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▶ You Can Exist Forever—as Long as
You Give up Control of Your Life
Over the past few decades, artificial
intelligence has learned how to emulate
humans. So what happens when AI is
used to build digital avatars of real-
life people? Will these new AI tools
help people grieve lost loved ones? The
tech raises important moral and legal
questions, too. For instance, how would
we govern whole populations of avatars
living in simulated worlds? They might
not be conscious, but it would give
the living a sense that some part of
themselves would continue after death.
Plus, it could facilitate collaborations
between, say, someone’s grandfather
and Leonardo da Vinci. I’m curious to
see what happens next.

▶ Fasten Your Intergalactic Seatbelt
Many people think about the big-picture
problems with light-speed travel, like
how to achieve such ridiculous speeds
or counteract time dilation—the idea
that someone traveling faster than the
speed of light would return from their
intergalactic excursion younger than
their peers back on Earth. But there are
mundane, everyday questions that also
need answers. For example, what would
it be like to steer a vehicle traveling
at warp speed? Scientists truly don’t
know. Theoretical physicist Miguel
Alcubierre does believe, however, that
it’s extremely risky: “If you collide with
something on your path, it would almost
certainly be catastrophic.”

▶ Mines Are Booming in America’s
West—This Time for a Metal of
Growing Importance, Cobalt
Cobalt has become a critical world
resource. A typical electric vehicle
contains about 30 pounds of the metal,
which is necessary in the lithium-ion
batteries that power them. But nearly
three-quarters of the 180,000 tons of
cobalt excavated annually is done in
the Democratic Republic of the Congo
by local workers hired by Chinese
companies. In turn, most of that
cobalt is sent to China for processing
and refining, creating an unstable
supply chain that worries not only U.S.
manufacturers but also the defense
industry that relies on cobalt for high-
tech weapons systems. Consequently,
new efforts to domestically mine cobalt
are taking shape. Several companies are
now prospecting the Idaho Cobalt Belt,
a 37-mile strip of sedimentary rock
that contains the silvery-gray metal.
It’s thought the belt could produce
2,000 tons of cobalt every year—enough
for tens of thousands of lithium-ion
batteries.

▶ An Undefeated Fighter Meets Its
Match
Although the F-22 Raptor started flying
10 years before the first iPhone hit the
market, it was so far ahead of its time
that even today’s fighters struggle
to catch up. The stealthy F-22 was
developed to replace America’s F-15
Eagle, which already had an unmatched
air combat record of 104 wins and
zero losses by the time the Raptor
began testing in 1997. So when Mike
“Dozer” Shower and three other F-22
test pilots took on a dozen F-15s in an
early air combat exercise, the Pentagon
was shocked by the outcome. The four
Raptors wiped out all 12 Eagles in under
two minutes. As Shower later put it, it
was like playing football—except one
team was invisible.



I
N 2016, JOURNALIST James Vlahos 
was a writing a book about 
chatbots when his father was 
diagnosed with stage IV lung 
cancer. Soon after, a company he’d 
written about previously, called 

PullString, released its tools to the 
public. PullString, founded by a crew 
of Pixar veterans, had built the chat 
architecture for Hello Barbie, a doll that 
could listen to children and respond in 
real time. Vlahos had an idea: Could he 
use PullString’s tools to make a chatbot 
of his dad? A Dadbot? He thought it 
might help him process the loss he knew 
was coming.

Over the following weeks, Vlahos 
spent hours interviewing his father 
about his life and history. It took him 
months to add rules and bits of script 
that would transform the interviews 
into an interactive bot. When Vlahos 
finally let his mom exchange messages 
with his creation, she declared the 
achievement “amazing.” (As an 
example, Vlahos’s father was a bit of a 
grammar nerd, and when the bot told 
his mom, “The verb ‘to be’ takes the 
predicate nominative,” she laughed and 
typed, “Oh, I’ve heard that a million 
times.”) His dad agreed: He thought 
the bot sounded like him, and he 
appreciated that it could transmit his 
stories to future generations.

Vlahos lost his father the following 
February, and he eventually wrote 
about his experience building Dadbot 
for a story that appeared in Wired. It 
set off a flood of messages from people 
who said they wished they had virtual 
versions of their own family members. 
It was the moment Vlahos shifted 
from documenting developments in 
technology to creating them himself: 
He launched an artificial intelligence 
startup, HereAfter AI, which now has 
thousands of customers. 

