changes
and fluctuations in virus activity, showed
that Hendra shedding was curtailed when
there were unexpected pulses of winter
flowering in remnant forests. The blooms
provided nutrition for the flying foxes, most
likely improving their health and ability to
keep virusesin check.

The overall trend of development and
loss of foraging habitat is forcing flying foxes
to move into urban and agricultural land-
scapes. They scavenge foods such as weeds
and leaves of shade and ornamental trees,
which are less nutritious, hard to digest and
possibly even harmful. “It’sa choice between
you starve and die or you find new sources of
food,” Plowright says. “They’re really just
trying to survive.” At the same time that ur-
banization is depriving the ani-

intense and more frequent.
In 2011—the year scientists
uncovered the big surge of virus

shedding and horse infection—  com/archive
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mals of nutrition, itisalso bring-
ing them much closer to horses
and humans. Both trends in-
crease the likelihood of virus
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transmission. Plowright and her colleagues
found that more than two thirds of all inci-
dents of Hendra infection in horses, as of
2010, occurred within the foraging areas of
bat colonies in urban settings.

Australia is certainly not alone in driv-
ing bats out of their traditional habitats,
says disease ecologist Richard Suu-Ire of
the University of Ghanain Accra. In Africa,
Suu-Ire’s team has identified an increasing
number of Hendra-like viruses in straw-
colored fruits bats (Eidolon helvum) and
also found that pigs near deforested areas or
bat colonies in urban settlements have been
infected by those viruses. “It’s quite alarm-
ing,” he says. This aligns with other studies
that suggest cross-species virus transmis-
sion may happen far more frequently than
previously recognized.

disease emergence from flying mammals

is about the alignment of several ele-
ments. The virus reservoir, such as abat col-
ony, hastobe infected, and bats have to shed
significant amounts of virus. The environ-
ment—including factors such as tempera-
ture and precipitation level—has to support
pathogen survival. And infection victims
suchashorsesand people must comein con-
tactwith bats or the virusthat they shed. “All
of thesethingshavetoalign tocreate the per-
fect storm,” Plowright says.

El Niflo, global warming and habitat
loss have conspired to catalyze this align-
ment with an increasing frequency. Some
researchers suspect the combination might
also have contributed to the emergence of
COVID, although investigations into the
origins of that disease are ongoing. If the
link to food shortages continues to hold up,
scientists may be able to predict the risk of
virus shedding by simulating ecological
factors, climate conditions and bat physiol-
ogy. The environmental connection could
alsobe tested to see how it affects the spread
of other bat-borne viruses—especially
Nipah, one of the World Health Organiza-
tion’s top-10 priority diseases for research.
Killing up to three quarters of the people it
infects and, unlike Hendra, capable of hu-
man-to-human transmission, the virus has
caused frequent outbreaks in South and
Southeast Asia since its emergence in 1998.

The new findings also point at ways to
lower the risk of disease emergence. One is
to plant tree species that flower in winter
when food shortagestend to occur and todo
so away from human settlements. This

I T°S BECOME INCREASINGLY CLEAR that
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could provide flying foxes with badly
needed foraging habitats. Scientists say this
could keep the animals healthy and away
fromurban settings during vulnerable times
of the year. “It’s about safeguarding public
health through habitat conservation,” Mc-
Callum says. And Peel’s team is working to
identify biomarkers of deteriorating bat
nutrition and health that could serve as early
warnings of virus shedding. Those markers
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will enable researchers to fine-tune com-
puter models that predict habitat changes
that elevate the risk of virus spread.
Ultimately disease risks, habitat loss and
climate change are all interconnected ele-
ments of the same gigantic challenge facing
humanity in the 21st century. Yet interna-
tional initiatives have typically tackled those
challenges separately, says Alice Hughes,
anecologist at the University of Hong Kong,.
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For instance, an agreement negotiated
during the past three years by WHO mem-
ber states and set to be finalized in May 2025
includes few provisions that factor biodiver-
sity loss and global warming into its strate-
gies to prevent pandemics. “It’s a missed
opportunity,” Hughes says. One hopeful
sign is a global action plan that came out of
the 2024 U.N. Conference of Parties to the
Convention on Biological Diversity. The

iy,

planaimstoaddressthe connectionsamong
environmental degradation, wildlife ex-
ploitation and pathogen emergence.

The flying foxes missing from that
March evening in 2006 pointed Plowright
toward many of the interlaced elements
driving elevated disease risks. It’s since be-
come abundantly clear that virus transmis-
sionis not only about the behavior of bats. It
is also deeply tied to the actions of people

Just after sunset, flying
foxes take off to feed
over the Australian
town of Gympie,
showing how close the
bats live to people.

L

and our increasingly tortured relationship
with nature. Repairing that relationship
will require coordinated global action. Such
tasks are never easy, but the benefits of suc-
cess are reduced pandemic risks and im-
proved health for mammals that walk on
the ground and fly through the air. @

This reporting was supported by agrant from
the Alfred P. Sloan Foundation.
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MIND

Scientists are learning to manipulate
lucid dreams in ways that could

ease nightmares, enhance sleep

and improve overall health

BY MICHELLE CARR

ILLUSTRATION BY CAT O’NEIL
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ROUTINELY CONTROL MY OWN DREAMS. During a recent episode, in my dream lab-

oratory, my experience went like this: I was asleep on a twin mattress in the dark

lab room, wrapped in a cozy duvet and a blanket of silence. But I felt like I was

awake. The sensation of being watched hung over me. Experimenters two rooms

over peered at me through an infrared camera mounted on the wall. Electrodes
on my scalp sent them signals about my brain waves. I opened my eyes—at least I thought
I did—and sighed. Little specks of pink dust hovered in front of me. I examined them curi-
ously. “Oh,” I then thought, realizing I was asleep, “thisisa dream.”

Michelle Carr

is an assistant
professor of psychiatry
and addictology at the
University of Montreal
and director of the
Dream Engineering
Lab at the Center for
Advanced Research
in Sleep Medicine

in Montreal.

In my dream I'sat up slowly, my body feeling heavy.
Inreality Ilay silently and moved my eyes left to right
behind my closed eyelids. This signal, which I had
learned to make through practice, was tracked by the
electrodes and told the experimenters I was lucid:
asleep yet aware I was dreaming. I remembered the
task they had given me before I went to sleep: summon
adream character. I called out for my grandmother,
and moments later simple black-and-white photo-
graphs of her appeared, shape-shifting and vague.
I could sense her presence, a connection, a warmth
rolling along my spine. It was a simple and meaningful
dream that soon faded into a pleasant awakening.

Once I was awake, the scientists at the Dream En-
gineering Lab I direct at the University of Montreal
asked me, through the intercom, about my perception
of characters, any interactions with them and how
they affected my mood on awakening. Even in her un-
usual forms, my grandmother had felt real, as if she
had her own thoughts, feelings and agency. Reports
from other dreamers often reflect similar sensations—
the result of the brain’s striking ability in sleep to cre-
ate realistic avatars we can interact with. Researchers
suspect that these dreamy social scenarios help us
learn how to interact with people in waking life.

Many people have had lucid dreams. Typically you
areimmersed in an experience, then something seems
“off,” and you realize you are actually dreaming. Often
people wake up right after they become lucid, but with

48 SCIENTIFIC AMERICAN JANUARY 2025

practice you can learn how to remain lucid and try to
direct what happens. In the lab we can prime sleepers
to have lucid dreams by waking them and then
prompting them as they fall back asleep. At home you
can try waking up and visualizing a lucid dream (most
effectively in the early morning), creating a strong in-
tention to become lucid before falling asleep again.

In the past few years scientists have discovered that
while someone is having a lucid dream, they can com-
municate with an experimenter in a control room, and
that person can communicate with the dreamer, giving
them instructions to do something within the dream.
In a landmark paper published in 2021 in Current Bi-
ology, researchersin the U.S., the Netherlands, France
and Germany provided evidence of two-way, real-time
communication during lucid dreams. At two locations
researchers presented spoken math problems to sleep-
ing participants, who accurately computed the correct
solution. When one team asked, “What is eight minus
six?” the dreamers answered with two left-right eye
movements. Another team asked yes-or-no questions,
and lucid dreamers frowned to indicate “no” and
smiled for “yes,” with their movements recorded by
electrodes around their eyebrows and mouth.

Sleep researchers are now using emerging technol-
ogies to interface directly with the dreaming mind.
Meanwhile neuroimaging studies are revealing the
unique patterns of brain activity that arise during lucid
dreaming. This research could lead to wearable devices



programmed with algorithms that detect
opportune moments to induce lucidity in
peopleasthey sleep. Asresearchers, we are
excited about this possibility because di-
recting, or “engineering,” a dream may
allow people to reduce the severity or fre-
quency of nightmares, improve sleep qual-
ity and morning mood, and even enhance
general health and well-being.

SCIENTISTS HAVE KNOWN THAT LUCID
dreams are real since the late 1970s. In
1980 Stephen LaBerge, then a Ph.D. stu-
dent at Stanford University, published a
paper about the side-to-side eye-signaling
method that proved lucidity’s existence.
Experts went on to demonstrate that lucid
dreamers could control their breathing
patterns and muscle twitches, which pro-
vided ways for them to communicate with
the awake world. Imaging studies revealed
more wakelike activity in the brain during
lucid dreams than nonlucid dreams. This
momentum culminated in the first Dream
x Engineering Workshop at the Massachu-
setts Institute of Technology Media Labo-
ratory, which I led in 2019. LaBerge was
there, along with 50 dream scientists from
around the world. For two days we ex-
plored how we might engineer dreams. We
focused on using new technologies to in-
ducelucid dreamsin novices and exploring
the brain basis and health benefits of lucid
dreamingon a larger scale.

Since then, many more researchers
have become interested; progress hasbeen
quick and revealing. Investigators work-
ing in more than a dozen countries have
learned how to induce and record lucid
dreamswith wearable devicesand evenuse
the techniquesto treat nightmares, insom-
nia, and other sleep problems.

Treating nightmares is an important
goal because they are linked to all manner
of psychiatric and sleep disorders, includ-
ing addiction, psychosis, narcolepsy and
insomnia, as well as higher risks for anxi-
ety, depression and suicide. The perils are
especially relevant for people with post-
traumatic stress disorder who experience
nightmares, which for more than half of
PTSD patients replay traumatic events
again and again, potentially retraumatiz-
ing them each time. PTSD sufferers with
severe nightmares have more acute symp-
toms and a fourfold greater risk of suicide
compared with people with PTSD who
don’t experience such dreams.

Inarecent study, 49 PTSD patients from

Lucid dreamers can communicate
with people in the waking world

by making eye movements, frowning
or clenching their hands.

nine countries who had long histories of
traumatic nightmares attended aweek-long
virtual workshop with lucid dreaming ex-
pert, trainer and author Charlie Morley. To
learn how to induce lucid dreams that might
heal, participants imagined positive ver-
sions of their nightmares in which they en-
gaged curiously with the dream or with
threatening dream characters. One patient
reported calling out into the dreamscape,
“Dreamer, heal my body!” She then experi-
enced roaring in her ears as her body vi-
brated forcefully. Another patient asked to
meet and befriend her anxiety, which led to
the emergence of a giant, golden lozenge
that evoked her amazement and gratitude.
After just one week of training, all the par-
ticipants had reduced their PTSD symp-
toms. They also recalled fewer nightmares.

Laboratory studies have yielded similar
results. One person with weekly night-
mares took part in astudy led by one of my
lab members, Remington Mallett. While
sleeping in an enclosed lab bedroom with
more than a dozen electrodes pasted on her
scalp and face, this young woman had a
nightmare. She dreamed she was in a
church parking lot, and an approaching
group of people with pitchforks was chant-
ing, “Die, die, die.” She realized she was
asleep and dreaming in the lab and that the
experimenter was watching from the other
room. She gave a left-right eye signal,
knowing the experimenter would wake
her up. She later said, “In the dream [ was
aware that you [the experimenters] were
there and reachable.” She gave the signal
because she knew it would get her out of
the dream, and it did. Her nightmare fre-
quency decreased after this lab visit, and
four weeks later it was still lower than it
had been before the experiment.

Evenjust the moment of becoming lucid
can sometimes bringimmediate relief from
a nightmare because you realize you are
dreaming and that there isnoreal danger—
similar to the relief we feel when we wake
up from a nightmare and realize it was just
adream. Often when people become lucid
during a nightmare, they decide to simply
wake up—an immediate solution. Closing

and opening your eyes repeatedly is an-
other way to intentionally wake up from a
dream, which could be useful during night-
mares when at home, outside a lab.

Lucid dreaming could improve sleep
health more generally. For example, we
now know that people with insomnia have
more unpleasant dreams than sound sleep-
ers, including dreams in which they feel
like they are awake and are worrying about
not sleeping. In one recent study, insomnia
patients underwent two weeks of lucid-
dream training that included setting
presleep intentions of becoming lucid and
visualizing the kind of lucid dream they
wanted to have. These practicesled to less
severe insomnia and less frequent anxiety
and depressive symptoms in participants
over time. It could be that the increased
lucidity made them more aware of the fact
that they were asleep, thereby improving
their subjective sense of sleep quality. It’s
also likely that lucid dreaming made their
dreams more pleasant; my team and other
researchers have shown numerous times
thatboth lucid and positive dreams are as-
sociated with better sleep quality, mood
and restfulness after waking.

TO IMPROVE DREAM ENGINEERING, we
need to have a clearer understanding of
what is happening in the brain during lu-
cid dreams. Recent work in sleep and
neuroscience labs is revealing the brain
patterns involved.

Our most vivid dreaming takes place
during rapid-eye-movement, or REM,
sleep—the light phase of sleep when the
brain is most active and wakelike, espe-
cially when close to the time that a person
would usually get up. Lucidity may enhance
one of the main functions of REM sleep:
to refresh connections between the pre-
frontal cortex, where our brains control our
thoughts and decisions, and the amygdala,
where they generate our emotions. Sleep
helps us control our emotions every day.
When REM sleep isdisrupted, the prefron-
tal cortex becomes less effective at regulat-
ing arousal both during sleep and during
the subsequent day. This creates a vicious
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One woman having a nightmare
produced a left-right eye signal,
knowing a researcher watching her

would wake her up.

cycle for people with nightmares and in-
somnia: a night of poor sleep is followed by
a worse mood and decreased defenses
against stress the next day, leading to an-
other night of disturbed sleep, and so on.

In contrast, lucid dreaming is associ-
ated with increased activation in the pre-
frontal cortex. To have stable lucid dreams,
you need to remain calm and attentive, or
you will probably wake up from excite-
ment. Maintaining self-control seems to be
central to having positive lucid-dream ex-
periences, resolving nightmares, and
boosting creativity and mood. That was
the conclusion of a recent study by Mallett,
who surveyed 400 posts on Reddit toiden-
tify exactly when and how lucid dreams are
helpful for improving mental health.

We're learning that the real mental
health benefits of lucid dreaming seem to
come when dreamers candirect the content.
Maintaining self-control in dreams is a bit
of alearned skill. Similar to mindfulness,
the dreamer must practice remaining both
calm and focused while in an unpredictable
and unstable dream. People can then learn
to control dreams by using tricks of atten-
tion such as opening and closing their eyes
and expecting, or even commanding, an
object such as the Eiffel Tower to appear.
This skill most likely relies on specific pat-
terns of neural activation and on cognitive
practice. Tobe at oncean actor in and direc-
tor of alucid dream requires delicate cogni-
tive control and flexibility, but expert lucid
dreamers—people who have lucid dreams
at least weekly—would probably say “con-
trol” isnot the most accurate term. It’s more
of animprovisation, abalancing act of guid-
ingthe dream toward desired content while
allowing it to arise spontaneously—like a
jazz musician suggesting a rhythm or mel-
ody but also listening and adjusting to what
the other musicians are playing.

To better understand how this improvi-
sation happens, my colleague Catherine
Duclos is studying the basic brain patterns
of lucid dreaming in expert lucid dreamers
in our Montreal lab. The volunteers sleep
normally for the first half of the night, but
inthe early morning experimenters awaken
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themtoplace acap ontheir head thatisused
for electroencephalogram (EEG) tests. The
cap has 128 electrodes—many more than
are typically used in sleep studies. After
about 30 minutes, when all the electrodes
are well positioned, the subjects return to
sleep, intending to have a lucid dream.

Once Duclos has identified patterns of
brain-wave activity that occur only in lucid
dreams, she can use that information in the
lab to try to directly enhance lucidity and
control by augmenting activation in the
cortex with electrical brain stimulation.
After decades of characterizing sleepasan
“offline” brain process, scientists now view
the sleeping brain as “entrainable” —it is
malleable and can be controlled through
external stimulation. By applying an elec-
tric current of a specific wavelength to the
scalp, scientists can modulate the rhythm
of the sleeping brain to make brain waves
faster and more wakelike in REM sleep or
slower as they are in deep sleep.

Duclos plans to use transcranial alter-
nating-current stimulation (tACS) to
shapebrain rhythms so that they are more
similar to those in lucid dreams, based on
the patterns she finds in the dreams she is
recording now. Researchers in prior stud-
ies have also attempted to use tACS to in-
duce lucid dreams, with mixed results. We
hope the increased resolution of high-den-
sity EEG will help.