Some find the idea of speaking 
with a simulation of a dead family 
member unsettling, but Vlahos 
sees nothing alarming about his 
company’s creations. What HereAfter 
AI is offering, he says, is just a more 
advanced version of preserving a 
precious final voicemail. Still, with 
at least a half dozen other companies 
emerging over the past few years to 
offer similar services—at various levels 
of realism and interactivity—it’s easy 
to wonder if artificial simulations 
could have effects we can’t foresee. 
Could they slow the grieving process, 
or blur the line between living and 
dying in unprecedented ways? Powered 
by advanced AI and freed of ethical 
constraints, could they even make us, in 
a way, immortal?

MARINA SMITH, A Holocaust educator 
who had been given a British order of 
chivalry (called an MBE) by Queen 
Elizabeth II for her lifetime of public 
service, spent her entire career sharing 
important lessons from the past. Last 
July, in a tent in England where dozens 
of people had convened to pay their 
respects, she got to do it one last time: at 
her own funeral. During the ceremony, 
her son, Stephen Smith, stood on stage 
and introduced a video in which his 
mother discussed her life. An hour later, 
after many people had given eulogies, 
Smith asked the video a live question: 
“What would you say at your funeral?” 

The video replied, “I would say … My 
work here is completed.” 

Smith, who is also an oral historian 
who documents the histories of 
Holocaust survivors, was the architect 
of his mother’s final appearance. While 
working for the University of Southern 
California’s Shoah Foundation (a 
nonprofit founded by Stephen Spielberg 
after he’d filmed Schindler’s List), 
Smith built software that could record 
video of a storyteller and turn it into 
an interactive hologram he called a 
StoryFile. One of his earliest projects 
was of a Holocaust survivor, Aaron 
Elster, who hid in an attic during World 
War II to avoid capture by Nazis.  

When Elster died in 2018, Smith 
spent the next day talking with Elster’s 
avatar, asking questions and drawing 
on his wisdom. It was substantially 
more exhilarating than watching 
an interview on video. The software 
processed Smith’s questions and 
searched for parts of Elster’s interview 
transcript that might answer them. 
When it found similar words or topics, 
it played the corresponding video in 
response. It wasn’t the same as talking 
to a living person, but it was enough 
to convince Smith that technologies 
like StoryFile would change the way we 
preserve our lives for posterity.

Meet the AI 
Avatar That 
Can Make 
You Immortal
It looks, talks, and acts 
just like you. And it might 
live forever. 
BY MATTHEW HUTSON

Aaron Elster stands in front of his three-dimensional 
hologram created by StoryFile. The avatar offered lifelike 
responses to questions about Elster’s life and history as 
a Holocaust survivor. 

A hologram of Sam Walton sits in the Walmart Museum 
in Bentonville, Arkansas, where visitors can talk with the 
Walmart founder, who died in 1992.

Soon after, Smith had an 
experience that was very similar 
to James Vlahos’s. Members of the 
public who came to interview the 
StoryFile recordings began to ask if 
they could do the same thing with 
their parents or grandparents. As 
a historian, Smith realized that 
StoryFiles could fundamentally alter 
the way generations interact. Instead 
of tracking down records of their 
ancestors in a library, people could have 
a real conversation with a relative from 
100 years ago. Now that he’s cofounded 
a company, he says people call him 
crazy when he invites them to spend 
10 hours making a StoryFile, telling 
him they don’t have 10 hours’ worth 
of material. “You might think your 
first date with Grandpa in 1962 is of 
no interest to anybody whatsoever,” he 
says. “But I can tell you, to your great-
grandchild, it’s very interesting.” 

StoryFile’s technology is part of 
what gives people who’ve died a living 
voice. Algorithms select questions to 
ask the target person during recording; 
they connect users’ questions to 
answers, transcribe speech, and keep 
conversations flowing. Forthcoming 
versions will generate follow-up 
questions to ask the storyteller based 
on what the storyteller just said—that 
is, predict what users might ask next. 
If there’s enough material, the system 
can even build an ex post facto StoryFile 
after a person has died. For example, 
one of StoryFile’s most notable clients 
is the Walton family, who requested 
a StoryFile of Walmart founder Sam 
Walton, who died in 1992. The company 
pulled speeches and journals from 
the family’s archives, filmed an actor 
reciting lines based on the text, and 
then used deepfake technology to 
render the face and voice to be like 
Walton’s. The result is a life-size video 
hologram that is so realistic it has since 
been moved into the Walmart Museum. 

Since Marina Smith’s funeral, 
StoryFile has appeared at other 
funerals and memorial services. The 
recordings have spoken to grieving 
family members and sparked 
children’s interest in the lives of their 
grandparents. Stephen Smith imagines 
people one day contributing to their 
StoryFiles throughout their whole lives 
so that others can tap in to their points 
of view at different ages. Past versions 
of yourself could even let you draw on 
your own wisdom and perspective from 
different phases of life. 