Another study of expert lucid dream-
ers will also help clarify how cognitive
control works in a lucid dream. Tobi
Matzek, one of my Ph.D. students and an
expert lucid dreamer, spent four nightsin
our lab being recorded by EEG. Each
night, as early morning approached, we
awakened her and presented a 20-minute
instruction over speakers in the bedroom,
training her to pay attention to what she
was experiencing after we woke her and to
maintain this awareness when sleeping.
She then fell back asleep and became lucid
repeatedly. She used control strategies
such as calling out requests for desired
characters in the dream. In one instance,
Matzek said she called for “God to appear
as a perceivable form,” and an emerging

ball of white light brought with it feelings
of euphoria. She awoke in awe.

Matzek had eight lucid dreams, in which
she summoned dream figures whom she
perceived as having higher levels of self-
control and independent thoughts than
typical dream characters. (Her dreamsde-
scribed in this article were presented at a
recent conference.) This study is showing
us how our sleeping brain creates dream
characters and just how meaningful fic-
tional and at times otherworldly social sce-
narios can feel. Lucid dreamers who can
conjure up characters rate these dreams as
more positive and mystical than other
dreams. It’s possible that lucid dreams
could create opportunities to visit with lost
loved ones, spiritual teachers, or family and
friends, but so far we know little about how
to generate such experiences or how they
might impact waking life.

Matzek and other expert lucid dream-
ers sometimes ask big questions during
their dreams. One night Matzek asked,
“Can I experience the creation of the uni-
verse?” and she dreamed of being “im-
mersed in outer space, surrounded by stars
and planets and other huge celestial ob-
jects.... The darkness of space is deep and
rich, and every planet and star is super-
bright.” At one point she felt overwhelmed
by the vastness, but a spiritual presence
helped her stay calm. The end result, she
says, was “absolutely breathtaking.” She
felt weightless and was “slowly spinning
head over heels as I take in everything
around me. Many [stars] are brown and
red, and it’s like they’re all glowing. [ know
that I am actually seeing the universe un-
created, back in time.” Understanding
what’s happening inside the brain during
these altered states of consciousness could
reveal how to induce such mystical experi-
ences on demand.

feel real and impactful because the

brain and body experience them as
real. Brain imaging shows that our dreams
areread as “real” in the sensorimotor cor-
tex. When we dream of clenching a fist, the
motor cortex becomes more active, and
muscles in the forearm twitch. Dreaming
isthe ultimate reality simulator.

Because the body experiences physical
reality in sleep, we can use visual cues,
sounds, and other sensations—pressure,
temperature, vibration—to sculpt the
dreamworld. In my lab we use flashing

D REAMS ARE EPHEMERAL, but they



lights or beeping sounds during presleep
lucidity training. As we did for Matzek, we
wake up participants in the early morning
and pursue a 20-minute training: while
they lie in bed with their eyes closed, a re-
corded voice instructs them to remain self-
aware and to pay attention to their ongoing
sensory experiences. We present the flash-
inglights and beeping alongside this track-
ing so the sensory cues will serve as re-
minders to remain lucid.

When participants go back to sleep, we
present the cues again during REM sleep
to “reactivate” the associated mind state.
Fifty percent of the time, participants have
alucid dream—a higher rate than without
the cues. Beeping sounds played during
sleep caused one person to dream of shop-
ping in a supermarket: “I was just putting
things in my trolley, and I could hear the
beeping, and it was like I was getting loads
of messages on my phone telling me what
to buy in Tesco ... things like, ‘Buy some
biscuits.”” The cues made their way into
the dream and served as reminders to be-
come lucid.

Dream engineers around the world,
such as Daniel Erlacher and Emma Peters
of the Institute of Sport Science at Bern
University in Switzerland, are exploring
new types of sensory stimuli to more reli-
ably induce lucid dreams. These cues in-
clude subtle vibrations that could be deliv-
ered by awearable headband or smartring,
little electric pulses that cause muscles to
twitch, or vestibular stimulation—an elec-
tric current sent behind the ears that in-
duces sensations of falling or spinning.
These sensations might be more easily
detectable by dreamers than flashing lights
and beeping sounds, perhaps because
dreams already have so much competing
visual and auditory content.

Lucid dreamers can communicate with
people in the waking world by controlling
their sleeping bodies. In addition to mak-
ing deliberate eye movements, lucid
dreamers can frown, clench their hands or
control their breathing, and scientists can
record all of this in the lab. They can mea-
sure respiration with a belt around the
torso that detects expansion and contrac-
tion of the lungs or with a little sensor on
the lip that can track the flow of air in and
out of the nose. Kristoffer Appel of the In-
stitute of Sleep and Dream Technologiesin
Germany has even decoded word mes-
sages from lucid dreamers. The dreamers
held their thumb out in front of their face,

traced letters, and followed the movement
of their thumb with their eyes. Dreamers
could say, with their eye movements,
“Hello, dream.” We are learning to con-
verse with lucid dreamers, getting ever
more complex messages intoand out of the
sleeping brain and body to direct and re-
cord dreamsin real time.

I EXPECT THAT THE MENTAL HEALTH
applications of lucid dreaming will grow.
Achilleas Pavlou and Alejandra Monte-
mayor Garcia of the University of Nicosia
Medical School in Cyprus are developing
wearable devices programmed with ma-
chine-learning algorithms to detect when
nightmares are occurring based on bio-
signals such as brain activity, breathing
and heart rate. My team, along with collab-
orators at the Donders Institute in the
Netherlands and the IMT School for Ad-
vanced Studies in Lucca, Italy, is testing a
simple EEG headband that can detect REM
sleep and deliver the kinds of sensory cues
Imentioned earlier to induce lucid dreams.
If successful, such dream aids could be
made widely available at home. Head-
bands and watches could help people call
for help to escape nightmares—or just help
them induce lucid dreams or direct the
content for more satisfying dreams.

People could also use these tools simply
to have exotic recreational experiences. In
2024 Adam Haar, who recently finished a
postdoctoral fellowship at M.LT., and art-
ist Carsten Holler created an exhibit in a
museum in Basel, Switzerland, that wel-
comed overnight visitors. A bed on six ro-
botic legs created a rocking motion before
and during sleep, while a fly agaric mush-
room sculpture spun above the bed. In the
liminal space before sleep onset, the
dreamer was reminded to dream of flying,
and rocking motions and flashing red light
from the installation seeped through their
body and eyelids.

These stimuli were replayed at various
moments throughout the night, and the
sleeper was then awakened for dream re-
ports. One visitor noted visions of “float-
ingonthe sea... and climbing inside the
squishy stalk of a giant mushroom from
the bottom and being engulfed in its grav-
ityless squishy innards,” even of being buf-
feted up from the ground on the

in the air along miles of zip line through a
Swiss-looking city.”

For lucid dreamers, flying is one of the
most sought-after and euphoric experi-
ences. In a 2020 study led by Claudia
Picard-Deland of the University of Mon-
treal’s Dream and Nightmare Laboratory,
participants used a virtual-reality flight
simulation prior to taking a nap and then
recorded their dreams for two weeks at
home. Playing in the virtual-reality envi-
ronment for just 15 minutes led to an eight-
fold increase in flying dreams. And even
though the study was not designed to in-
duce lucidity, the experimenters found
that flying dreams elevated it. One partic-
ipant had their first-ever lucid dream:
“I succeeded to make myself float a little,
then once I realized that it worked, that
I'had control, I put my hands just like Iron
Man at my sides. ... Theard abigboom and
aconstant noise, asif Thad plane propellers
at the ends of my arms, and I accelerated
so fastIcouldn’t believe it. Iscreamed with
joy as loud as I could.” The participant
marveled at “the quantity of detail of
physical sensations that I felt from flying,
the intense acceleration, the wind,” as well
as seeing, from above, a beautiful city from
the future.

Other gadgets may not be far off. Haar
developed Dormio during his Ph.D. work
at M.IT. It is basically a glove with sensors
that can measure muscle flexion, heart rate
and electrical skin activity, all of which
change as you drift off to sleep. When Dor-
mio detects that you've just fallen asleep, it
gives a spoken prompt to influence what
you dream about. After a couple of min-
utes, it wakes you up to recall imagery, and
if you follow this process several times, you
can engineer brief dreams that have con-
tent you desire.

Nathan Whitmore of the M.I'T. Media
Lab has developed a phone app to deliver
voice training for lucid dreaming, paired
with auditory cues presented again during
sleep. Initial results with more than 100 par-
ticipants showed that presleep training
brought on lucid dreams. Ken Paller of
Northwestern University and Mallett have
discovered EEG signatures that seem to
precede the onset of lucidity. Such measures
could lead to algorithms that detect oppor-
tune moments to deliver sen-

wind. In the weeks after, this
woman reported “countless
flight-adjacent or weightless-
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Wellness influencers claim we can ice,
tone or zap the vagus nerve to fix almost
anything—long COVID, headaches, poor
memory, extra pounds, the blues. Much of
that hypeisunfounded. Still, some research
on the vagus nerve is intriguing enough—
and promising enough—to draw serious
scientific attention.

Investigators have long known that ac-
tivating the vagus with mild electrical
pulses can treat some conditions. In 1997
the U.S. Food and Drug Administration
approved a vagus nerve stimulation (VNS)
device that can be surgically implanted un-
der the collarbone and linked to a wire
wrapped around the nerve. It is widely
used to treat cases of epilepsy that do not
respond todrugs. In2005 the FDA certified
a similar device for treatment-resistant
depression, and the agency approved yet
another one in 2021 to speed up recovery
from stroke. Gadgets that stimulate the
vagus nerve from outside the body, such as
at the outer ear or neck, have been cleared
in many countries, including the U.S., to
treat obesity, pain and migraines.

Signaling confidence in the potential of
VNS, the National Institutes of Health Com-
mon Fund launched a $250-million initia-
tive in 2015 with a second phase in 2022.
The program, called SPARC

HE VAGUS NERVE IS A VINE of nerve fibers with roots in nearly every organ and
shoots in the brain. It helps us detect a racing heart, rising blood pressure, stom-
achache, discomfort, an overzealous immune system and even alarm calls from

and find new therapies for other conditions,
ranging from inflammatory bowel disease
tolong COVID. Clinical trials are underway
on so-called transcutaneous VNS (tVNS)
devices, which are easier touse because they
access the vagus from outside the skin, or
cutaneous barrier. These tools potentially
could beused to treat rheumatoid arthritis,
migraine, lupus and chronic fatigue syn-
drome—and that’sjust a partial list.

“A truly revolutionary idea can take 20
to40yearsbeforeit’sthoroughly adopted,”
says neurosurgeon Kevin J. Tracey of the
Feinstein Institutes for Medical Research
in Manhasset, N.Y., “at which point every-
one says how we needed that allalong.” The
vagus vine’s power may be partly mythical,
and the research on it is by no means con-
clusive or clear. But some scientists say it
offers hope for millions suffering from
complex, hard-to-treat conditions.

IN 1664 ENGLISH neuroanatomist Thomas
Willis named the longest of the brain’s
nerves the vagus, Latin for “wandering.”
“We call it the vagus nerve, singular, but
there are actually two, one on each side of
your body,” Tracey says. Each side hasup to
100,000 fibers, and each fiber contributes
toaspecific function: heart rate, breathing,
immunity, gut contractionsthat

(for Stimulating Peripheral JenaPincott

Activity to Relieve Conditions),
seeks to map the nerve’s indi-
vidual fibers and circuits and to
illuminate their functions. Sci-
entists hope it will enable them
to refine existing treatments
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helptodigest food, even speech.
About 80 percent of vagal nerve
fibers are afferent, reporting to
the brain about the state of the
body; the rest are efferent, car-
rying instructions down from
the brain. British physiologist

microbes in our gut. When it senses trouble, the vagus helps to steady our heart,
soothe our stomach, rein in our immune system and calm us down.

Walter Holbrook Gaskell demonstrated in
the late 19th century that afferent signals
tend to excite, whereas efferent ones quiet.

The first person tozap the vagus with an
electric current, using something like a
tuning fork pressed against the neck, was
American neurologist James Leonard
Corning in the 1880s. He was trying to re-
duce blood flow to the brain to cure epi-
lepsy, but his idea failed. A century later,
however, neuroscientist Jacob Zabara of
Temple University in Philadelphia found
that directly applying an electrical signal
tothe nervein acanine could disruptirreg-
ular brain activity, thereby reducing sei-
zures. In 1988 neurologist James Kiffin
Penry and neurosurgeon William Bell be-
came the first toimplant a VNS device into
ahuman to treat epilepsy.

The VNS device currently used for epi-
lepsy, which delivers a pulse every few min-
utes, is a direct descendant of Zabara’s in-
vention. A pivotal study demonstrated that
it cut the frequency of seizures by 45 per-
cent on average after ayear. Itisbelieved to
work mainly by stimulating the afferent
fibers, the ones leading up to the brain.

The treatment had a remarkable side
effect: over time it made people happier.
Their mood lightened even if they still had
frequent seizures. According to Tracey,
when doctors told these patients they
could remove the implant, many of them
replied, “No, leave it in. It makes me feel
good.” This anecdotal evidence prompted
the device maker to begin marketing its
vagus nerve stimulator as an innovative
treatment for depression.



The accidental discovery excited a wave
of research to figure out exactly how the
vagus nerve impacts mood—a wave that
has yet to crest. Scientists now know that
the vine carries information about heart
rate, digestion and, more broadly, the state
of the body to many of the brain regions
implicated in psychiatric illness. These
afferent signals first reach the brain stem’s
hub, the nucleus tractus solitarius, which
sorts them and passes them on. One recip-
ient is the amygdala, which helps us pro-
cess emotions, especially fear, anxiety and
stress. Another is the hypothalamus, in-
volved in the release of stress hormones
such as cortisol. A third is the ventral teg-
mental area, which plays a central role in
our experience of pleasure, motivation
and reward.

Crucially, the downward signals of the
vagus help the body regulate some of its
inner activity, such as heart rate, to main-
tain internal equilibrium. When we en-
counter a threat, “fight-or-flight” hor-
mones raise our heart rate and blood pres-
sure while curbing activity in the gut and
intestines. The vagus nerve detects these
changes and reports them to the brain,
providing real-time feedback. It also facil-
itates fine-tuning. When stress signals
become excessive, the brain sends mes-
sages down the vagusto activate the coun-
tervailing “rest-and-digest” system. The
vine releases the neurotransmitter acetyl-
choline at its root tips—in the heart, reduc-
ing heart rate and blood pressure, and in
the stomach, improving digestion. The
system relaxes.

A SECOND SERENDIPITOUS FINDING, in
the late 1990s, showed that the vagus nerve
can do much more than calm the body.
Researchers in Tracey’s laboratory were
studying a drugto reduce inflammation in
the brain. Some inflammation is protec-
tive, such as the swelling and redness
around a wasp sting that show the immune
system is dealing with the venom. But in-
flammation from an overactive immune
system can damage tissues. When the body
senses an injury or infection, cells in the
spleen release signaling molecules called
proinflammatory cytokinesinto the blood-
stream to activate the immune response at
thessite. If cytokines circulate continuously
for months or years—from stress, chronic
infection or autoimmune disease—inflam-
mation can cause insidious harm.

To test their anti-inflammatory drug,

the researchers injected mice with a toxin
that triggered an immune reaction. But
there wasa mix-up: instead of injecting the
toxin into the brain, a member of the lab
injected the mice in the abdomen, causing
systemic inflammation. Much to Tracey’s
surprise, the anti-inflammatory drug they
subsequently delivered into the brain re-
duced the inflammation in the body. How
did that happen? The blood-brain barrier
should have prevented the drug from leav-
ingthebrain. “Weliterally talked about this
for months,” Tracey recalls. It turned out
that the vagus nerve had carried the drug’s
signal from the brain deep into the body.

Even more astonishing, Tracey found
that stimulating the vagus with electricity
alone alsoinhibited inflammation through-
out the body—no drugs needed. It was a
“life-changing” moment, he recalls. More
than half of all deaths from disease are tied
toinflammation, including heart ailments,
stroke, asthma, diabetes, and autoimmune
and neurodegenerative conditions. If ex-
citing the vagus nerve could subdue inflam-
mation without drugs and their side effects,
it could mark a breakthrough in treating
chronic conditions safely.

Depression seemed like a good place to
start. People with depression experience a
variety of symptoms, but they share some
commonalities: sadness, loss of motivation
and social withdrawal. Almost a third of
people with major depression also have in-
flammation. “Cytokines cause depression,”
Tracey says. “If Iinject you with these in-
flammatory molecules, you will
get fatigued and lose interest in
things that normally bring you
happiness.” When people with
cancer receive immunotherapy
thatincludes cytokines, he adds,

IF YOU NEED HELP:
If you or some-
one you know

is struggling or

ment, citing insufficient evidence of effi-
cacy. The treatment costs about $30,000 or
more in the U.S., which puts it out of reach
for most patients. A 2017 study of 800 peo-
ple with treatment-resistant depression
found that five years of VNS fully cured
43.3 percent of them and halved symptoms
for 67.6 percent. Following the success of
this study, the CMS agreed to reimburse
patients participating in alarge new clinical
trial the device maker launched in 2019.
Optimistically named RECOVER, the
trial could establish VNS eligibility for
Medicare coverage. Over several years cli-
nicians recruited 1,000 participants with
major depressive disorder who had failed
toimprove with 13 other treatments on av-
erage and had a history of attempted sui-
cide—people who would normally be ex-
cluded from drug clinical trials. “This
study is for the sickest of the sick, a popu-
lation that VNS studies have never shied
away from,” says Charles Conway, director
of the Center for the Advancement of Re-
search in Resistant Mood and Affective
Disorders at Washington University in St.
Louis, who is leading the trial. The study
aims to track each patient for five years.

EVERY FIVE AND A HALF minutes Gina
Bolton feels a soft tingle near her throat.
For a few seconds her voice enters a higher
register. It makes her sound choked and
upset, but it means a stimulator the size of
a quarter, implanted near her collarbone,
isworking, she says. The device sends tiny,
regular bursts of current—
around two milliamps—every
few minutes through a wire
coiled around a vagus nerve
near her vocal cords.

Bolton has had her stimula-

doctors often prescribe prophy- havin.g .thoughts tor since the summer of 2021,
lactic antidepressants. People f’f S”"f'de’ help when she enrolled in the RE-
who suffer from anxiety and 1S available. COVER trial. For 30 years she
post-traumatic stress disorder (gl the had tried every conventional
also often have inflammation. 988 Suicide & treatment—psychotherapy,

Efforts to use vagus nerve
treatment to help people with
depression took off—and then
stalled. The FDA approved VNS

at 988

Crisis Lifeline

use the online

“tons of meds,” transcranial
magnetic stimulation (which
applies magnetic fields to ex-
cite neurons), and even elec-

in 2005 after several trials Lifeline. Ch.at troconvulsive or “shock” ther-
found thatusingitforayearal-  at988lifeline. apy, in which electrodes on her
leviated depression in at least ~ Org/chat scalp delivered electric current
30 percent of patients. TWO o contact the directly to her brain. The ef-
years later, however, the Cen-  (yisis Text Line fects never lasted. When her
ters for Medicare and Medicaid by texting son and daughter were young,
Services (CMS) announced that TALK to 741741. she’d drop them off at school,

it would not pay for the treat-
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When the vagus nerve brings news of
dangerous inflammation in the body, the
brain sends down signals to soothe it.

retreat to bed. More than once she tried to
take her own life.

Several months in, Bolton says, she
started to notice a change in her behavior:
“I'was having emotions.” She realized she
could laugh again, and if something sad
was happening, she could cry. “Before, I
was just numb.” In the summer of 2023,
two years after she started VNS, Bolton
went off the antidepressants she'd been
taking for most of her adult life. The device
had replaced the drugs.

Butin June 2024, after ayear of observ-
ingabout 500 patients, the RECOVER trial
posted mixed results. Many of the patients
with depression who were getting pulses to
their vagus nerve showed meaningful im-
provement—but so did those whose de-
vices were not activated. (Participants
were not told for the first year whether
their device was sending pulses, but Bolton
says she could sense them.) Another mys-
terious ability of the brain and body—the
placebo effect—had evidently kicked in.

The result is disappointing but not en-
tirely unexpected, says Sarah Lisanby, di-
rector of the National Institute of Mental
Health’s division of translational research.
The placebo response gets in the way of all
studies of psychiatric devices, she notes.
Further, she adds, research on VNSis scant
compared with the decades’ worth of evi-
dence supporting electroconvulsive ther-
apy, which alleviates depression in up to
three quarters of patients but impairs
memory (among other side effects that
Bolton found intolerable).

Meanwhile the RECOVER study contin-
ues. Conway and other researchers hope its
data can be used to predict who would most
likely benefit from future VNS work. The
study did not track inflammation, but it
could turn out to be a key marker. In Febru-
ary 2024, researchers at the University of
Montreal published a pilot study on people
with depression who had elevated inflam-
matory markers. After four years of VNS,
almost all of them improved significantly as
theirinflammation decreased. Patients who
have known inflammatory disease may be
prime candidates for trials in the future.

Scientists, including Charles Raison of
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the University of Wisconsin-Madison and
Andrew Miller of Emory University, have
meanwhile identified mechanisms by
which inflammation can cause depression.
Inflammatory cytokines circulating in the
blood can weaken or even breach the pro-
tective barrier between blood vessels and
the brain. Once inside the brain, they trig-
ger its immune cells, called microglia, to
produce further inflammatory agents.

Inflammation in the brain can interfere
with the production of neurotransmitters,
including serotonin and dopamine, thereby
diminishing feelings of well-being, moti-
vation and pleasure. It also reduces the pro-
duction of brain-derived neurotrophic
factor (BDNF), a molecule that helps neu-
rons grow and form connections. When
BDNF levels drop, links between neurons
weaken. That makes it harder for the pre-
frontal cortex, the brain region that helps
us manage our emotions, to curb alarm
calls from the amygdala and for the hippo-
campus, involved in learning and memory,
torecover from a stressful event.

Could the vagus nerve soothe inflam-
mation in the body to break this dismal
cycle? Tracey and other researchers have
mapped out its anti-inflammatory chan-
nelsand how they work. When the nerve’s
afferent fibers bring news of dangerous
inflammation in the body, the brain sends
signals back down the efferent pathways.
These orders prompt the release of acetyl-
choline in the spleen, where immune cells
reside. Acetylcholine prompts white blood
cells called macrophages to reduce their
production of proinflammatory cytokines.
It may also cue macrophages in the spleen
to transform so that instead of destroying
infected or damaged tissues as they nor-
mally do, they go to the sources of inflam-
mation, including the gut, and help tissues
regenerate. In their healing incarnations,
macrophages may even repair damage that
inflammation causes in the brain and
prompt the formation of new neurons and
circuits, Tracey says.

With inflammatory disorders—includ-
ing, Tracey suspects, depression—a dis-
ruption in the signals traveling down the
vagus can prevent the nerve’santi-inflam-

matory function from kicking in. The
pathway may be impaired or the signal too
weak, allowing inflammation to become
chronic and harmful.

All this knowledge has, however, been
hard to convert into treatments. A recent
meta-analysis led by Sharmili Edwin
Thanarajah of the University Hospital
Frankfurt in Germany showed that VNS
does not consistently resolve inflamma-
tion. And even for the third of people with
depression who have proinflammatory
cytokinesin their blood, VNS might reduce
their depression but not their inflamma-
tion. Something else is going on.

EPRESSION IS A COMPLEX and vari-
D able condition. “Depressed people

may look similar, but they don’t all
have the same disease,” Tracey says. This
heterogeneity could mean different types
of vagus nerve signals might be effective
for different people. Some might benefit
from signals going down from the brain
that curb inflammation and soothe the
body, whereas others may benefit more
from signals going up.

Neuroimaging offers some clues. Al-
though findings vary with the type of VNS
and the regimen used, stimulation of the
vagus generally strengthens connections
between the prefrontal cortex and the
amygdala—which may lead to better con-
trol over emotions. It also boosts activity in
the left anterior insula, which is associated
with emotion processing. Further, a team
led by Jian Kong of Massachusetts General
Hospital and Harvard Medical School
found that when VNS is used to treat de-
pression, it appears to enhance connectiv-
ity between the medial hypothalamus, in-
volved in regulating stress responses, and
the rostral anterior cingulate cortex, asso-
ciated with self-referential thinking. This
shift may indicate increased integration of
emotional and cognitive processes.

Some of these improvements could
come from a VNS-induced increase in the
neurotransmitters norepinephrine and
serotonin, which, in studies of rodents, are
associated with enhanced energy and
alertness. Animal studies also indicate
that VNS boosts BDNF, which helps to re-
store neural connections lost to stress and
depression. Moreover, the treatment ap-
pears to replenish other signaling mole-
cules that are frequently imbalanced in
depression, such as gamma-aminobutyric
acid and glutamate.



But to Conway, VNS’s effect on dopa-
mine pathways is one of the most compel-
ling mechanisms. Dopamine is a crucial
transmitter involved in motivation and
pleasure, and its level in people with de-
pression is low. More than a decade ago
Conway and his colleagues used imaging
to study how a year of VNS would change
the brains of participants with major de-
pression. They found that patients who
responded to treatment showed increased
activation in the ventral tegmental area,
where dopamine is made.

Some surprising new research also
indicates that VNS can boost dopamine
circuits in the brains of people with major
depression. In a 2024 study, Nils B. Kroe-
mer, aneuroscientist at both the University
of Bonn and the University of Tiibingen in
Germany, gave tVNS to patients with de-
pression while they repeatedly pressed a
button to elevate a ball, for which they re-
ceived small rewards. The tVNS signifi-
cantly invigorated them and increased
their drive to get food and cash.

An hour-long session of tVNS paired
with agame treats only a symptom of major
depression—a lack of desire and motiva-
tion. But with a condition that can be so de-
bilitating, any improvement is welcome.

Kroemer believes that for at least some
depressed people the lack of motivation
may come from reduced sensory input to
the brain. Internal signals from the gut and
other organs, transmitted up the vagus
nerve, give us a sense of drive: a hunger,
literally and figuratively. “If the stomach is
empty, there seems to be a strong hard-
wired motivational signal that gets us to
explore new options,” Kroemer says. But
that happens only if the signals transmit—
which requires a healthy vagus nerve.

Kroemer and others are investigating
the gut microbiome’s contribution to mo-
tivation and its interactions with tVNS.
Gut bacteria and their metabolites send
signals up the vagus nerve to the nucleus
tractus solitarius and the brain. These
pathways modulate the release of neu-
rotransmitters, including dopamine and
serotonin, which regulate mental states.
The brain also sends signals down the va-
gusnerve to the gut, influencing aspects of
the gut environment such as

depression, anxiety, panic attacks and
stress, whereas pathogenic microbes may
worsen these states. Future interventions
may combine tVNS with approaches
aimed at optimizing the gut microbiome,
such as a fiber-rich diet or specific probi-
otic combinations.

FEW PEOPLE with depression or other psy-
chiatric disorders have access to VNS out-
side of a clinical trial (approximately
125,000 patients have received an implant).
Instead an increasing number of research-
ers and clinicians have turned to tVNS,
which is cheaper and more convenient.

A surgically implanted device is pre-
sumed to be more effective, Conway says,
“because it’s attached to the nerve and
sends a signal 24/7 for certain.” Imaging
studies also find that implants activate
more brain areas than tVNS does. Exter-
nally applied VNS has other limitations as
well: devices that clip to the ear stimulate
primarily afferent fibers, and ones applied
at the neck may not efficiently reach the
vagus nerve, which is buried deep within.

Most studies with tVNS have been small
and limited. A randomized trialled by Kong
found that eight weeks of tVNS adminis-
tered through the ear was as effective as the
antidepressant citalopram (Celexa) for ma-
jor depression. For PTSD, a2021 pilot study
led by Omer T. Inan of the GeorgiaInstitute
of Technology and J. Douglas Bremner of
Emory University found that three months
of twice-daily tVNS self-administered to
the neck blocked participants’ inflamma-
tory response to memories of traumatic
events and reduced stress symptoms by
31percent compared with people in the con-
trol group—prompting the FDA to grant the
treatment a “breakthrough device” desig-
nation, which accelerates its development
and review process. For anxiety, another
pilot study, at Leiden University in the
Netherlands, showed that “high worriers”
had fewer intrusive thoughts after using
ear-clip tVNS compared with people who
received sham stimulation.

Increasingly, clinicians are combining
tVNS with conventional treatments such as
antidepressants and cognitive-behavioral
therapy. These devices also enable individ-
ualsto self-treat many different

inflammation and digestion,
which in turn affect the compo-
sition of resident bacteria.
There’s some evidence that
beneficial bacteria can reduce
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conditions, including anxiety,
stressand even general malaise.
There is, however, no consen-
sus on protocol for any given
condition; worse, the inability

to target specific fibers can lead to un-
wanted outcomes. Contrary to popular
belief, VNS does not have only calming ef-
fects. Some pathways trigger arousal, in-
creasing alertness and vigor—or, if over-
stimulated, jitteriness and anxiety.

Meanwhile SPARC researchers have
compiled a massive data-sharing platform
that includes detailed maps and models of
the vagus nerve, along with other tools, with
new submissions being continuously inte-
grated. By leveraging artificial intelligence
and other technologies, SPARC teams aim
to isolate single fibers and circuits, along
with their pathways, and track what they do.
The goal isto develop strategies for targeting
specific nerve fibers involved in a variety of
conditions. The ambitious list includes
Crohn’s disease, Parkinson’s disease, trau-
matic brain injury and pain management.

In the near future, these technologies
could become more personalized. Ongoing
developments in VNS involve stimulating
multiple contacts along the vagus nerve to
activate fibers connected to specific organs
while avoiding those that have adverse ef-
fects. Emerging “closed-loop” systems
could let scientists adjust stimulation pa-
rameters based on real-time feedback from
the body—responding to signals such as
food cravings, heart rate or inflammation.

Some proponents see VNS assuming
entirely new forms. Once aneural circuit is
identified, it can be targeted in any number
of ways: focused ultrasound or tiny im-
plantsin various parts of the body, even the
brain stem. In 2024 researchers at Colum-
bia University’s Zuckerman Institute iden-
tified the precise circuit in the nucleus trac-
tus solitarius and vagus nerve that informs
the brain of emerging inflammation in the
body and determines the response—es-
sentially, the dial for inflammation, which
they proposed controlling with drugs.

As for Bolton, she plans to continue
VNS, orits future incarnation, for the rest of
her life. She still remembers the exact mo-
ment she realized the treatment was work-
ing. It was several monthsinto the trial,and
she was driving to a check-in appointment.
Bolton could feel the device’s intermittent
pulse, as well as something else: the beat of
the song playing on the car radio. She found
herself tapping her fingers on the steering
wheel in time with the music. “T had not
wanted to be alive for so long,” she says,
“and now, suddenly, I realized I did.” The
beat went on, and for the first time in years,
she found herself singing. ®
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SPACE
A hidden ocean on Jupiter’s moon
may offer the best chances
for finding life beyond Earth
BY NADIA DRAKE

ILLUSTRATION BY CHRIS WREN
AND KENN BROWN/
MONDOLITHIC STUDIOS




ROM A LAUNCHPAD at the Kennedy Space Center in Florida, surrounded by flourish-
ing wetlands and within sight of the Atlantic Ocean’s wave-tossed shores, a mission
set to explore another water world lifted into a clear blue sky on October 14, 2024.
Loosed from our world’s gravitational harbor by SpaceX’s fire-breathing Falcon
Heavy rocket, NASA’s Europa Clipper spacecraft is now sailing toward the Jupiter system.

Nadia Drake

is a freelance science
journalist who special-
izes in covering space
science and space
exploration. She is

a former contributing
writer with National
Geographic and was the
interim physics editor
at Quanta magazine.

Itstarget: Europa, anice-encrusted moon that may
offer the best odds humanity will ever get for finding
life beyond Earth within our solar system. Europa’s
interior may be home to a moon-spanning, briny sea
that could possess all the elements needed to craft and
cradle life as we know it: energy, chemistry and water.
And Europa’s hidden ocean is thought to hold more
water than all of Earth’s oceans combined.

For decades, this moon has charmed alien-hunting
space scientists. But sending spacecraft to scout extra-
terrestrial seas is neither trivial nor for the impatient.
Voyages to the outer solar system can take so long tore-
alize that many scientists who embark on these projects
know they may not be around to see the mission’s end.

“Ioften talk about these missions as modern cathe-
drals—they are generational quests,” said Laurie
Leshin, director of NASA’s Jet Propulsion Laboratory
(JPL), which led the construction of Europa Clipper,
during a prelaunch briefing. “I'm really proud that as
humanity, we choose to undertake these difficult and
long-term goals, things like exploring the unknown
out at Jupiter.”

Clipper’s launch, which came after more than 20
years of painstaking preparations, isjust the first step
in the second half of the spacecraft’s $5.2-billion story.
Its journey to the outer solar system, hastened by a
spiral trajectory that takes advantage of gravitational
nudges from both Earth and Mars, will cover 1.8 bil-
lion miles and take around six years to complete. Once
it pullsinto port at Jupiter in 2030, the spacecraft will
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loop around the giant, storm-wracked planet, chart-
ing a course that will carry it by Europa 49 times over
four years.

Lit only by faint shards of sunbeams, Jupiter and
therest of the outer solar system’s worlds are realms of
mystery. But the Clipper mission signifies a dawning
erain which this region’s subsurface seas will snap into
sharper focus. Scientists are now turning their gaze
not only to Europa but to other ocean-bearing icy
moonssuch asSaturn’s Titan and Enceladus—each of
which could be habitable (and inhabited) today.

“It’s a movement toward exploration of a whole
new class of objects, ocean worlds, that we didn’t real-
ize were a thing a couple of decades ago,” says JPL’s
Robert Pappalardo, Europa Clipper’s project scientist.
“And we're going to be exploring, in-depth, what this
type of world islike, a type of world that might be the
most common habitat for life that exists, not just in our
solar system but in the galaxy.”

If our solar system is any guide, such small, icy sat-
ellites greatly outnumber planets, and they could
transform our ideas about where life might thrive.
Clipper’s goal is to learn whether Europa really is a
habitable world—to confirm that, as most every space
scientistisalready convinced, an ocean is truly tucked
away underneath the moon’s crust, where it has per-
haps brewed biology’s raw ingredients for billions of
years. The mission’s personnel suspect they’ll find a
life-friendly sea, but until the spacecraft arrives and
does the work, no one knows for sure.




NASA TV/SpaceX

With its nine onboard instruments, Clipper will

also study Europa’s otherworldly chemistry, make de-
tailed maps of the moon’s icy, chaotic surface, search
for enigmatic plumes of water vapor wafting into space
and use ice-penetrating radar to look for lakes within
the frozen rind. That is, if its hardened electronics—
shown in a late-breaking curveball to be more vulner-
able than expected to Jupiter’s spacecraft-frying radi-
ation—can survive the onslaught that awaits.