Some of StoryFile’s clients have an 
intuitive understanding of the power 
of such a service. Smith has asked 
the actor William Shatner more than 
600 questions for his StoryFile, part 
of which is shown on the company’s 
website. When Smith asked Shatner 
why he was participating, the actor 
replied that he was doing it for Clive. 
“‘Clive is my three-month-old great-
grandson,’” Smith recalls Shatner 
saying. “‘I’m 90. He’s three months 
old. We’re not going to have this 
conversation in my life.’”

COMPANIES FOUNDED BY journalists and 
historians are one thing; recording 
people’s thoughts for future generations 
is part of the job description, even 
when the videos are interactive or 3D. 
But in the fields of technology and AI, 
massive advances are arriving weekly, 
expanding the possibilities in this 
space in all sorts of directions. Faster 
processing power, full deepfake video, 
and large language models such as 
ChatGPT could create facsimiles of 
the deceased that are hybrids between 
humans and computers, that may have 
qualities we find disconcerting, or that 
open enormous ethical cans of worms.  

Hossein Rahnama, a computer 
scientist at Toronto Metropolitan 
University, is running a pilot study 
in which 50 volunteers are sharing 
social media posts and emails so that 
he can train AI agents to imitate them. 
His replicas might communicate 
through text or voice or full deepfake 
video: Rahnama is scanning some 
people in three dimensions. He is 
using intelligence that is far more 
sophisticated than the rules that route 
questions to recorded audio or video 
clips in HereAfter AI and StoryFile. 
He has patented a technology for 
“inference routing,” which, depending 
on the context, can pull up one of many 
AI subsystems specialized for symbolic 
reasoning or language generation or 
retrieving personal data. What this 
means: Rahnama’s avatars are based on 
real people, and they make their own 
decisions about what to say and when. 
That gives them something that might 
feel like human intelligence.

Rahnama runs another operation, 
Augmented Eternity, that uses those 
same ideas to create avatars that could 
be used in personal or work settings. 
For example, it is working with the 
80-year-old CEO of a well-known 
company to build a bot that could guide 
business decisions after the CEO’s 
death. Obviously, the recommendations 
would not be binding and users would 
do well to take them with a grain of salt, 
but there are ethical considerations 
built into such a product: Some people 
might feel more compelled to take an 
algorithm’s advice when it is delivered 
in the voice of a late mentor. “Are these 
tools making the decision for the new 
leadership? Or it’s more like a passive 
decision-support system?” Rahnama 
asks. (Some might recall what Steve 
Jobs, when dying, told Tim Cook, his 
replacement as CEO of Apple: “From 
this day forward, never ask what I would 
do. Just do what’s right.”) 

Before Rahnama offers the system 
commercially, he wants to better grasp 
other ethical issues. Should an avatar 
stop learning when someone dies? What 
if some new input alters the avatar in 
such a way that it no longer reflects its 
namesake’s original personality? If a 
computer simulation of your nature-
loving pal Steve suddenly votes to raze 
a rainforest, is it still Steve? In 2014, 
psychologist Nina Strohminger and 
philosopher Shaun Nichols published 
a paper titled “The Essential Moral 
Self” that explored which qualities 
constituted a person’s “true self.” In 
one experiment, participants were 
asked to imagine meeting an old friend 
after 40 years. They pictured various 
changes to their friend and rated how 
much each had affected who the friend 
really was. What mattered most—more 
than changes in memory, preferences, 
perception, or basic cognition—was 
morality, how cruel or forgiving or 
selfish or honest someone was. Anti-
rainforest Steve, then, would not be 
the same as the person it was based 
on, and that idea is creepy enough that 
it has been featured in scary science 
fiction. In “Be Right Back,” a 2013 
episode of the dystopian TV series Black 
Mirror, a young woman named Martha 
(spoilers follow) loses her boyfriend and 
then bonds with an AI agent that was 
trained on the man’s digital detritus—
tweets, videos, and other content. When 
its behavior diverges from what the 
original would do, Martha becomes 
distraught and tells it to jump off a cliff.

“I GENUINELY BELIEVE 
THAT AT SOME POINT, 
I’LL BE ABLE TO SIT 
DOWN TO HAVE DINNER 
WITH MY MOM AGAIN, 

OR GO TO OUR FAVORITE 
SPOT, TAPPING INTO 
AUGMENTED REALITY.”