“Missions like Clipper are building on what has
come before,” says Elizabeth Turtle of Johns Hopkins
Applied Physics Laboratory, who leads one of the
spacecraft’s camera teams. Turtle is also leading the
Dragonfly mission to explore Titan, slated to launch in
2028 at the earliest. “We are incredibly lucky to have
this diverse array of worlds in the outer solar system,
to be able to give us so much information about the
different types of evolution that can happen for these
kinds of planetary bodies with an ocean.”

IN 1609 EUROPA was but a twinkle in Galileo Galilei’s
eye when he aimed a homemade telescope at Jupiter
and spotted several smaller dots of light. After plot-
ting their motions, Galileo correctly surmised that the
quartet were not distant background stars but Jupi-
ter’s most noteworthy lunar companions.

Now, four centuries later, Europa, Io, Ganymede and
Callisto—known as the Galilean moons—are challeng-
ingstale conceptions about where clement, life-friendly
conditions can exist. For a time, scientists thought hab-
itability depended mostly on a world’s distance from
the radiant warmth of its star; they also assumed the
outer solar system was a frigid domain that for eons had
been bereft of much geological activity.

“It wasn’t really conceivable for our first trips to the
outer solar system to even think about including the
search for habitable environments,” says Curt Niebur,
Clipper’s program scientist at NASA headquarters. “It
just wasn’t in our worldview.”

Butin1979 NASA’s twin Voyager spacecraft swept
by Jupiter and revealed “strange new ‘worlds’ of
fire and ice”—ongoing volcanic eruptions on Io, ter-
rains on Ganymede that turned out to vary in age by
billions of years, a curiously youthful icy crust on
Europa—and strange clues that, perhaps, something
sloshed below.

Then, in 1995, NASA’s Galileo spacecraft slipped
into orbit around Jupiter to scrutinize the planet and
its moons. The probe found that, warmed by gravita-
tional interactions between Jupiter and one another,
the Galilean satellites teemed with geological activity.
Io was the most volcanic object circling the sun; Euro-
pa’s sprightly terrain suggested something akin to
plate tectonics had resurfaced the moon’s frozen face
and shuffled material from the surface to the depths.
And the fuzzy hint of a watery interior? That sharp-
ened into almost indisputable evidence for a buried,
global, saltwater sea—albeit one of unknown depth—
held within a frosty shell of unknown thickness.

Now, based on those observations and studies of
Saturn’s oceanic moons, it seems that a world’s biolog-
ical potential does not depend solely on its distance
from its sun—and maybe not even on sunlight at all, if
the lessons we’re learning about life around hydro-
thermal vents and our planet’s other dark nooks are
applicable to alien worlds as well.

“It hasn’t been long that we’ve known there are
oceans out there, and so I think it did take a while to
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A camera on the
spacecraft’s rocket
booster (right) offered
one last look at
NASA’s Europa
Clipper (left) before
the probe departed
on its multiyear inter-
planetary journey.
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Europa (rightmost orb, next to
neighboring moon lo) is scarcely
noticeable in this Jupiter-
dominated image from nasa’s Juno
spacecraft, but its importance
for future exploration of the outer
solar system is enormous.

) CC BY
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fully appreciate the implications,” Turtle says. “And
now one of the key areas of scientific interest is habit-
ability—from an astrobiological perspective, how
large is the habitable zone around stars?”

Building on years of advocacy from planetary sci-
entists, in 2011 a high-level expert committee that
defines NASA’s science priorities recommended focus-
ing on a large-scale mission to study Europa and its
ocean, labeling the moon as “one of the most import-
ant targets in all of planetary science.” Until then, the
bulk of NASA’s astrobiology funding had focused on
Mars—aworld thatisalmost certainly sterile today (at
least on the surface) but that may have hosted life
some three billion to four billion years ago in its
warmer, wetter past. Finding room for other worlds
within the relentless drumbeat for Mars, a planet right
next door, had proved challenging. But the 2011 direc-
tive infused momentum into a project that had been
quietly coalescing for years: a dedicated Jupiter-Eu-
ropa mission, conceived by Pappalardo and others.

With the help of planetary science advocacy groups
and a crucial assist from former Congressman John
Culberson of Texas—himself a Europa aficionado,
well versed in the scientific literature and passionate
about finding alien life—the mission that eventually
became Europa Clipper got the green light from NASA
in2015. Then the team began designing the spacecraft,
plotting its trajectory and building the instruments.
“The search for life beyond Earth has been a lifelong
passion of mine for the sake of truly the entire world’s
understanding of who we are in the universe,” Culber-
son says. “And I knew it in my heart, knew that every
successful space mission needsa champion—someone
tochampion funding and ensure that NASA completed
the mission as the science community intended. So
that was my mission.”

Culberson was there when Clipper launched on
October 14, alongside NASA leadership on a balcony at
Kennedy Space Center. He used large image-stabiliz-
ingbinoculars to watch the spacecraft’s ascent. “It was
animmensely gratifying, overwhelming moment that
is the result of a huge team effort,” he recalls. “I was
very privileged to be one of the spark plugs that helped
make it happen.”

The final mission that launched isn’t much like
early concepts. But Europa Clipper is the largest space-
craft yet built for interplanetary exploration: a 7,145-
pound probe that, with its giant solar panels unfurled,
has a wingspan exceeding 100 feet. It carries world-
class cameras, a magnetometer, a surface dust ana-
lyzer, and the most capable mass spectrometer—
which ingests molecules to determine their composi-
tion and origin—ever flown.

“The one thing that we never doubted was that this
was going to be worth it,” Niebur says. “This is an epic
mission. It’s a chance for us to explore not a world that
might have been habitable billions of years ago but a
world that might be habitable today, right now.” It’s also
amission that, despite many fateful escapes from near-
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death experiences during its long incubation, almost
succumbed to a potentially fatal last-minute plot twist.

IN 1959, TWO YEARS BEFORE he came up with his
eponymous framework for estimating the prevalence
of life in the cosmos, astronomer Frank Drake aimed
aradiotelescope at Jupiter and detected the unmistak-
able signature of high-speed electrons tracing twisted
pathways along magnetic field lines. Called synchro-
tron radiation, the signature exists because Jupiter’s
magnetic field is strong enough to accelerate charged
particles to near light speed. The implication of
Drake’s observation was undeniable: massive, intense
radiation belts swaddled the planet, effectively form-
ing a kill zone for unshielded spacecraft. “Jupiter’s
magnetic field is 20,000 times more powerful than
Earth’s. It’s basically a giant particle accelerator,” says
Jordan Evans of JPL, Clipper’s project manager.

Every spacecraft destined to explore the Jupiter
system is specially designed to endure (at least for a
time) those lethal belts. Europa Clipper was no differ-
ent, asits lunar destination boasts an intense radiation
environment. But at a meeting in May 2024, shortly
before Clipper was scheduled to ship to Florida, NASA
engineers learned that some of the radiation-hard-
ened circuits onboard the spacecraft were unexpect-
edly vulnerable. The information came from another
government agency that had purchased the same parts
from the same German supplier. Called metal oxide
semiconductor field-effect transistors, or MOSFETS,
the weakened parts are transistors that basically act as
toggle switches. And this batch of MOSFETs degraded
under lower radiation doses than promised—doses so
low, in fact, that it was questionable whether Clipper
could survive long enough to deliver the observations
the team had dreamed of for decades.

“I'was devastated,” Evans says, recalling that day
in May. “It was hard to imagine a path forward. But
then you take a step back, and you start to methodi-
cally think through things.”

Within a day of learning about the problem, a team
got to work on it. Soon they had identified more than
1,000 faulty MOSFETs onboard Clipper. The transis-
tors were distributed across the spacecraft and inte-
grated into each instrument system; they were also in
the now sealed electronics vault, a specially shielded
compartment that is like the nerve center of the entire
operation. The mission was in peril. And there was no
time to delay: if the spacecraft stayed in California at
JPL so the team could replace the faulty parts, it would
missitslaunch window and might never leave Earth. “I
was having nightmares every night. I really was,” Pap-
palardo says. “It was like our spacecraft was sick, and
we didn’t know if we would make it. It was awful.”

Betting on success, JPL sent Clipper to the Kennedy
Space Center anyway. And over the summer, worried
scientists and engineers worked days, nights and week-
ends to devise a solution to a vexing problem they
hadn’teven created. By theend of August they had a fix.
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Rather than replacing each faulty part or modifying
the observation plans, the spacecraft would fly as
planned. It would follow its charted sequence of 21-day
orbitsaround Jupiter, circling the giant planet 80 times.
At most, it would spend one day during each orbit
within the radiation belts. For the rest of the time, when
Clipper was outside the harshest radiation, the team
could turn on some of the spacecraft’s heatersand warm
the weakened circuits, in hopes of repairing some of the
radiation damage through a process called annealing—
essentially athermally induced salve that redistributes
charged particles to preserve the switch’s integrity.

It seemed like a miracle solution and almost too
good to be true, given its forecasted minimal impacts
on Clipper’s science. “I started off devastated, and
then by the time all was said and done,” Evans says, “I
was humbled. I was humbled by what the team was
able to accomplish.”

instruments will be trained on the moon, seek-

ingtounderstand how it all works. They’ll make
detailed maps of the surface. They’ll gauge the ice
shell’s thickness and learn whether it contains lenses
of seawater, much like Earth’s Antarcticice cap. They’ll
remotely study the ocean underneath, which could be
in contact with a rocky, mineral-rich seafloor. And
they’ll study the composition of the moon’s surface,
which could reveal more about the concealed ocean and
the chemistry that might power alien ecosystems.

“If we go there and we find water and energy and
chemistry, that opens up a whole realm of questions,”
Nicola Fox, NASA’s chief of science, said during a
prelaunch briefing. “If we go there and we find no wa-
ter, no energy and no chemistry, that also opens up a
whole wealth of questions—why did we think this?
And why is it not there?”

In other words, if the clarion call of Europais noth-
ingbut asiren song, how could scientists have been led
so horribly astray? (No one expects that will be the
case, although as all good, cautious scientists do,
they’ll wait to see the evidence.)

Asthe spacecraft flies, it will also look for any signs
of Europa’s plumes—tentative puffs of water vapor
first described in 2013 that would be smaller, more
subtle versions of the energetic geysers erupting from
Saturn’s moon Enceladus. According to the mission’s
lore, those plumes are part of the glue that sealed the
deal on Clipper; if the spacecraft got lucky, it could fly
through a plume and directly sample the stuff of Eu-
ropa. And although NASA is not billing Clipper as a
life-detection mission, flying through a plume could
prove otherwise—but sniffing out signs of life hinges
on several unlikely events.

“There are a lot of ifs, right?” Pappalardo says. “If
there are plumes, if plumes are connected to an ocean,
if that ocean is rich enough in life—and therefore the
mass spectrometer could get enough of a sample—
then it could look at the pattern of organics, and we

A S CLIPPER SWOOPS by Europa, its nine science
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Large, Fast and Fully Equipped

Europa Clipper is the largest planetary spacecraft NASA has ever sent to another planet. Its suite of science instruments
will scrutinize Europa, help researchers understand the moon’s complicated geology, and answer the question:
Does this alien world have all the ingredients necessary to harbor life as we know it?
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E-THEMIS: Thermal imager

MISE: Infrared spectrometer

EIS: Narrow/wide-angle cameras
Europa-UVS: Ultraviolet spectrograph

RADAR AND GRAVITY

REASON: Ice-penetrating radar
GRAVITY: Telecommunications antennas

ECM: Magnetometers
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MASPEX: Mass.spectrometer
SUDA: Dust analyzer
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Europa is still largely an enigma: an icy shell of uncertain
thickness covers an ocean of unknown depth and
composition. But incoming radiation blasts particles from
Europa’s surface into space, and plumes of water vapor
may escape through the icy crust. Such phenomena could

- allow Europa Clipper to probe the moon’s otherwise hidden
inner workings, which are speculatively sketched below.
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Hazardous Destination

Europa Clipper’s journey to Jupiter will take around six years. Once it arrives, the spacecraft will have to navigate an extremely
harsh environment. Jupiter’s intense radiation belts—created by speedy, charged particles interacting with the giant planet’s
magnetic field— are lethal to spacecraft. During its mission, Europa Clipper will orbit Jupiter dozens of times, tracing a path
designed to minimize the time spent within those belts while still offering plentiful opportunities to study the icy moon.

FLIGHT PLAN Mars gravity assist Earth gravity assist SAFE ORBIT

Europa Clipper launched March 1, 2025 December 3, 2026 Europa Clipper’s mission includes 49 flybys
in October 2024. To reach of Europa. As it traverses Jupiter’s intense
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could try to infer whether that signature might point
to biotic processes. It’s not impossible, but it’s a very
low-probability event.”

LIPPER WILL, if nothing else, provide some

ground truthing for the idea that when it comes

totherulesof life, a world’s distance from its star
is far from the only thing that matters. And under-
standing the fundamentals of habitability is crucial for
filling in the values of the Drake equation—a frame-
work, devised by the same astronomer who inferred
the presence of Jupiter’sradiation belts, that has guided
the search for life beyond Earth since the early 1960s.

These questions, Pappalardo says, “really bring me
back to [Drake’s] class”—an undergraduate astron-
omy course at Cornell University that Pappalardo took
in the spring of 1984 —and “all these things that we
were on the doorstep of being able to know. I think
about how far we’ve come in the direction that he was
pointing. And it wasn’t a finely tuned direction; it was
abroad direction to go out and explore and search,” he
says. “And we’re doing it. It just takes time.”

In the grandest sense, Drake’s fingerprints—and
his willingness to unabashedly ask big questions about
alien life—are all over Clipper’s mission. He relished
the chance to observe Jupiter and its moons until he
was in his 90s, often gazing at the planet as it rose
above the beloved redwood trees that ringed his home
in the hills outside Santa Cruz, Calif. But Drake (better
known to me as Dad) didn’t live to see Europa Clipper
launch. He died in 2022. In the 60 years since Dad
wrote the formula we now use to confront our appar-
ent cosmic solitude, the field of astrobiology has
emerged and matured. Clipper’s lead scientists, many
of whom started their careers in the 1970s or 1980s as
graduate students or postdocs on Voyager or Galileo,
are now at the helm. And the next generation of lead-
ing planetary scientists, many of whom weren’t even
born when we lobbed our first probes toward the outer
solar system, are now working on Clipper.

“It’salways been part of the arc, if you will,” Turtle
says. “One of the things on Europa Clipper and on
Dragonfly”—NASA’s upcoming mission to Titan—
“that we take very seriously is this opportunity and
responsibility to bridge the generations.”

Time, it seems, is the resource that exploring the
outer solar system most requires. Every Clipper team
member knows this mission could be their fleeting,
once-in-a-lifetime chance to get a close look at Europa.
Because when it comes to the outer solar system, as a
scientist, “it really is an acceptance that you are a piece
of something greater than yourself,” Niebur says.
“You have to be willing to contribute and commit to
something that is bigger than you, something that is
going to go on longer than you.” And so, the Clipper
team decided to commemorate this first voyage from
one ocean world to another.

Sealing the spacecraft’s vault—its nerve center—is
aplate forged from tantalum metal. On the front of it,

facing the stars, is a visual representation of “water”

spoken in 103 languages. On the inside, facing the
spacecraft’s beating heart, are more personal reflec-
tions. Oneis a poem by former U.S. poet laureate Ada
Limon that describes the watery ties binding human-
ity, Europa and Earth. Another is a portrait of Ron
Greeley, a planetary scientist whose leadership helped
to make Clipper what it is.

And at the very top of the plate is the Drake equa-
tion, rendered in Dad’s handwriting.

Unlike other messages we’ve sent into the stars,
Clipper’s tidings will go only as far as the Jupiter sys-
tem. When the spacecraft bearing our dreams and
inscriptions ends its mission, it will crash into Gany-
mede, where any hitchhiking Earthly microbes are
unlikely to contaminate that moon’s lifeless surface.
There the vault plate and its records of humanity will
end with the mission—in a kind of bittersweet finale
that will keep Europa, with its promise of extraterres-
trial life, safe for future generations to explore. @

Back (top) and front
(bottom) views are
shown of Europa
Clipper’s vault plate,
which is engraved with
poetry, illustrations,
and other messages
from Earth.

FROM OUR ARCHIVES
Alien Oceans. Rebecca
Boyle and Juan Velasco;
May 2023. Scientific
American.com/archive
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A JWST photograph shows the NGC 602
star cluster in the Small Magellanic Cloud.
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Good News from Above

Exploring space is a worthy endeavor that
benefits life on Earth BY THE EDITORS

HINGS HAVE BEEN tumultuous
lately on Earth. Donald Trump
will soonbe sworninasU.S. presi-
dent, wars are raging, and ecosys-
temsareatriskofcollapsing. Many
aspects of life feel unpredictable. But be-
yond our planet, things are swell. It’s argu-
ably the best time in history to study space.
The colossally powerful James Webb
Space Telescope (JWST) hasupended text-
bookbasics several times sinceitslaunchin
2021. It’s spied galaxies born shortly after
the bigbangthat are far brighter and bigger
than scientists thought they had a right to
be, seen surprisingly giganticancient black
holes, and identified life-supporting com-
poundssuchascarbon dioxide in the atmo-
spheres of exoplanets for the first time. Its
discoveries are coming so fast that scien-
tists sometimes don’t know which of its
many findings to focus their research on.
These riches are only growing with
several other big-ticket observatories that
have recently opened or will soon. In 2023
Europe launched its Euclid telescope into
space to focus on the dark universe—the

70 SCIENTIFIC AMERICAN JANUARY 2025

mysterious dark energy and dark matter
that seem to dominate the cosmos. This
year the Vera C. Rubin Observatory in
Chile will begin photographing the full sky
every few nights, observing moving ob-
jects, brief flares and how the universe
changes over time. And in 2027 NASA’s
Nancy Grace Roman Space Telescope will
join JWST in viewing space through infra-
red light, peering back to the earliest ep-
ochs of the universe.

With JWST’s price tag at $10 billion
(it’s the most expensive observatory ever
built), Euclid’s at $1.5billion, Nancy Grace
Roman’sat $4.3billion and Vera C. Rubin’s
at $473 million and counting, why spend
thiskind of money on space when there are
so many problems here on Earth?

Making life on Earth better is a worthy
goal, but so is astronomy. Even with these
high costs, less than 0.5 percent of the U.S.
federal budget goes to NASA every year.
And our study of space shows that we hu-
mans can still work together across na-
tions and rivalries to accomplish great
things. It proves that we can dedicate huge

resources and effort to goals that offer no
financial gain or material advantage.
Knowledge for its own sake is valuable, and
its pursuit is justified even if it makes no
practical difference here on our planet.

But in fact, astronomy does directly af-
fect people’slives. The need to power space-
craft has pushed development of the solar
paneltechnology weuse on Earth. Research
on the charge-coupled device (CCD) cam-
erasused in telescopes hasenabled the cell-
phone camera technology in our pockets.
Furthermore, viewing Earth from space
has helped us understand our changing
climate and even drawn humans together
in appreciating the fragility of our world.

And what we stand to lose if we divert
funding for space research is literally as-
tronomical. The Rubin observatory alone
will produce about 20 trillion bytes of raw
data per night, and the Roman telescope
will add another trillion bytes daily—not
to mention the roughly 50 billion bytes
coming in from JWST every day. All told,
astronomers now have access to a fire hose
of celestial information where they once
were lucky to get a trickle. Mining these
troves will help us understand what hap-
pened when the universe was first created.
We might figure out how stars and galaxies
are born, evolve and die, and we hope we
will, possibly, solve some of the biggest
mysteries in space: What is dark matter
made of? What’s the nature of the dark en-
ergy pulling apart the cosmos? Is there life
beyond us out there somewhere?

The money and work that go toward un-
derstanding the universe and our place in it
are far from a waste—this project isamong
the most noble that humanity undertakes.
Astronomy serves to remind us that we are
part of something much grander than our-
selves—that the turmoil of life on Earth,
both its wonders and its tragedies, isn’t all
there is. By peering at the stars, we can see
thatour lives are a small piece of agreatand
mysterious working.

Just a few hundred years ago we relied
on stories to explain what we saw when we
looked intothe night sky. Today we are more
poised than ever to describe our universe
the way it really is. This unfolding tale is
turning out to be more fascinating than any-
thing humans can invent, and our knowl-
edge ofitisworth every penny we spend. ®

ESA/Webb, NASA and CSA, P. Zeidler, E. Sabbi, A. Nota, M. Zamani (ESA/Webb)
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Evading Menthol Bans

through Chemistry

The tobacco industry illustrates why we need

to overhaul the way we regulate chemicals

N 2020 LAWMAKERS in California and Massachusetts

banned menthol, a chemical that causes a cooling sensation,

as an additive in cigarettes. The idea was partly to help curb

youth smoking; menthol makes cigarettes more palatable.

Regulators called the chemical unsafe for its role in promot-
ing nicotine addiction.

Soon after, we learned in detail how the tobacco industry cir-
cumvented these laws by substituting menthol with other cooling
chemicals in their new “nonmenthol” cigarettes. This is the old-
est trick in the book for dealing with chemicals deemed hazard-
ous or otherwise problematic: stop using the original molecule
and either find or make a substitute with the same function but
with scant or nonexistent safety data. This approach allows a
company to continue to produce chemicals of concern while
U.S. agencies such as the Food and Drug Administration or the
Environmental Protection Agency grind away to catchup tothese
new alternatives.

Although these new products may be legal, the original con-
cerns remain. In this case, R.J. Reynolds simply switched out
menthol for an odorless, structurally similar synthetic agent
known as WS-3. Like menthol, it reduces the harshness of ciga-
rette smoke by producing a cooling effect.

That the tobacco industry can readily make this kind of shift
speaksto a fatal flaw in how we regulate chemicals in this coun-
try. We do so not according to the concern about or the intended
effect of a compound or based on what we know about related
compounds. Instead we assess chemical by chemical, final
product by final product. The status quo means regulators are
constantly chasing tiny tweaks and clever substitutions instead
of regulating classes or, better, the properties that make mole-
cules problematic.

This game of whack-a-mole plays out with all kinds of prod-
ucts, notjust cigarettes. Take, for example, bisphenol A (BPA),
a plastics precursor and endocrine disrupter that interferes
with the normal production and work of the body’s hormones.
As BPA became increasingly regulated by countries around
the world, it was replaced with bisphenol S (BPS), which has
amolecular structure only slightly modified from that of BPA.
BPS helped manufacturers achieve the goal of removing BPA
from commercial products, but it causes the same endocrine
problems. By banning BPA, we removed the chemical but not
the concern.

Why has this obvious flaw been allowed to persist? First,
itisn’t recognized as a flaw. There is a prevailing perspective in
the U.S. that chemicals have rights, so to speak. When we move

Julie B. Zimmerman,
Hanno C. Erythropel,
Tobias D. Muellers,
Predrag V. Petrovic
and Paul T. Anastas
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and engineering and
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to regulate a chemical, we are putting
that compound “on trial.” The evidence
against its use generally needs to meet a
certain standard of peer review, and the
process needs toinclude public review and
comment. Sadly, in the U.S., the chemical
regulatory system moves more slowly
than the judicial system. Regulatory ac-
tion has taken many years even for sub-
stances that are well known to be hazard-
ous, such asdichloromethane, chloroform
and trichloroethylene.

But the pace of the legally required re-
view of the science and costsis not the most
significant impediment to more respon-
sive regulation. The biggest problem is that
we focus on the chemical and not the con-
cerns people have about it, such as its tox-
icity or addictive properties. For regula-
tors, a substance’s ability to cause harm
should be based on the combination of its
inherent physical and chemical properties.
Its real-world potential to make people
sick or change the atmosphere has nothing
to do with the name humans have given it,
and yet that is how we regulate—one dis-
crete chemical at a time.

Regulation of chemicals does not have
to be this slow, laborious, costly and inef-
fective. Changing this regulatory frame-
work could benefit the chemical industry
by incentivizing sustainable innovation
while more effectively protecting public
health and the environment. Using our
understanding of how physical and chem-
ical properties relate to different concerns
gives us a new way to protect human
health—by regulating the concern and not
the chemical. We could define groups of
chemicals as safe or troublesome based on
similar physical and chemical properties,
which would allow us to focus on what
might create a risk or affect the function of
the chemical rather than looking at its
structure alone.

Thisapproach isbased on intrinsic mo-
lecular properties that contribute to both
hazards and functions of different sub-
stances. Regulators could use this insight
when a new chemical was proposed for
commercial use. Innovative companies
could benefit by using this knowledge to
design molecules or invent substances
that are more likely to be safe. This ap-
proach would also create greater regula-
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tory certainty, reducing a company’s risk
in bringing a chemical to market or put-
ting one in its product that might eventu-
ally be banned.

For cigarette coolants, this would mean
banning any chemical, regardless of struc-
ture, that activates the body’s receptor for
menthol, named TRPMS. This receptor is
located on sensory neurons that enable us
to feel cool temperatures and is also acti-
vated by coolants such as WS-3 found in
the new nonmenthol cigarettes. Menthol
cigarettes have already been banned in the
European Union, Canada, and other coun-
tries. Some nations, such as Germany and
Belgium, have alsobanned diverse TRPM8
activators. Interestingly, the Belgian ap-
proach specifically restricts any additives
to tobacco products that “facilitate nico-
tine inhalation or intake,” including “all
components and mixtures with cooling
and/or analgesic effects.” This is essen-
tially a property-based approach. Califor-
nia has recently done something similar.

A property-based approach can be
used to help define safer chemical proper-

ties and provide regulatory confidence, as
well as to outline hazardous-chemical
spaces in which chemicals with certain
properties known to be associated with
hazards would come under greater scru-
tiny. Fortunately, leading companies across
many industrial sectors—from cosmetics
to electronics—are beginning to think and
design in this way.

If we want a chemical world thatis truly
safe and sustainable by design, we should
match our regulatory framework to our in-
tentions. That is, rather than banning in-
dividual molecules, which forces us to
chase each new molecule of concern for
decades with new regulation, we should
aim to ban the central concern defined by
aset of physical-chemical properties. This
change would lead to chemicals that are
safe for people and the planet based on
their intrinsic properties. Had we taken
this approach from the outset, we could
have protected vulnerable people from ad-
ditives that make cigarettes more appeal-
ing and pleasant rather than seeing those
hopes go up in smoke. @
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Why Bacon
Charms
and Harms

Alluring foods, even
without dozens of added
chemicals, still can carry
health risks

BY LYDIA DENWORTH

Y LOVE OF BACON is legend-

ary in my family. When I was

about five, I stood by the stove

while my Great Grandma Bess

cooked breakfast. “I like ba-
con!” I told her repeatedly, as I stood on
tiptoe, peering over the edge of the pan and
watching the sizzling strips brown to per-
fection. Or so the story goes.

I still like bacon, and I’m not alone.
Some vegetarians I know make an excep-
tion for the stuff. “Bacon is asensory triple
whammy,” says Dani Reed, chief science
officer of the Monell Chemical Senses Cen-
ter in Philadelphia. First, the smell lures
most people in, thanks to the volatile or-
ganic compounds created and released
during frying. Then there’s the taste of salt
and sugar, both of which are enormously
appealing to humans. Finally, there’s the
fat, which creates “a lovely texture in the
whole mouth,” Reed says. Taken together,
these three features make bacon “hard
for people to resist, even those who have
strong prohibitions against pork. It’s a
tsunami of yummy,” she says.

Yet that powerful wave of deliciousness
consists of clearly unhealthy elements. The
World Health Organization declared bacon
acarcinogen in 2015. Bacon is about 40 per-
cent saturated fat, one of the consistent no-
no’sof nutrition. Nitratesand nitritesadded
tocurebacon arelinked to hypertension and
cancer. While it’s cooking, bacon releases
molecules called heterocyclic amines and
polycyclic aromatic hydrocarbons, which
are also linked to cancer. And the salt in ba-
con may contribute to metabolic problems.

1%
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Inrecentyears, however, the focus of nu-
tritional research has shifted from the nutri-
tional profiles of various foods—the work
that tells us whole grains are good for us
and the saturated fat in bacon is not—to
the issue of how much industrial process-
ing food undergoes, especially a class of
foods described as “ultraprocessed.”

According to the most common classi-
fication system (called NOVA), ultrapro-
cessed foods and drinks have numerous
industrially derived additives that can in-
clude oils, fats, color enhancers, flavor
enhancers, nonsugar sweeteners, and
bulking and firming agents. Soda, potato
chips and candy are typically ultrapro-
cessed, but so are flavored yogurt and lots
of bread you buy at the supermarket. Pro-
cessed foods, the next class, have fewer
added ingredients put in for preservation
or to heighten taste. Unprocessed foods, as
you might expect, are edible parts of
plants and animals; they might be frozen
or dried for storage but nothing else.

Bacon is generally considered pro-
cessed because it has added salt, some-
times sugar, nitrates, and so on. It’s called
ultraprocessed only when it has extra fla-
voring and other chemical agents. That
has generated concern among some nutri-
tion researchers. They fear the message
the public may hear is that it’s okay to eat
more bacon and other unhealthy foods so
long as they are not ultraprocessed. These
scientists want consumers to remember
that substances in simply processed bacon
are also linked to diseases.

There hasn’t been a lot of research com-
paring the illness risks of ultraprocessed
versus processed foods. A 2024 meta-
analysis found that higher consumption of
ultraprocessed foods increased the risks of
cardiometabolic disorders, mental health
issues and mortality. But much remains
unknown. One major issue is that there is
not yet a widely agreed-on definition of
“ultraprocessed.” (The NOVA classification
system is only a rough guide.) As a result,
scientists working on the 2025

stick closely to recommendations in the
current guidelines, which emphasize eat-
ingfoodsthatare high in nutrientsand low
in sugar, sodium and saturated fat.
Nutrition scientist Julie Hess of the U.S.
Department of Agriculture has shown how
complicated the ultraprocessed question
canbe. She and her colleagues created a sev-
en-day diet of about 2,000 calories per day
that meets U.S. healthy dietary guidelines
but consists of mostly ultraprocessed food.
One sample breakfast is a breakfast burrito
with liquid egg whites, shredded cheese and
canned beans. The scientists also created
a diet that consists almost entirely of less
processed foods yet overall is of low nutri-
ent quality. That version of breakfast is
high-fat, high-sugar pancakes and bacon.
It is probably best to consider both nu-
trient quality and the degree of food pro-
cessing, says nutritionist and

2030 Dietary Guidelines for
Americans, a U.S. federal gov-
ernment project, announced in
October 2024 that they would
not be weighing in on ultrapro-
cessed foods. Instead they will

Tllustration by Jay Bendt
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epidemiologist Mingyang
Songof the Harvard T. H. Chan
School of Public Health. In a
2024 study, he and his col-
leagues broke foods into sub-
groups based on processing,

then looked at mortality risk and the
amount consumed. Sugar-sweetened
drinks such as soda and processed meats
were both linked to heightened mortality
for people who consumed more servings
per day, about seven compared with three.
But there was no such increased risk for
some types of ultraprocessed foods such as
breakfast cereals and commercial breads.
Overall, Song says, “if people can main-
tain a pretty healthy diet, consuming some
amount of ultraprocessed food doesn’t
really [have much effect].”

Nutritional epidemiologist Kathryn
Bradbury of the University of Auckland in
New Zealand also cautions against losing
sight of what we know is unhealthy. “We
don’t need to get too caught up in whether
a food product is technically ultrapro-
cessed or not,” she says. As we’ve long been
told, we should eat more fruits, vegetables
and whole grains. And we should avoid
foods that are high in calories, saturated
fat, saltand added sugar, Bradbury says. In
other words, go back to basics—and not
back to bacon, which should be consumed
only asan occasional treat. Alas. @
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Listen When Your Child

Cries “Not Fair!”

Children need patient adults and lots of practice

to understand justice and equality
BY KENDRA THOMAS

HAT’S NOT FAIR!” I live with two young children and
hear this cry often. They say it’s unfair that adults get to
stay up later, that they didn’t get dessert and that they
don’t have a pool.

I study children’s perceptions of justice, so I knew
this moment was coming. Even so, I have been surprised at how
their cries of injustice over seemingly trivial things irritate me.
Isometimes take it personally. How dare they question my benev-
olent leadership!

I could just shut down the conversation with the classic “life is
not fair.” I could defend the justice in my actions or call them out
for their bad attitudes. I could listen and address the heated emo-
tions over the who-got-what argument. Or I could distract them
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because I am too tired to tackle a big life
lesson. T have done all of these things.

But for kids to become just, they need to
practice talking about justice. They need
patient adults to help them sort out what’s
merely unlikable from what is truly unfair.

My research has solidified my under-
standing that how I respond to my chil-
dren in these moments will shape their
sensitivity to, and empathy toward, people
affected by injustice. If we want our chil-
dren to fight for justice, we need to “lean
in” asthey grapple with the discomforts of
existence. Justice is central to morality,
and grappling with unfairness is part of
moral development. Disengaging or dis-
missing children’s early cries for justice
fosters cynicism and complacency.

Human awareness and concern around
justice start early. Babies gaze at kinder
puppets longer, preferring them over a
puppet that stole aball and ran away. Tod-
dlers give tasty cookies to good characters
and yucky foods to bad ones. Children
prefer fairness even when it does not favor
them. They would rather take their toy
and go home than tolerate an unfair game.
With age, children increasingly grasp dif-
ferences between equality (everyone gets
the same) and equity (based on need or
merit), as well as individual and structural
reasons for inequality. Their understand-
ing of justice deepens.

My research with children in Sdo Paulo,
Brazil, shows that by age 12, youths have
sophisticated beliefs about justice. Chil-
dren from wealthier families said their
lives were more fair than the world in gen-
eral. Those in low-income families rated
their lives as less just. We found that by
adolescence children at all income levels
know justice is not distributed equally.

Families that can afford insurance or call
a lawyer friend for free legal advice suffer
fewer random injustices. They are less like-
ly to have a devastating house fire or debili-
tating car accident that plunges them into
poverty. Teachers are more likely to give
affluent children the benefit of the doubt or
ask for their side of the story. Children in
poverty are more likely to have negative
interactions with the police early in their
lives—driving different beliefs about police
legitimacy and justice. Systemic issues are
undeniable. But social class doesn’t fully

Tllustration by Malte Miiller



explain how children develop their views.

Consider families and schools. The
children in our research whose parents lis-
tened to their side of the story said that
their lives were fairer and that they were
less likely to become cynical in the coming
years—even in poverty. The adolescents
most at risk for delinquency were the ones
who said their parents and teachers were
disrespectful or demeaning.

Children can grow up financially stable
and unscathed by systemic prejudice yet
still experience sibling favoritism, be de-
humanized on social media, or attend a
school where administrators are clueless
or authoritarian. Zero-tolerance school
policies typically backfire because they are
unfair. A student trying to break up a fight
may get the same suspension as the ones
who were fighting. Such policies halt con-
versations about context and intent.