Some companies don’t fear going 
even further. Justin Harrison, CEO of 
You, Only Virtual, wants his company 
to provide “unique outcomes every 
single time” someone asks a question 
of his avatars. While HereAfter AI 
generally requires collecting content 
when someone is still alive, YOV 
trains avatars—called Versonas, or 
virtual personas—to imitate people’s 
personalities based on saved messages, 
voice recordings, and videos. A Versona 
doesn’t just generate new content; its 
underlying algorithm also changes 
with each conversation, updating what 
it knows about the person it’s talking 
to. When you chat with it, using text 
messages and voice memos, you won’t 
have to keep telling it about your new 
job or girlfriend, for example. And 
Harrison is planning to let it start 
searching the web during conversations 
in order to keep up with the world, so it 
can comment on topics such as current 
movies. 

Dead people don’t have much of a 
say in the design—or even existence—
of their own Versona. YOV doesn’t 
require their consent. If a person sent a 
user a text message, the user now owns 
that data. Harrison says there are laws 
about the use of voice and images, but 
there’s no precedent to say you’re not 
allowed to build somebody’s personality. 
People could conceivably write in 
their wills that they don’t want digital 
resurrection—or want existing avatars 
to freeze in place. The request would 
have little legal basis at the moment, 
but it might dissuade descendants out 
of respect. For now, when a user uploads 
conversations, YOV plans to reach out 
to the person on the other end in case 
they’re still alive and wish to opt out 
of having a Versona made of them. “I 
anticipate that most of us in this space 
are going to be navigating complex legal 
conversations for decades to come,” 
Harrison says.

Harrison’s first Versona was the one 
he made of his mother, Melodi. More 
than facts about her history or life, 
he wanted the technology to act like 
her—for example, to “text 40 times 
if I haven’t responded to her quick 
enough,” he says. It has been incredibly 
cathartic for him to have the Versona 
to chat with. And not, he says, because 
the Versona has deep knowledge of 
his mom’s history, but because it just 
sounds like the person he misses. “The 
information that my mom has, the 
historic data if you will, is so secondary 
to that experience of, like, oh shit, that’s 
my mom.” 

Harrison wonders where the defining 
line is between his mother being here 
physically and being available to him 
digitally. “I genuinely believe that at 
some point, I’ll be able to sit down to 
have dinner with my mom again, or 
go to our favorite spot, tapping into 
AR”—augmented reality—“and this 
technology as it continues to grow.” 

Vlahos’s Dadbot doesn’t keep up with 
the news or movies, but he still talks to 
it occasionally. He knows the bot less 
intimately now that he’s not working 
on it intensely. As time passes, he’s 
more surprised by the things it says. 
Sometimes it will spout off playfully 
sassy things, like “I’m not sure I like 
your tone of voice” or “You think you’re 
so smart!” But it’s when the bot shows 
awareness of the outside world that 
really gives Vlahos a sense of wonder. 
“For instance, he might interrupt the 
conversation to say, ‘I’m happy to talk, 
but shouldn’t you be eating breakfast 
right now?’” Vlahos says. 

In the future, we may come to grieve 
the death of loved ones less. That 
person no longer has life, but they’re 
still there for you. You can carry on 
as before, sharing the same jokes and 
asking for the same types of fashion 
and relationship advice. It may become 
natural to refer to the dead in the 
present tense, as in “My mom is excited 
for me,” or “My brother hates that 
show.” It’s not the singularity with fully 
sentient machines, exactly, but it is a 
world in which the only people affected 
by death are the ones doing the actual 
dying.  
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Your Next 
iPhone (and 
Nuclear 
Subs) Will Be 
Powered by 
Space Metal
Powerful magnets created 
with the same metal found 
in meteorites could 
revolutionize modern tech.
BY ANDREW ZALESKI

The Egyptian pharaoh Tutankhamun was buried with this 
13-inch dagger, which was made of metal extracted from
meteorites.

Extracting rare-earth materials is a difficult, expensive, 
and dangerous effort requiring massive open-pit mines, 
like the Mountain Pass operation in California.

With little U.S. production, even rare-earth metals mined 
in the United States must be shipped to China for further 
processing.

Various rare-earth metals on display at the Mountain 
Pass mine in California. The mine is the only source of 
rare earths in the United States.  

O
N THE AFTERNOON of 
June 27, 1966, a noise 
like a jet cracking 
through the sound 
barrier erupted 
suddenly above the 
town of Saint-Séverin, 

in southwestern France. Residents 
recalled “detonations and whistling 
sounds” as the source of the noise, a 
meteorite, streaked across the sky. 
Soon the giant space rock, dull gray 
and weighing 250 pounds, punched the 
earth, burying itself in the soil of a local 
walking path. It left an impact crater 
approximately two feet deep and two 
and a half-feet wide. Two days later, a 
team from France’s National Museum 
of Natural History arrived to take 
several small samples of the rock.

Meteorites, like the weighty one 
that slammed into Saint-Séverin, can 
contain precious metals and debris 
from the farthest reaches of our 
galaxy—geologic clues to how our own 
planet formed. Thousands of years ago, 
early societies valued meteorites for 
their high concentrations of nickel and 
iron, formed over millions of years as 
the rocks tumbled through the solar 
system. Civilizations as far back as 
2500 B.C. used space metals to forge 
tools and weapons. Ancient Egyptians 
called meteoric metal “iron from the 
sky,” and perhaps the most famous 
example is the 13-inch-long iron dagger 
buried with the Egyptian pharaoh 
Tutankhamun in 1350 B.C. 

The meteorite that landed in France, 
though, held something maybe even 
more valuable. Geologists examining 
those samples more than 20 years 
later made an exciting discovery: The 
ball of space rock that fell on Saint-
Séverin contained a small amount of a 
rare metal, known as tetrataenite, that 
had only recently been identified. The 
specimen recovered from the meteorite 
was about 40 micrometers across, just 
the width of a human hair, but the 
metal could help revolutionize global 
production of electronics—everything 
from iPhones to fighter jets. 

The metal’s name comes from its 
form and makeup: Tetrataenite has 
a tetragonal structure composed of 
taenite, an alloy made when nickel 
combines with iron. It’s similar to the 
rare-earth metals needed to produce 
the strong magnets that power many 
of today’s consumer devices, electric 
vehicle batteries, military weapons, and 
hardware essential to renewable energy 
infrastructure. 

“Rare earths are going into absolutely 
vital segments of industry and 
technology,” says Ariel Cohen, a senior 
research fellow at the Atlantic Council. 
“They’re key components for computing 
as well as all the new technology that 
fuels or supports the energy transition.”

But extracting these metals 
happens in only a few spots globally. 
The work is difficult, dangerous, and 
environmentally risky. And the country 
that controls 70 percent of the world’s 
production, China, has threatened to 
throttle back that supply during trade 
and military negotiations with the U.S. 
and other nations. Despite its immense 
promise, tetrataenite has been viewed 
as far too uncommon to be helpful—
because it’s found exclusively in 
meteorites. Until last year, that is. 

In fall 2022, Lindsay Greer, PhD, a 
professor of materials science at the 
University of Cambridge, England, and 
several colleagues announced that they 
had synthesized tetrataenite, heating 
commonly found minerals above their 
melting point (about 2,630 degrees 
Fahrenheit) to create the once-elusive 
metal. The lab-produced version has 
magnetic properties that are enticingly 
close to rare-earth minerals such as 
neodymium, praseodymium, and 
dysprosium. Magnetic tetrataenite 
could take their place, powering 
countless devices for decades to come.

Greer’s discovery comes at a crucial 
moment. The hankering for products 
that contain rare earths is only going 
up, which makes the group of 17 
metallic elements some of the most 
sought-after resources on the planet. 
According to the U.S. Department of 
Energy, worldwide demand for rare 
earths is expected to increase by 400 
percent over the next several decades. 

“When you’re faced with a critical 
material problem, you can do one of two 
things: You can find more, or you can 
use less,” says Tom Lograsso, director 
of the Critical Materials Institute, a 
mineral research laboratory within the 
U.S. Department of Energy.

The sheer quantity of rare earths 
required for magnet production is 
staggering when put into raw numbers. 
For example, a Virginia-class nuclear-
powered attack submarine requires 
9,200 pounds of permanent magnets 
made with rare earths. (Permanent 
magnets are always magnetic, unlike 
electrical magnets that require an 
electrical charge to work.) And a 
proposal by the U.S. Departments of 
Energy and Interior to generate 86 
gigawatts of offshore wind power by 
2050 would require more than 17,000 
tons of neodymium. 

“The biggest worry for the magnet 
industry is supply risk,” says Greer. 
That makes his breakthrough—a 
powerful magnet that doesn’t rely on 
rare earths—a potential game changer.

GREER WASN’T INITIALLY interested in 
rare-earth substitutes. His research 
focuses on how metal materials 
change their structures, and he mainly 
studies alloys, including those made 
of iron and nickel. In late 2019, his 
team at Cambridge, working with 
colleagues from the Austrian Academy 
of Sciences, were investigating the 
mechanical properties of iron-nickel 
alloys containing small amounts 
of phosphorus. It was all rather 
auspicious—meteorites like the one 
that crashed in Saint-Séverin already 
contain iron, nickel, and phosphorus.

Hoping to make a metallic glass, 
which is an alloy of atoms jumbled 
together without a discrete shape, 
researchers on Greer’s team placed 
bits of iron, nickel, and a phosphide 
compound in a copper dish housed 
inside a simple electric furnace. It’s 
a miniature version of the larger 
industrial furnaces used for smelting 
iron: High-voltage electric currents 
pass across an arc suspended above 
the material generate intense, metal-
melting heat. But when Greer’s 
team finished casting, they got an 
unexpected by-product. Examining his 
creation under a microscope, Greer was 
stunned to discover that the iron and 
nickel atoms were arranged in ordered, 
tetragonal shapes—just like the 
tetrataenite that came from meteorites. 