Every experience shapes a kid’s world-
view. In childhood, injustice comes with a
sense of powerlessness; itis both outraging
and demoralizing, often fostering cynicism
and disengagement. If children are not
treated fairly in a group, they assume they
do not belong there, which breaks down
their social contract. Conversely, when they
benefit from injustice (that is, when they
are favored or privileged), they may learn
to dismiss people’s concerns over it, blunt-
ing their sensitivity and care for others.

Some schools have disciplinary policies
focused on restoring justice. In this model,
adults give children ample opportunities
to practice constructive conversations.
Moreover, they provide students with a
way to make things right again. Iam part of
ateam that assessed a school intervention
designed to make the classroom more
structured and supportive. We asked 1,865
fourth and fifth graders questions
throughout the year about fair treatment,
rule clarity and the quality of their rela-
tionships with teachers. We found that
clear school rules and strong relationships
within schools predicted youths’ expecta-
tions of justice and their moral character.

Interestingly, most of these students
grew up in low-income families with low
social mobility and were exposed to high
inequality. Nevertheless, the justice stu-
dents experienced in the school predicted
their bravery, fairness and helping behav-

When teachers are fair and policies are
transparent, children’s lives become
more fair. When parents provide
explanations and natural consequences,
they teach children to expect justice.

ior. A child who expects injustice is less
likely to speak up to defend a classmate.
But youths who experience justice are
more likely to model it.

Children need to practice having con-
trol over injustice. Injustice is deflating,
and every child will experience it. But
adultsin their lives teach them how to cope
withitand act onit. Neuroscience research
has revealed that under harsh conditions,
the human default is helplessness. Yet even
when in pain, we can learn control if we see
evenminor results. Children need parents,
teachers and coaches to buffer injustices
and help them feel powerful.

When teachers are fair and policies
are transparent, children’s lives become
more fair, When parents provide explana-
tions and natural consequences, they
teach children to expect justice. A child
who can tell their side of the story before
facing a consequence is receiving due pro-
cess. A teacher who refrains from disre-
specting students when they need to be
corrected is offering justice. Parents teach
their children about justice when they do
not shut down the conversation after a
child screams, “That’s not fair!”

When your child says somethingis un-
fair, resist the urge to snap back. Consider
the unpleasantness they are experiencing,
and discern what level of complexity they
can handle. Perhaps they are just annoyed
and need help differentiating injustice
from discomfort. Perhaps they are han-
dling a minor injustice and need a listen-
ing ear and some perspective. Or maybe
they need space to be told they are not
wrong to feel outraged and are part of a
larger story of injustice and tragedy.

Let children tell their side of the story;
provide predictable consequences; let
them make it right. If children grow up
believing life is always fair, they will be
easily discouraged when life gets hard.

Those who believe the world is a just place
are the most likely to believe a victim de-
served whatever happened and blame that
person so they can feel less vulnerable. It is
anatural self-protective mechanism, but it
erodes empathy and character develop-
ment. Believing life is always unfair, how-
ever, can rob children of a sense of power
over their environment and could leave
them cynical and demoralized.

Children need to think about justice,
grapple with it, act on it. Acknowledging
unfairness and striving for justice is the
only rational path in a painful world.

A while back my son, age four, lost his
cookie-eating privileges for the day be-
cause of his bad attitude at breakfast. That
afternoon my daughter, age six, surprised
me by saying she wasn’t going to eat her
cookie, either. Motivated by justice, she
chose solidarity with her brother and
equality. Yet she has no problem under-
standing that she can stay up later than her
brother because she is older. She compre-
hends equity; she also knows she can’t
flaunt it. These tiny family moments are
part of a bigger picture.

When I hear my children say, “That’s
not fair,” as much as I want to override
their arguments, my better judgment re-
minds me to slow down and let them prac-
tice thinking about it. I want to teach my
children to identify real injustices and
learn that their behavior matters. I want
them to feel strong enough to speak up for
a child who gets mocked online and to lis-
ten to others’ side of the story. Then,
chances are, when faced with both person-
aland societal injustice, they’ll be sensitive
enough yet strong enough to do something
aboutit. @

For the most current, rigorous evidence to help you
make the best decisions, go to www.Scientific
American.com/report/the-science-of-parenting
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MATH

Elegant Mat roblem

Finds the Best Choices

Math'’s “best-choice problem” could help people
make better decisions BY JACK MURTAGH

MAGINE YOU’RE CRUISING down the
highway and notice that you are run-
ning low on fuel. Your GPS shows 10
gas stations ahead on your route. Natu-
rally, you want the cheapest option. You
pass the first few and observe their prices
before approaching one with a seemingly
good deal. Do you stop, not knowing how
sweet the bargains could be up the road? Or
do you continue exploring and risk regret
for rejecting the bird in hand? You won’t
double back, so you face a now-or-never
choice. What strategy maximizes your
chances of picking the cheapest station?
Researchers have studied this “best-
choice problem” and its many variants

by their qualifications (instead of gas sta-
tions or the like by prices), and “the mar-
riage problem,” in which you rank suitors
by eligibility. All incarnations share the
same underlying mathematical structure,
in which a known number of rankable op-
portunities present themselves one at a
time. You must commit yourself to accept-
ing or rejecting each of them on the spot
with no take-backs (if you decline all,
you’ll be stuck with the last choice). And
the opportunities can arrive in any order.
Let’s test your intuition. If the highway
were lined with 1,000 gas stations and you
had to evaluate them sequentially and
choose when to stop, what are the chances

extensively, attracted by its
real-world appeal and surpris-
ingly elegant solution. Empiri-
cal studies suggest that hu-
mans tend to fall short of the

Jack Murtagh

is a freelance math writer
and puzzle creator.

He writes a column on
mathematical curiosities

that you would pick the abso-
lute best option? If you chose at
random, you would find the
best only 0.1 percent of the
time. Even if you tried a strate-

optimal strategy, so learning
the secret might just make you
abetter decision-maker.

The scenario goes by several
names: two examples are “the
secretary problem,” which in-
volves ranking job applicants
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gy cleverer than random guess-
ing, you could get unlucky if the
best option happened to show
up quite early, when you lacked
the comparative information
to detect it, or quite late, by
when you might have already

settled for fear of dwindling opportunities.

Amazingly, the optimal strategy results
in the number-one pick being selected al-
most 37 percent of the time, and its success
ratedoesn’tdepend on the number of candi-
dates. Even with a billion optionsand a re-
fusal to settle for second best, you could find
your needle in a haystack more than a third
of the time. The winning strategy is simple:
Reject the first approximately 37 percent of
the choices no matter what. Then pick the
first option that is better than all the others
you've encountered so far. (If you never
find such an option, take the final one.)

Addingto the fun, mathematicians’ fa-
vorite little constant, e = 2.7182..., rears
itshead in the solution. Also known as Eu-
ler’s number, e holds fame for cropping up
all across the mathematical landscape in
seemingly unrelated settings—including
in the best-choice problem. Under the
hood, those references to 37 percent in the
optimal strategy and corresponding prob-
ability of success are actually 1/e, or about
0.368. The magic number comes from the
tension between wanting to see enough
samples to feel informed about the distri-
bution of options and not wanting to wait
toolong lest the best pass you by. The proof
argues that 1/ebalances these forces.

The first known reference to the best-
choice problem in writing appeared in Mar-
tin Gardner’sbeloved Mathematical Games
column in Scientific American. The problem
had spread by word of mouth in the mathe-
matical community in the 1950s, and Gard-
ner outlined itin the February 1960 issue by
describinga puzzle game called Googol, fol-
lowing up with a solution the next month.

Today the problem generates thou-
sands of hits on Google Scholar as mathe-
maticians continue to study its many vari-
ants: What if you’re allowed to pick more
than one option, and you win if any of your
choices are the best? What if an adversary
chose the ordering of the options to trick
you? What if you don’t require the abso-
lute best choice and would feel satisfied
with second or third? Researchers study
such when-to-stop scenarios in a branch
of math called optimal stopping theory.

Lookingfor ahouse—oraspouse? David
Wees, who designs math curricula, applied
the best-choice strategy to his personal life.
Whileapartment hunting, Wees recognized

Jonathan Kitchen/Getty Images
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thattocompeteinaseller’s market, he would
have to commit to an apartment on the spot
atthe viewing beforeanother buyer snatched
it. With his pace of viewings and six-month
deadline, he extrapolated that he had time
tovisit26 units. And 37 percent of 26 rounds
up to 10, so Wees rejected the first 10 places
and signed the first subsequent apartment
that he preferred to all the previous ones.
Without inspecting the remaining batch,
he couldn’t know whether he had in fact se-
cured the best, but he could atleast rest easy
knowing he had maximized his chances.

When in his 20s, Michael Trick, now
dean of Carnegie Mellon University in Qa-
tar, applied similar reasoning to his love
life. He figured that people begin dating at
18, and he assumed that he would no lon-
ger date after 40 and would meet potential
partnersataconsistent rate. Taking 37 per-
cent of this time span would put him at age
26, at which point he vowed to propose to
the first woman he met whom he liked
more than all his previous dates. He met
Ms. Right, got down on one knee and was
promptly rejected. The best-choice prob-
lem doesn’t cover cases where opportuni-
ties may turn you down. Perhaps it’s best
we leave math out of romance.

Empirical research finds that people
tend to stop their search too early. So ap-
plying the 37 percent rule could improve
your decision-making, but be suretodouble-
check that your situation meetsall the condi-
tions: aknown number of rankable options
isbeing presented one at a time in any order,
youwant thebest, and you can’t double back.
Nearly every conceivable variant of the prob-
lem has been analyzed, and tweaking the
conditions can change the optimal strategy
inways large and small. For example, Wees
and Trickdidn’t really know their total num-
ber of potential candidates, so they substi-
tuted in reasonable estimates instead.

If decisions don’t need to be made on
the spot, that nullifies the need for a strat-
egy entirely: simply evaluate every candi-
dateand pickyour favorite. If you can settle
for a broadly good outcome instead of the
absolute best option, then a similar strate-
gy still works, but a different threshold,
typically lower than 37 percent, becomes
optimal. Whatever dilemma you face,
there’s probably a best-choice strategy that
will help you quit while youre ahead. ®

Tlustration by Masha Foya
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When the Moon
Hits Your Eye

The rising moon looks huge on the horizon,
but it’s all in your head BY PHIL PLAIT

REMEMBER WATCHING the full moon

rise one early evening a while back.

Ifirstnoticed a glow to the east lighting

up the flat horizon in the darkening

sky, and within moments the moon
was cresting above it. It looked huge! It also
seemed so close that I could reach out and
touch it. I gawped at it for a moment and
then smiled. I knew what I was actually
seeing: the moon illusion.

Anyone who has seen the moon (or the
sun) near the horizon has experienced this
effect. The moon looks enormous there, far
larger than it does when it’s overhead. I'm
an astronomer, and I know the moon is no
bigger on the horizon than at its zenith, yet
Ican’t ot see it that way. It’s an overwhelm-
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ingeffect. Butit’snot real. Simple measure-
ments of the moon show it’s essentially the
same size on the horizon as when it’s over-
head. Thisreally is an illusion.

It’sbeen around a while, too: the illusion
is shown in cuneiform on a clay tablet from
the Assyrian city Nineveh that has been
dated to the seventh century B.C.E. At-
tempts to explain it are as old as the illusion
itself, and most come up short. Aristotle
wrote about it, for example, at-

fracting (bending) thelight from the moon
and magnifying it. But we know that’s not
right, because the moon is measurably the
same size no matter where it is in the sky.
Examining the physics of that explanation
shows that it falls short as well. In fact, al-
though the air near the horizon does in-
deed act like a lens, its actual effect is to
make the sun and moon look squished, like
flat ovals, not to simply magnify them. So
that can’t be the cause, either.

Another common but mistaken expla-
nation is that when the moon is on the
horizon, you subconsciously compare it
with nearby objects such as trees and
buildings, which make it look bigger. But
that can’t be right, because the illusion still
occurs when the horizon is empty, such as
at sea or on the plains. Also, if youre in a
city and see the moon high in the sky be-

tween buildings, it appears to

tributing it to the effects of mist.

This isn’t correct; the illu-
sion manifests even in perfectly
clear weather. A related idea,
still common today, is that
Earth’s air acts like a lens, re-

Phil Plait

is a professional
astronomer and science
communicator in Virginia.
He writes the Bad
Astronomy Newsletter.
Follow him on Beehiiv.

be its normal size, so this can’t
be the explanation.

Yet the moon does look big-
ger on the horizon. Experi-
ments in the 1950s and 1960s
by cognitive psychologists Ir-
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vin Rock and the late Lloyd Kaufman
showed that people perceive the moon as
much larger on the horizon—sometimes
as much as three times bigger than when
it’s overhead. If the visual cues to the posi-
tion of the moon go away, however, the il-
lusion vanishes. Looking at it through a
paper towel tube, for example, makes it
look the same size no matter where in the
skyitis.

So what’s the cause? Like with so many
things in science, two effects are at play.

O

An illustration demonstrating a variation of the
Ponzo illusion

One is the Ponzo illusion (not to be con-
fused with a Ponzi scheme, an investment
illusion). It’s a very simple yet overwhelm-
ing illusion. In its simplest forms, two par-
allel horizontal lines of equal length (like
anequal sign) are placed between two lines
thatare nearly vertical but converge slightly
near the top. When you look at the horizon-
tal lines, the top one appears longer even
though they’re the same length. It’s almost
impossible not to see them as unequal.
Variations abound, but all rely on trick-
ing the brain by using perspective. We in-
terpret the two nearly vertical lines not as
leaning toward each other but as parallel
yet converging in the distance, like rail-
road tracks. This effect, in which lines in
two-dimensional space appear to meetata
point called the vanishing point, is often
used in art to portray relative distances.
The key is that the two horizontal lines
arethe samelength. Our brain seesthat, but
italso perceives the top line as farther away.
If it’s farther away and the same apparent
size, according to our brain’s messed-up
logic, it must be physically larger than the
lower line, so it appears bigger. Thisis very

similar to the wonderful Ames room illu-
sion, in which distorted walls and angles
make two people of equal height appear to
have wildly different sizes depending on
where in the room they stand.

The Ponzo illusion is the heart of the
moon illusion, but there’s more to it. If I
were to ask you what shape the sky over
your head appearsto be, you'd probably say
it’s a hemisphere—a half of a sphere. But
we don’t actually perceive it that way. If we
did, you'd see the zenith, the point directly
over your head, as the same distance from
you as any point on the horizon. Yet exper-
iment after experiment shows that’s not
the case: we see the horizon as farther away
and the sky as more like a flat-bottomed
bowl overhead, with the zenith closer to us.

That’s not too surprising, actually. If
you're outside on a cloudy day, the clouds
over your head really are closer to you; they
mightbe five kilometers above you, but the
ones near the horizon can be more than
100 kilometers distant. So we’ve evolved to
think of the sky as flattened that way.

Now put the two together: When the
moon is on the horizon, we think it’s far-
ther away. But the moon’s size in the sky
isn’t actually changing, so our brain inter-
pretsthis as the moon looking huge. When
it gets higher in the sky, we perceive it as
beingcloser, soit windsup looking smaller.

Amazingly, this explanation, at least in
part, was determined around 1,000 years
ago. The brilliant medieval philosopher
Ibn al-Haytham studied vision and optics
and made major contributions to both. He
examined the moon illusion and correctly
noted that an object of fixed size will look
smaller if it’s perceived as closer and will
look bigger if it’s farther away. He thought
intervening objects such as trees or build-
ings made the moon appear closer and
therefore bigger, which we now know isn’t
correct. But he had the basic idea down,
and he came closer than many who lived
much later.

Misconceptions about the moon illu-
sion still abound, and like so many myths,
they probably won’t go away no matter
how much people like me write about
them. But in this case, we do know the
right explanation, and it’s one of the para-
doxes of science: we know why this illu-
sion occurs, but it stubbornly persists. @

Your Brain
Separates
Speech

and Music

Simple cues help people
to distinguish song

from the spoken word
BY ANDREW CHANG

EOPLE GENERALLY don’t confuse

the sounds of singing and talking.

That may seem obvious, but it’s ac-

tually quite impressive—particu-

larly because we can usually differ-
entiate between the two even when we en-
counter a language or musical genre we've
never heard before. How exactly does the
human brain so effortlessly and instanta-
neously make such judgments?

Scientists have a relatively rich under-
standing of how the sounds of speech are
transformed into sentences and how musi-
cal sounds move us emotionally. When
sound waves hit our ear, they activate the
auditory nerve within a part of the inner ear
called the cochlea. That, in turn, transmits
signals to the brain. These signals travel the
so-called auditory pathway, first to the sub-
region for processing all kinds of sounds
and then to dedicated music or language
subregions. Depending on where the signal
ends up, a person comprehends the sound
asa particular type of meaningful informa-
tion—and can distinguish an aria from a
spoken sentence.

That’s the broad-strokes story of sound
processing. But it remains surprisingly un-
clear how exactly our perceptual system
differentiates these sounds within the audi-
tory pathway. Certainly there are clues:
music and speech waveforms have distinct
pitches (tones sounding high or low), tim-
bres (qualities of sound), phonemes
(speech-sound units) and melodies. But
the brain’s auditory pathway does not pro-
cessall those elements at once. Consider the
analogy of sending a letter in the mail from,
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say, New York City to Taipei. The letter’s
contents provide a detailed explanation of
its purpose, but the envelope still must indi-
cate its destination. Similarly, even though
speech and music are packed with informa-
tion, our brain needs some basic cuestorap-
idly determine which regions to engage.