“That was a surprise,” Greer says. 
“We were looking at this particular 
alloy with a completely different 
interest, with no focus on magnetism.” 
But after some research into 
tetrataenite, especially its magnetic 
properties, Greer and the others began 
to wonder how much of the valuable 
cosmic material they could produce. “It 
got us into the whole story of replacing 
rare earths,” he says.

Around the same time that Greer and 
his team made their announcement, 
engineers at Northeastern University 
in Boston revealed that they, too, 
had devised a means of producing 
tetrataenite. Their efforts are 
spearheaded by Laura Lewis, PhD, a 
professor of chemical engineering. 
Northeastern’s method is similar to 
Greer’s in that nickel and iron are 
heated in a furnace, with one exception: 
As the melt cools down, Lewis’s team 
applies “existential stress,” according 
to its patent, which involves bashing or 
milling the by-product to get the atoms 
inside to form those tetragonal shapes.

That could be an important step. 
For tetrataenite to perform as well 
as rare earths do, its structure must 
endure the stress involved in producing 
high-quality, strong magnets. Rare 
earths already do that supremely well, 
thanks to their unique makeup. Unlike 
most metals, rare earths have an 
additional layer of electrons called an 
F-electron shell, which most elements
do not possess. That extra dose of
electrons keeps a magnet from losing
its magnetism as materials heat up.
Manufacturers add rare-earth minerals
such as neodymium and praseodymium
to ensure that magnets maintain their
polarity even at temperatures above 300
degrees. Dysprosium and terbium, two
other rare earths, are sometimes mixed
into magnets made for particularly
demanding products, like wind turbines
and U.S. submarines.

To boost the strength and resilience 
of a permanent magnet, manufacturers 
apply heat and pressure to powdered 
rare earths, essentially welding them 
together. That creates a bulk magnet, 
which is cooled and cut into various 
shapes. The finished magnets can 
be small slivers, no thicker than a 
dollar bill for an iPhone speaker, or 
formed into large wedges and sintered 
together to create the magnets used 
in wind turbines. Regardless of their 
shape and size, permanent magnets 
are everywhere. The photos from your 
iPhone camera? The music in your 
AirPods? Neither are possible without 
rare-earth magnets. And each F-35 
stealth fighter contains 920 pounds of 
rare-earth magnets, which are used to 
control its weapons systems, radar, and 
rudders.

If you dissected the motor of 
an electric vehicle, you would find 
permanent magnets—each made 
with a pinch of neodymium and 
praseodymium—arranged around a 
copper coil that winds around a central 
drive shaft. Stomping on the gas sends 
an electric current through the coil, 
creating a magnetic field with the 
opposite polarity of the magnets. The 
opposing forces make the coil spin 
quickly, turning the drive shaft, which 
makes the wheels go round. Rare-earth 
magnets excel at this transfer of energy 
from mechanical to electrical and back 
again. With one pound of permanent 
magnets, and an electric charge no 
greater than the one running an iPad, 
the Tesla Model Y can rip from a dead 
stop to 60 miles per hour in under four 
seconds. That power has the world 
clamoring for rare-earth minerals and 
their super-magnetic properties. 

In just the past decade, demand for 
rare earths has skyrocketed. The need 
for dysprosium alone will increase 
by more than 2,500 percent by 2035, 
according to analysts at the University 
of Pennsylvania’s Kleinman Center for 
Energy Policy. Mined production of rare 
earths has also increased dramatically. 
In 2010, the world dug up 133,000 tons 
of rare-earth materials; in 2022, that 
number exceeded 300,000 tons, worth 
$9.5 billion. By 2028, the trade in rare 
earths is expected to be worth $21 
billion. 

Supplies of rare-earth minerals are 
getting ever tighter. China is reportedly 
exploring limiting the amount of 
the crucial materials it exports to 
American defense contractors. Without 
a breakthrough in manufacturing, or 
the discovery of additional sources of 
rare earths, a synthetic material like 
tetrataenite could be our best bet for 
keeping important weapons, green 
technologies, and beloved electronics 
operating into the future. 

WHILE CHINA DOMINATES rare-
earth mining, the U.S. has one lone 
operational mine. Nestled deep in 
California’s Clark Mountain Range, 
about 200 miles southeast of Los 
Angeles, the massive open-pit Mountain 
Pass mine is nearly the length of nine 
football fields. And if you planted the 
Washington Monument at the mine’s 
deepest point, the rust-colored, human-
made canyon would still eclipse the 
555-foot-tall obelisk by about 50 feet. 

For about 20 years beginning in 
the mid-1960s, the U.S. led the world 
in rare-earth mining. That changed 
in the 1980s, when China ramped up 
its mining efforts. Blessed with rich 
deposits of rare earths, the country 
cornered the market by mining the 
metals more cheaply (mainly by paying 
workers low wages) and selling them at 
rock-bottom prices. Its lackadaisical 
approach to environmental regulation 
also gave it a leg up. Last year, Chinese 
mines produced 210,000 tons of rare 
earths, nearly 70 percent of the world’s 
supply. Mines in the U.S. struggled to 
keep pace, closing one by one until only 
the largest operation, Mountain Pass, 
remained. But it too shuttered for a 
time, following a toxic waste spill in 
2002.  

Environmental degradation comes 
with the territory. Mining is destructive 
on its own, but rare earths must also 
be chemically separated from the 
larger mineral deposits—a messy and 
potentially hazardous process. In huge 
open-pit mines like Mountain Pass, 
excavators dig earthen benches into 
the ground that allow miners to access 
lower elevations. There, miners drill 
holes, pack them with explosives, and 
blast open the rock to extract dense 
rare-earth oxide ore. Humongous 
dump trucks carry the ore to milling 
machines that crush and grind the 
ore into sandlike granules. Even in 
this form, the granules still contain 
unwanted minerals. At on-site chemical 
plants, the granulated ore is coated 
with chemicals or compounds to create 
a reaction and then placed in “froth 
flotation” tanks, where the rare earths 
rise to the surface and are skimmed 
off the top. The solids left behind are 
removed from the slurry, and the water 
is recycled back to the flotation process.

The problem is even worse in China, 
where environmental standards are 
lower. The Bayan-Obo district in Inner 
Mongolia contains the world’s largest 
rare-earth mine and the world’s largest 
tailings pond, which has been filled 
with toxic chemicals since the 1950s. 
The health consequences are startling. 
According to Chinese state media 
reports, the pond was never properly 
lined and the poisonous water is seeping 
into the ground, destroying nearby 
crops, killing livestock, and making its 
way to the Yellow River, a vital source of 
drinking water in the region. 

Globally, no rare-earth mine operates 
without doing some harm to its workers 
and the environment. The commonly 
cited figure is that mining just one 
ton of rare-earth elements results in 
2,000 tons of tailings waste in the form 
of toxic dust, separation chemicals, 
wastewater, and radioactive residue.

In the U.S., Mountain Pass has an 
improving environmental record. After 
the 2002 spill that closed operations, 
the mine changed hands several 
times. In 2017, MP Materials, a public 
company headquartered in Las Vegas, 
assumed ownership and revived mining 
operations. Among other changes, it 
implemented a process to recycle the 
toxic wastewater needed to process rare 
earths, which it believes will reduce 
the chance of another environmental 
disaster. 

Production at the mine is increasing 
too. Five years ago, Mountain Pass 
produced 14,000 tons, or 8 percent, 
of the world’s rare earths; last year, 
that number rose to 42,000 tons, or 
14 percent. Still, demand outpaces 
those increases in mining production. 
In the U.S., high costs and strict 
regulations prevent new mines from 
opening. And deep concerns exist over 
the environmental destruction caused 
by rare-earth mines in China and 
elsewhere.  

“It’s beyond just scarcity,” 
Northeastern’s Lewis said last fall. 
“Because the methods necessary to 
process the ore that comes out of the 
earth are really environmentally 
hazardous—I would say even 
damaging.”

Tetrataenite can mitigate those 
issues. Its base metals, iron and nickel, 
are two of the most abundant metals on 
earth. They’re the standard elements 
in stainless steel, for example. Both are 
cheaper and easier to extract from the 
earth than rare earths, with less severe 
environmental repercussions. 

Tetrataenite might also allow 
producers to bypass a crucial processing 
stage required to purify the metals after 
they’re separated from other minerals 
at the mine. That step is done almost 
entirely in China, which controls 
87 percent of worldwide rare-earth 
processing. China so dominates the 
mining and processing of rare earths 
that in 2018, the U.S. Congress ordered 
the Pentagon to stop purchasing 
neodymium magnets made in China. 
Last year, several U.S. senators 
proposed further legislation that would 
prevent any defense contractors from 
sourcing any rare earths from China by 
2026.

“If we are in a confrontation with 
Beijing, they can stop the supply,” says 
the Atlantic Council’s Ariel Cohen, who 
notes that the U.S. currently imports 
95 percent of its rare-earth compounds 
and magnets. “The whole supply chain 
has to be beefed up in the U.S.,” he 
says. “So if overall the process [for 
tetrataenite] is economical and safer or 
environmentally better, then why not?”