The question for neuroscientists is how
the brain decides whether to send incom-
ing sound to the language or music regions
for detailed processing. My colleagues at
New York University, the Chinese Univer-
sity of Hong Kong and the National Auton-
omous University of Mexico and I decided
to investigate this mystery. In a study pub-
lished last spring, we present evidence that
a simple property of sound called ampli-
tude modulation—which describes how
rapidly the volume, or “amplitude,” of a
series of sounds changes over time—is a
key clue in the brain’s rapid acoustic judg-
ments. Our findings hint at the distinct
evolutionary roles music and speech have
had for the human species.

Past research had shown that the ampli-
tude-modulation rate of speech is highly
consistent across languages, measuring

voice changes much more rapidly ina given
span of time than it does when we sing.
Given the cross-cultural consistency of
this pattern, we wondered whether ampli-
tude modulation might reflect a universal
biological signature that plays a critical role
in how the brain distinguishes speech and
music. We created special audio clips of
white noise in which we adjusted how rap-
idly volume and sound changed over time.
We also adjusted how regularly such
changes occurred—that is, whether the au-
dio had a reliable rhythm. We used these
white noise clips rather than realistic audio
recordings to better control for the effects of
amplitude modulation, as opposed to other
aspects of sound, such as pitch or timbre.
Across four experiments with more
than 300 participants, we asked people to
listen to these audio files and tell us
whether they sounded more like speech or
music. The results revealed a strikingly
simple principle: audio clips with slower
amplitude-modulation rates and more
regular rhythms were more likely to be
judged as music, and the opposite pattern
applied for speech. This suggests that our

four to five hertz, meaning four
to five ups and downs in the
sound wave per second. Mean-
while the amplitude-modula-
tion rate of music is consistent
across genres, at about one to
two hertz. Put another way:
when we talk, the volume of our
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brain associates slower, more
regular changes in amplitude
with musicand faster, irregular
changes with speech.

These findings inspire
deeper questions about the
human mind. First, why are
speech and music so distinct in

their amplitude over time? Evolutionary
hypotheses offer some possible answers.
Humans use speech for communication.
When we talk, we engage muscles in the
vocal tract, including the jaw, tongue and
lips. A comfortable speed for moving
these muscles for talking is around four to
five hertz. Interestingly, our auditory per-
ception of sound at this speed is enhanced.
This alignment in speed, production and
perception is probably not a coincidence.
A possible explanation is that humans talk
at this neurophysiologically optimized fast
speed to ensure efficient information ex-
change—and this fast talking could ex-
plain the higher amplitude-modulation
rate in speech versus music.

Separately, one hypothesis about the
evolutionary origin of musicis that it effec-
tively builds social bonds within a society
by coordinating multiple people’s activities
and movement, such as through parent-
infant interactions, group dancing and
work songs. Studies have shown that peo-
ple bond more closely when they move to-
gether in synchrony. Therefore, it’s possi-
ble that for music to serve its evolutionary
function, it needs to be at a speed that al-
lows for comfortable human movement,
around one to two hertz or lower. Addi-
tionally, a predictable beat makes the mu-
sic more appealing for dancing in a group.

There are still many questions toexplore.
More studies are needed on whether the
brain is able from birth to separate music
and speech based on acoustic modulation or
whetheritrelies onlearned patterns. Under-
standing this mechanism could help pa-
tients with aphasia, a condition that affects
verbal communication, comprehend lan-
guage via music with carefully tuned speed
and regularity. Our evolutionary concepts,
too, warrant further investigation. Diverse
hypotheses exist around the evolutionary
origins of music and speech, which could
spur other studies. And more cross-cultural
research could ensure that these ideas really
hold up across all communities.

As to how the brain distinguishes music
from speech in the auditory pathway, we
suspect there is more touncover. Amplitude
modulation is most likely just one factor—
one line, perhaps, on the addressed enve-
lope—that can help explain our brain’s
amazing capacity for discernment. @
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Out of Sight

BY AIMEE LUCIDO
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Back, at sea

“Same here,” formally

James who sang “At Last”
Many a stray pooch

Fatty acid biomolecule

that might be found in
phytoplankton (page 15)

Study frantically

Critical review of

a balloon brand?

Bad Moon Rising band, briefly
General on American

Chinese menus

Like roots of Equus caballus and
Homo sapiens

Option on Halloween night
Words said while someone
points into the distance

Fancy watch that one turns

to in times of need?

Keir Starmer and Justin Trudeau,
for example (abbr.)

Personal grace

Surname in Succession

Big fusses

Selassie of Ethiopia

Adjective to describe both Planet
Nine, also known as Planet X
(page 22), and the letter X in this
puzzle. Four answers in this grid
have an X hiding just out of sight
Corp. shake-up

Bouquet holder

Bird in a eucalyptus forest
Speaks like the Road Runner
Hoppy brew, for short
Christmas cookie shaped like
atype of cat?

Authorize

Words on a jar at a bar:

“Feeling ?”

Organism bodies

Snookums

Ride the bench

Manuscript in an ancient format
written by a Renaissance artist?
Play to (draw)

Cooked at home

Text sent by someone looking
to chat after midnight

Wastes away

Mess with, like a three-year-old
orangutan might with its father
(page 32)

Octopus’s home

18 Cassini of fashion 45 Charlotte’s Web author
22 Baker’s meas. 46 Sacrilegious
23 Bigenchilada 47 Like a delayed library book
25 U-turn from WSW 48 “Doesn’t matter which”
27 Carrot or potato 50 Forest clearings
Down 28 Mrs. Addams, to Gomez 51 Popular Halloween costume
1 Obama-era legislation, initially 29 Dangle for little kids
2 Point at which a beam pivots 30 Body partrecently transplanted 52 LPor EP, e.g.
3 Bench press beneficiary into military veteran 55 Hypervelocity
4 PC space-bar neighbor Aaron James (page 82) (exotic type of celestial object
5 Delta deposit 34 Earth Day mo. that might have encountered
6 Doesimpressions of 35 Threaten snake-style a gravitational slingshot from
7 Biological process that, 36 Unreturnable serve a black hole) (page 14)
when it breaks down, can lead 37 Prefix before “sphere” 56 “ be in England”
to miscarriages 38 Words found at the end (Robert Browning line)
8 Chapel promise of a spoken list (or: “I've 58 Militarily fit
9 Custard-filled pastry got everything!”) 59 CBS crime drama since 2003
10 ltalian eatery 39 Atany pointin time 62 Bigcontainer
11 Mon Oncle director/ 40 Fashion tool used to conceal 63 Adjective-forming suffix
star Jacques aloose hem 64 Organization that recently
12 “You are so right!” 41 Government rule, in brief announced limits on “forever
17 Hazard in golf 44 “Cool story, ” chemicals” in drinking water
1 2 3 4 5 6 7 8 9 10 11 12
13 14 15
16 17 18
22 23 24 |25
26 27 28 29 30
31 32 33
34 35 [36
37 38 39 |40
41 42
43 44 |45 46 |47 |48
49 50 51 52
53 54
55 |56 . 57 |58 [59 60 .
61 62 63 64
65 66 67
68 69 70

For the solution, visit www.ScientificAmerican.com/games/science-crosswords
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Q&A WITH AARON JAMES AND MEAGAN JAMES

First Eye and
Face Transplant

A man who received a whole-eye transplant
does not have any vision in that eye, but the eye
itself is still alive BY TANYA LEWIS

N JUNE OF 2021 AARON JAMES, then 44 years old, experi-  Tanya Lewis
enced a terrible accident while working as an electrical line- s a senior editor
man. The military veteran and Arkansas resident lost much ~ covering health
of the left side of his face—including hisleft eye—to severely ~ 2nd medicineat

. . . . Scientific American.
disfiguring electrical burns that also destroyed his left arm.

Two years later James received the first-ever partial-face and
whole-eye transplant, performed by surgeons at NYU Langone
Health in New York City. More than a year after that James had
made a strong recovery with no evidence of tissue rejection, as
reported by his medical team in a paper published last September
in JAMA. He still lacks any vision in the transplanted eye, but the
eye itself has maintained its shape and blood flow—and there is
evidence of electrical activity in the retina in response to light.

Other researchers say the findings represent a step toward
successful whole-eye transplants while illustrating the challenge
of regenerating the optic nerve after a major injury. “It’s a de-
lightful surprise that the surgery has worked so well, that the

Aaron James received

patient is so happy, that the aesthetic or cosmetic outcome has 3 whole-eye and partial-
worked so well. The eyeball itself has stayed alive and is able to  face transplant in 2023.
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stay in that space and can continue to con-
tribute to the overall success of hemifacial
transplant,” says Jeffrey Goldberg, a pro-
fessor and chair of ophthalmology at the
ByersEye Institute at Stanford University,
who was not involved in the study but
wrote a commentary on it that was pub-
lished in the same issue of FAMA.

The lack of restored vision was not un-
expected, Goldbergsays, because preclin-
ical studies in animals have shown the
difficulty of regrowing an optic nerve. He
notes that the surgical team’s technique of
injecting the tissue surrounding the optic
nerve with stem cells from James’s bone
marrow has not been validated in animals
and could pose a safety risk if the cells
grew into a tumor. Fortunately, there is no
evidence of this happening to date.

Another risk was that if the donor eye’s
optic nerve had regrown, it could have
compromised the vision in James’s other
eye because of the way input from the two
eyes can interact in the brain. There is no
sign of this complication, either. This ex-
citing first case helps to lay the ground-
work to push whole-eye transplant into
avision-restoring reality, Goldberg says.

Whole-eye transplants have long been
a dream among doctors and scientists
seeking to treat people with serious eye
injuries or blindness. The first corneal
transplant took place in 1905. But efforts
to transplant an entire eye have been
thwarted by the devilish difficulty of re-
growing the optic nerve, which carries
signals from the eye’s light-sensitive retina
tothebrain’s visual centers, where they are
perceived as sight. There had been limited
success in previous efforts to regenerate
the optic nerve in some animals, but no
one had succeeded in transplanting a
whole eye into a human until now.

“Aaron has had amazing functional
improvement, and the aesthetic result is
remarkable,” says Eduardo Rodriguez,
one of the many physicians involved in
James’s care. “My ultimate goal was to
preserve [the eye] alive,” says Rodriguez,
who is director of the face transplant pro-
gram and chair of the department of plas-
tic surgery at NYU Langone Health. “The
fact we achieved that is remarkable. What
would happen afterward, no one could say
because it had never been done.”

Haley Ricciardi/NYU Langone Health



Even though James’s transplanted eye
lacks vision, the fact that it has maintained
itsshape and blood supply for more thana
year is remarkable, says Vaidehi Dedania,
an associate professor in the department
of ophthalmology at the NYU Grossman
School of Medicine, who has been moni-
toring the eye’s health. The retinal cells’
response to light was also surprising, she
says, adding that “an eye has not been
transplanted from one human to another
before and continued to survive and sus-
tain itself within that body for so long.”

James and his wife, Meagan James,
were in New York City in August 2024 to
meet with his medical team as part of his
postoperative monitoring. SCIENTIFIC
AMERICAN sat down with them to discuss
Aaron’s recovery and what this surgery
has meant for his life.

An edited transcript of the interview follows.

It’s been alittle under ayear and

a half sinceyour transplant surgery.
How areyou doing?

AARON JAMES: Everything’s going good.
It’s been, as you said, a little over a year,
and the faceis still kind of moving. There’s
still work to be done. I'm still going to
speech therapy. And just because we had
the surgery, that doesn’t mean it’s finished.
We’ve still got a lot of maintenance to do.
But, Imean, Ifeel good. All my blood work
and stuff has come back good. And so,
yeah, we’re just kind of holding where
we’re at right now, you know?

Your face looks like it’s healed

really well.

AARON JAMES: It’s amazing how well the
body can regenerate. It’s great. There are
a lot of people who don’t even know that
I’ve had a face transplant.

1 knowyou don’t have any vision

in the transplanted eye, but doyou
have any pain or discomfort?

AARON JAMES: No.Imean, it feelsjust like
my own. There’sno pain. The doctors were
kind of concerned in the beginning that
there might be a lot of pain, but it’s really
just exceeded expectations—I mean, just
the fact that it’s still alive after almost a
year and a half. Right after the surgery,
they said, “Okay, the eye’s survived the

surgery. Now let’s do 90 days.” And we
made it past 90 days. And it just keeps go-
ing and going. So we’re kind of in un-
charted waters right now. We're just kind
of seeing what happens next.

How doesit feel to be the first person

to have had this surgery?

AARON JAMES: It feels good. To be a part
of this, it’s kind of overwhelming, I guess,
because we’rejusta simple family from Ar-
kansas. If I can be a part of something that
gets it started, that makes me feel good. It
makes me feel like I’ve helped out possibly
millions of people in the future.

Ever since my accident, it’s made me
think about things I normally wouldn’t
give a second thought to. Now I think of
people with visual problems. There are so
many people who have visual impair-
ments, and once I thought about it I can’t
believe something hadn’t been done be-
fore, because there are so many people
with eye issues. So it’s about time.

What hasyour life been like in the past
Year? Haveyou been able to get back to
doingthingsyou did before the accident?
AARON JAMES: In the beginning, once we
got home, I'd have to kind of watch whatI
was doing because of my white blood cell
count. It was kind of fluctuating. But,
knock on wood, I think we finally got that
figured out. There’s still things I have to
kind of watch out for, you know, being out
in the sun toolong [because the immuno-
suppressive drugs increase the risk of
skin cancer]. But that’s really not that big
of adeal.

Haveyou had any immune rejection
of theface or eye or other complications?
AARON JAMES: No.

Didyour vision inyour right, nontrans-
planted eye change after the accident?
AARON JAMES: Yeah, it formed a cataract
first, and they had to remove that. I wear
a contact and reading glasses if I need to
see something up close.

What are some of the emotional
challengesyou’ve both experienced?
AARON JAMES: We live about two and a
half hours from the rest of our family. My

mom isin anursing home because she had
a stroke. So that’s kind of hard because
they’ve always got COVID cases and other
illnessesin this nursing home, soIcan’tre-
ally go up there like I want to, because I
can’t be around that stuff.

MEAGAN JAMES: Just the number of
things that it entails, from the beginning of
the accident. Aaron mentioned his mom
had a stroke. And a few months after that,
I actually lost my mom. And then, a few
months ago, I lost a sister to breast cancer
she had battled for five years. Soit’s alot of
extra mental toll on top of the amount of
mental toll that it is. We’ve definitely be-
come closer through all of this.

AARON JAMES: Yeah, definitely. And now
we’ve got our daughter fixing to start col-
lege. So now we can kind of focus on real
life—regular stuff. It’s finally getting back
on track.

Haveyou found any helpful ways

to cope with the recovery?

AARON JAMES: One way we deal with it is
having a sense of humor—joke about it,
you know?

MEAGAN JAMES: If you listened to our
daily conversations, you probably wouldn’t
believe any of this. We’re just mean to each
other, but it’s just our way of coping, I
guess. We have fun; we joke and laugh.

Meagan, is there anything yowd like

to say aboutyour experience taking
careof Aaron?

MEAGAN JAMES: [ always said I was going
tobe famous one day. But I never expected
it would be anything like this that I would
be a part of. And it’s pretty amazing to
know thatIhad a smallrole. Theyjust sent
me home with the first transplanted eye
and said, like, “Take care of it.” And I’'m
like, “Who am I to take care of this?”

Aaron, how has this face and eye trans-
plant changedyou?

AARON JAMES: It’s definitely something
that I'still think about every day. I'll think
about everything that’s happened in the
past. And now, to be honest, when Ilook at
an older picture of me, it kind of looks
weird tome. Irecognize it. Iknow whoitis;
I know it’s me. But I don’t know—it’s hard
toexplain that. @
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REVIEWS EDITED BY AMY BRADY

Rachel Carson
and Queer Nature

How a relationship between two women
shaped an environmental ethos
BY BROOKE BOREL

night in the

mid-1950s, two women lay
side by side on Dogfish Head,
a spit of land on Maine’s jagged
coast where a river meets

the ocean. They took in the
dazzling stars, the smudged
filaments of the Milky Way, the
occasional flash of a meteor.
One woman was Rachel
Carson, who would become
well known for her book Silent
Spring and its galvanization

of the modern environmental
movement; the other, Dorothy
Freeman, was Carson’s married
neighbor. The two had been
drawn together from the

moment they met in 1953 on
Southport Island, Maine, and
remained close until 1964,
when Carson died of cancer.
It was Freeman who scattered
Carson’s ashes.

I%.uillh
CARSON

POWER
OUEER
LOVE

LIBA MaAXxwig

Rachel Carson and the Power
of Queer Love by Lida Maxwell.
Stanford University Press, 2025 ($25)
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The scene on Dogfish Head
may sound romantic, and Lida
Maxwell’s new book, Rachel
Carson and the Power of Queer
Love, argues that it indeed was.
Maxwell, a professor of political
science and of women, gender
and sexuality studies at Boston
University, explores the intimate
bond between Carson and
Freeman by drawing, in part,
from a trove of personal letters.
The book’s message is that the
relationship holds a lesson
for our modern climate crisis,
especially for those of us willing
to find meaning outside our
culture’s dominant narratives.

The correspondence is
telling. Carson professes strong
feelings after just a few letters
(“Because | love you! Now
I could go on and tell you some
of the reasons why | do, but
that would take quite a while,
and | think the simple fact
covers everything ...”). The two
call each other “darling” and
“sweetheart.” During the
stretches they spend physically
apart, they express what can

easily be read as queer
yearning, as when Freeman
writes: “How | would love to curl
up beside you on a sofa in the
study with a fire to gaze into
and just talk on and on.”

There is also reference to
the hundreds of letters we’'ll
never read because the two
women burned them, perhaps
in that same fireplace. As
Martha Freeman, Dorothy’s
granddaughter, told Maxwell,
“Rachel and Dorothy were
initially cautious about the
romantic tone and terminology
of their correspondence.”

Was Carson a lesbian?

The answer has long been

the source of speculation.

It’s impossible to know; she’s
not known to have publicly
identified as such. To Maxwell,
though, this question is beside
the point: “Whether or not their
love was ‘homosexual,’ to use
the language of the time, it was
certainly queer. It drew them
out of conventional forms

of marriage and family and
allowed them to find happiness
where their society told them
they weren’t supposed to: in
loving each other and the world
of nonhuman nature.”

Queer love is a rejection
of what Maxwell calls “the
ideology of straight love,” or
the pursuit of “the good life”
through marriage, buying and
decorating a house, having and
raising children, and participat-
ing in the treadmill of consumer
culture to keep it all running.
Because Carson and Free-
man’s love was queer, Maxwell
argues, they had no template
with which to explore it.
Instead they created a new
language, expressed through
a shared love of nature: the
song of the veery, the Maine
tide pools, the woods between
their houses. This avenue
for connection and meaning
making, Maxwell argues, is
what made Carson’s Silent
Spring possible—it changed
her from a writer who captured
the wonder of nature to one
advocating to save it.

How does this apply to

Tllustration by Xinyue Chen



the climate crisis? “As perhaps
is obvious,” Maxwell writes,
“the tight connection of the
ideology of straight love with
consumption is also bad for our
climate because it ties our
intimate happiness to unsus-
tainable ways of living.” To truly
achieve meaningful climate
policy, she continues, we’'ll
need to expand our “visceral
imaginary of what a good life
could be.” The queer version
embraces a “vibrant multispe-
cies world” where we seek
“desire and pleasure outside

of the ideologies of capitalism
and straight love.” These
specific points, made through-
out the book, are at times
repetitive and can feel didactic.

Some readers, particularly
straight readers, may bristle at
all this. After all, plenty of people
who don’t identify as queer opt
out of consumerism and fight
climate change. Straight people
can reject the heteronormative
story; queer people are not
immune to it. But the point of
the book isn’t that we should
take individual action—it’s
about broader structures and
narratives. As a queer woman
who spent a decade in a hetero-
normative marriage, | know how
seductive the call of that
particular “good life” can be;
| also know the liberation of
building something new. Max-
well’s book holds lessons for all
readers about acknowledging,
and then escaping, the struc-
tures that ensnare us.

Carson and Freeman found
the way through their decidedly
queer, deeply romantic,
long-lasting love. Even when
they were apart, they imagined
themselves together. As Free-
man writes during one of these
spells: “You and | have been
walking on the Head in the
moonlight. Do you remember
the night we lay there in that
lovely light? | told you you
looked like alabaster. You did.
How happy we were then.”

Brooke Borel is an award-winning
journalist and a features editor
at Undark.

All the Water in the World: A Novel
by Eiren Caffall. St. Martin’s
Press, 2025 ($29)
Eiren Caffall’s
lyric yet gripping
first novel
centers, as its
title suggests, on
life after a great
flood, with a
young woman known as Nonie
canoeing over a drowned New
York City and up the Hudson
River toward the high ground
of the Berkshires. Fittingly for
the genre of postapocalyptic
American fiction, Caffall
offers grand visions of the
world made strange—Nonie
sits in the bow of a canoe,
watching the water for “snags”
such as the tops of street-
lamps or the trees of Central
Park—and stirs suspense in
encounters with the various
settlements and wildlife along
the route.

Like the cultural ephemera

of Emily St. John Mandel’s
Station Eleven, the seeds in
Alison Stine’s Road Out of
Winter or the child in the
womb in Louise Erdrich’s
Future Home of the Living
God, a symbol of hope has
been carried from the book’s
fallen civilization to take root
in whatever comes next. This
time that symbol is natural
history itself, as set down in
a journal by former scientists
at New York’s American
Museum of Natural History.
At the novel’s start, in a city
that’s not yet fully flooded,
those scientists and their
families have formed a
makeshift society on the
museum’s roof. To protect
physical exhibits that may not
survive, they’ve taken pains
to preserve the knowledge
those exhibits represent in
a logbook that, when the
waters rise, will be carried in
Nonie’s pack.

Like her scientists and
survivors, Caffall relishes
the museum and its treasures.
Her vision of the institution
stripped bare by desperate
caretakers unsettles and
moves. The novel is often
dark, steeped in grief and
uncertainty, concerned
with practicalities such as
infections and finding anti-
biotics. Caffall favors a briskly
ruminative approach with
short, reflective chapters
about what life after the end
feels like. (Violence, including
threats of sexual assault,
occurs mostly off page.)
But that’s not to suggest that
All the Water in the World
neglects the beauty and
wonder of Nonie’s adventure.
The scene of her family
floating away from the museum
in an Indigenous canoe
from an old exhibit is tense,
delightful and rich with
resonance. —Alan Scherstuhl

The Forgotten Sense: The New
Science of Smell and the
Extraordinary Power of the Nose

by Jonas Olofsson. Mariner, 2025 ($28)

As COVID spread
across the world
in early 2020,
people began to
M report losing

their sense of

smell. Public
health organizations were
focused on tracking the spread
of the virus based on more
traditional symptoms of
respiratory illness such as
cough and fever, and the loss
of smell was initially treated
more like a curious anecdote
than an important signal. But
olfaction researcher Jonas
Olofsson knew better: “I like to
think | helped protect the public
when | repeated to journalists
in an almost parrot-like manner
that readers and listeners who
suddenly lose their sense of
smell should isolate themselves
immediately,” he writes in his
new book on olfaction’s central
role in our lives.

Olofsson is accustomed to
defending the significance of
smell, which many people seem
to take for granted. For evi-
dence, he refers to surveys that
asked Americans to choose
whether their sense of smell
or their pinky toe was more
valuable. Half chose the toe.

In a 2021 follow-up survey, only
15 percent of responders were
on team toe, but Olofsson
contends that we still don’t
adequately understand or
appreciate the “special
intelligence of the nose.”

Smell hasn’t always been
the underdog of the senses. In
previous centuries, odors were
integral to everything from
spirituality to morality to
medicine: burnt offerings
reached the gods by wafting to
the heavens, medieval devils
were thought to reek of
flatulence, and doctors used
scents to both diagnose and
cure. In our current, screen-
saturated society that depends
on vision and hearing, smell
might seem like an evolution-
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ary relic. But although our
sense of smell may be primal,
it is not primitive.

Olofsson argues that
instead of passively reacting
to odor molecules in isolation,
our olfactory brain works with
other brain regions to interpret
smells. “The sense of smell
does not act on its own,” he
says, “but is smarter than
that—it takes in all the cues in
the environment and assesses
them using all our accumu-
lated knowledge.”

Using this “cognitive
perspective” on olfaction to
guide readers through the
current landscape of smell,
Olofsson addresses the
complex pheromone debate,
the “swamp” of research on
aromatherapy, e-noses and
other digital smell technolo-
gies, and his own successes
with smell-based brain
training. His work reveals how
this ancient and unassuming
ability holds profound
untapped potential to enrich
our lives. —Dana Dunham
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GRAPHIC SCIENCE

Wipeouts

Earth’s deadliest mass
extinctions have important
commonalities—and
significant differences
TEXT BY CLARA MOSKOWITZ
GRAPHIC BY RICK SIMONSON

IFE ON OUR PLANET has experi-

enced many mass extinctions over

its 4.5 billion years. Scientists see

evidence for at least five major ep-

isodes that eradicated creatures
great and small. And many experts argue
that the Anthropocene age, the current
period of human activity altering Earth,
is causing a sixth.

Paleontologiststrack massextinctions
by studying rock samples from different
eras. When they reach a point where large
numbers of species that had been abun-
dant in the earlier fossil record become
scarce, they’ve found an extinction event.
The big five extinctions all wiped out
more than 70 percent of Earth life at the
time—and the most lethal of them, the
Permian-Triassic extinction around 252
million years ago, most likely took down
more than 90 percent.

The origins of these extinctions are
still being debated, but scientists think
that most involved large spates of vol-
canism—giant rifts opening in Earth’s
surface and spewing lava over periods
of thousands or even millions of years.
The volcanism probably triggered many
other changes that led directly to extinc-
tions, including anoxia, or a lack of oxy-
gen, in the oceans as a consequence of
ocean warming; ozone depletion, which
resulted from volatiles released by
volcanism; and wildfires caused by a
heated climate.

Studying our geological past can also
teach us about the present, says David
Bond, a mass extinction expert at the
University of Hull in England. “We need
tolearn lessons from these events and use
them to try to understand our potential
impending diversity crisis.”
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EVENT

Five major
mass extinction
events are
known from
the geological
record.

Ordovician-
Silurian

Late
Devonian

Permian-
Triassic

Triassic-
Jurassic

Cretaceous-
Paleogene
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s Hatching
indicates
possible
causes that
are less
likely and/
orless well
established
than others.

There are mercury spikes associated with each
event, but the metal is generally considered
evidence for volcanism, not a discrete cause.

There’s evidence of all these events being
associated with big sea-level changes. But it’s no
longer considered to be a direct cause of deaths.

Acidification most likely is a major factor in deaths,
but evidence is currently lacking. (Proxies for pH
in the geological record aren’t reliable yet.)




Aridification

Hypercapnia

Methanogens
Gamma-ray burst
Interstellar dust

Global warming
and cooling can
occur as a two-
step event. In

this case, cooling

Supernova

The three

MAGNITUDE AND VICTIMS

Each of the five mass extinction events is characterized by the extinction
of 70 percent or more of the species living at the time. Some groups
completely died out while others experienced significant declines.

Began approximately
445 million years ago:
First of the great mass
extinctions. Composed of
two pulses 1 million years

probably pre-
ceded warming.

extraterrestrial

causes included
here are especi-
ally contentious.

apart. Affected every
major taxonomic group.

i
i
it

TRIGGERS VS.
KILL MECHANISMS

Several of the causes listed
here—including volcanism
and sea-level change—
aren’t necessarily major kill
mechanisms in and of
themselves. For example,
an asteroid is not the actual
cause of death beyond
individuals that are hit
directly by it. Rather it
triggers widespread deadly
conditions, such as anoxia
and acidification.

4

Began approximately
372 million years ago:
Composed of several
smaller extinction
events. Primarily
affected marine life.

Began approximately
248 million years ago:
Known as the Great
Dying. Only known mass
extinction of insects.

Began approximately
201 million years ago:
Allowed dinosaurs to
become the dominant
terrestrial animals.

Began approximately
66 million years ago:
All nonavian dinosaurs
and most other large
tetrapods died out.
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DURATION

Millions of Years

0 1 2 3 4
[ | | |

1.5 million years

4 million years

60,000 years

850,000 years

10,000 years
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THUNDER CRACK
OR THUNDER RUMBLE
“A lightning flash
lasts only a few
tenths of a second. Why does
the resulting sound persist for
half a minute or even longer?
A typical lightning discharge
consists of three strokes
through a channel extending
some 10 kilometers. The light
from all parts of the channel
reaches the observer almost
instantaneously. The sound
from the various parts, how-
ever, reaches the observer at
different times. If the lightning
channel is generally at right
angles to the line of sight, the
sound will reach the observer
at almost the same time: an
abrupt, loud crack. If the chan-
nel is generally parallel to the
line of sight, the sound from
the farthest part will reach the
observer many seconds later
than the sound from the near-
est part: a long rumble.”

J PARTICLE MAY BE
CHARMED QUARK

“The most puzzling aspect

of the recent discovery of

a new kind of subnuclear
particle at two high-energy-
physics laboratories is the
particle’s extraordinarily long
lifetime of 1072° second. This
unexpectedly ‘slow’ decay sets
the comparatively massive
new particle apart from hun-
dreds of other unstable sub—
nuclear species that have been
created with particle accelera-
tors. Most of the latter parti-
cles have lifetimes on the

order of 1072 second. The
new particle is called the

J particle by one group of
experimenters and the psi
particle by the other. Another
possibility being discussed

is that the particle represents
a ‘bound state’ consisting

of a ‘charmed’ quark and its
corresponding antiquark.”
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DOES LACTIC ACID
CAUSE MUSCLE FATIGUE?
m “What happens
when we get out
of breath or become exhaust-
ed? Dr. A. V. Hill, professor
of physiology at University
College London, recently dis-
covered that there was a very
close relation between the
fatigue caused by exercise and
the production of a certain
chemical called lactic acid in

the muscles that are being
used. Dr. Hill discovered that
fatigue was accompanied

by an increase in the amount
of lactic acid in the muscles,
whereas recovery from fatigue
was always marked by a
decrease in lactic acid.”
Scientists discredited the
lactic acid idea more than

two decades ago, but it per-
sists today. They suspect that
inorganic phosphate contrib-
utes to skeletal muscle fatigue.
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CHROMOSPHERE

CLOAKS THE SUN

“The ec'ig.e of the
sun’s visible disk

is surmounted to an elevation

of between 8,000 and 10,000

miles by an envelope of rose-

colored gases, to which Mr.

Norman Lockyer has given the

name of chromosphere. The

scarlet flame clothes the whole

surface of the sun, and here

1925, Exercise in Motion: “Years before the motion picture was invented,

Mr. Eadweard Muybridge, at the University of Pennsylvania, used electrically
timed cameras to study the exact movements of human muscles during exercise.
The cross lines in the background were used to measure each movement exactly.
The image is from plates copyrighted in 1887 by Eadweard Muybridge.”
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and there rises in cloudlike
forms that ascend to enor-
mous heights. The spectro-
scope has shown that uprising
jets are nothing but heated
clouds of gas, largely hydro-
gen. Their spectrum exhibits
conspicuously the bright lines
of that element, yet another
very prominent line as well.

To this hypothetical element
the name of helium has been
assigned by Lockyer and
Edward Frankland, though
with rather doubtful propriety.”

WANTED:

A NITROGLYCERIN ENGINE
“M. Champion, a French chem-
ist, states that the heat devel-
oped by a given quantity of
nitroglycerin when exploded
is capable of exerting, when
converted into motion, a maxi-
mum energy five times that
produced by the explosion

of the same amount of gun-
powder, and 3,000 times more
than that of combustion of

an equal quantity of coal.

A quart of nitroglycerin, it is
asserted, has the potential
energy of 5,500 horsepower
working during 10 hours. It
remains to invent a machine
in which the gigantic force can
be harnessed and controlled.”

MONORAIL, WITH
LEATHER BRAKES

“The Turkish government has
recently commenced the
construction of a railway,
termed the Steam Caravan,
between Alexandretta and
Aleppo, Syria, a distance of
94.2 miles. A single rail is
employed, raised on a wall

28 inches high and 17.5 inches
broad. The vehicles straddle
both rail and wall. The loco-
motives are provided with
horizontal, leather-covered
wheels, which rest against the
sides of the masonry and
serve as brakes, and the last
vehicle of each train has simi-
lar arrangements. Each side
of each carriage contains

two persons, and the com-
plete train is calculated to
accommodate 96.”

Scientific American, Vol. 132, No. 1; January 1925



BRINGING ROBOTICS INTO EVERYDAY LIFE.

Learn more at: softbotics.org.

Soft
DOTLCS

Tracking the body's motion after
surgery can assess changes and
manitor mobility. Soft as the skin
it's on, and mechanically robust, this
wearable system classifies activity
and range of motion to assess
recovery progress and improve
the patient's physical therapy plan.

Carnegie Mellon University
College of Engineering



A ROYAL EVENING

WITH

DR. ZAHI HAWASS

USA & CANADA GRAND LECTURE TOUR
MAY - AUGUST :

Mayl  Phoenix, AZ
Discover the greatest secrets May3  LlosAngeles, CA
of the Land of the Pharaohs! . MayB  San Diego, CA
The time has come for the May9 Los '-..fegus‘ NV
legendary Dr. Zahi Hawass May  Oakdand, CA

to unveil ancient Egyptian
mysteries that were lost
for millennia.

14 Portland, OR

. ttle, WA

Denver, CO

Austin, TX =

The real-life Indiana Jones T Oklahoma City, OK |
returns to Morth America to - May
share the latest discoveries, Junel  New Orleans, LA
reveal groundbreaking June§ Tampa, FL
finds drawn frqn‘u his most June?  Orlando, FL
recent excavations and Junel  Nashville, TN
make the most thrilling Juneld Atlanta, GA
announcements of his Junel8 St Louis, MO
remarkable career. x Junel8 Charlotte, NC
Join Dr. Hawass for a June2i Pittsburgh, PA
captivating all-new —~ June2§ Columbus, OH
multimedia presentation - June 28 Chjcugo* H‘.
prepared exclusively for this June30 Minneapolis, MN
historic tour. Stay after the July3  Cleveland, OH
lecture for a Q&A session July6  Indianapolis, IN
and a book signing. July 9 Boston, MA

July12  Baltimore, MD
This event will ma story July16  Virginia Beach, VA
-liveonstage-andyou .. . July1®  New York, NY
won‘twanttomiss it! st July21  Philadelphia, PA

July 23
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* PROGRESS IN THE GOLDEN CITY « THE ONGOING SEARCH FOR CLEOPATRA'S TOMB -
+ SECRET ROOMS IN THE GREAT PYRAMID - KING TUT'S UNTOLD SECRETS - & MORE THRILLING REVELATIONS! -