Underscoring the stakes, the U.S. 
Department of Defense gave Mountain 
Pass a $35 million grant in 2022 so that 
it could begin processing rare earths in 
California, bypassing China completely. 
That’s in addition to $9.6 million the 
Pentagon provided in 2020 to bolster 
the mine’s output. MP Materials is also 
constructing a manufacturing facility 
in Fort Worth, Texas, that it says will 
churn out enough permanent magnets 
laden with rare earths by 2025 to power 
500,000 electric vehicle motors—a 
quantity that could power every new 
electric vehicle bought in the country.

MUCH MORE still needs to be done 
to meet the growing demand in the 
U.S. and globally. Patents in hand, 
the teams led by Greer and Lewis are 
working to turn their breakthroughs 
into meaningful amounts of mass-



produced tetrataenite. It won’t be easy. 
The best either team can do now is 
produce trace amounts, which still need 
to be fully verified, inside their small 
laboratories. Next, they must develop 
a manufacturing process capable of 
making tetrataenite consistently and at 
scale. Greer acknowledges that they are 
likely years away. “Our ongoing research 
has shown how difficult it is to make 
tetrataenite,” he says. 

One of their biggest obstacles is 
finding a way to deal with temperatures. 
At temperatures above several hundred 
degrees, iron and nickel atoms like 
to move around. (This is what lent 
meteoric iron its malleability, making 
it popular among earlier societies and 
dagger-wielding Egyptian pharaohs.) 
But as alloys of iron and nickel cool 
down, the atoms inside become less 
mobile, and therefore less likely to 
arrange themselves into the tetragonal 
structure that creates magnetic 
tetrataenite. Manufacturing the 
material on a large scale will require 
researchers to dramatically speed up 
how atoms of iron and nickel arrange 
themselves into that stable tetragonal 
structure and remain locked in 
place as the metals cool to ambient 
temperatures. 

That’s only half the challenge. 
Permanent magnets made of 
rare earths must withstand high 
temperatures, sometimes above 300 
degrees Fahrenheit in electric-vehicle 
motors, for instance. But heating 
tetrataenite to those levels breaks down 
the bonds between atoms, collapsing 
the tetragonal structure that gives 
the material its impressive magnetic 
properties. 

“The real challenge is not in making 
the tetragonal or getting the atoms 
arranged the way you want them, but 
keeping them in that state while you 
go about working in the real world,” 
Lograsso says.

Should either research team 
successfully clear those hurdles, it 
would be a monumental breakthrough—
one that could reorder the global supply 
chain. Countries without their own 
deposits of rare earths could more 
readily source materials to power 
computers, electric vehicles, wind 
turbines, and military tech. It would be 
a boon to the green-energy movement, 
while slowing the environmental harm 
created by rare-earth mining and 
processing. 

Whether tetrataenite could be 
that hero material remains an open 
question. But if we can harness the 
magic of meteorites, we may find that 
expanding the pool of permanent 
magnets comes not from digging larger 
mines, but from a space metal produced 
right here on Earth. 
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I
N LATE 2020, physicist Harold 
“Sonny” White, PhD, research 
director of the nonprofit 
Limitless Space Institute, 
noticed something peculiar—and 
familiar—in a circular pattern of 
data plots generated by a recent 

experiment. 
White and his team in LSI’s Houston 

laboratory were conducting research 
for the Defense Advanced Research 
Projects Agency, or DARPA, and had 
set up these particular experiments 
to study the energy densities within 
Casimir cavities, the mysterious 
spaces between microscopic metal 
plates in a vacuum. The data plot 
indicated areas of diminished energy 
between the plates, which caused 
them to push toward each other as if 
trying to fill the void. This is known 
as negative vacuum energy density, a 
phenomenon in quantum mechanics 
called, appropriately enough, the 
Casimir effect. It’s something that’s 
helping scientists understand the 
soupy physics of microscale structures, 
which some researchers hope can be 
applied to energy applications that are 
more practical, such as circuits and 
electromechanical systems.

But White noticed that the pattern 
of negative vacuum energy between 
the plates and around tiny cylindrical 
columns that they’d inserted in the 
space looked familiar. It precisely 
echoed the energy pattern generated 
by a type of exotic matter that some 
physicists believe could unlock high-
speed interstellar travel. “We then 
looked, mathematically, at what 
happens if we placed a one-micron 
sphere inside of a four-micron cylinder 
under the same conditions, and found 
that this kind of structure could 
generate a little nanoscale warp bubble 
encapsulating that central region,” 
White explains.

That’s right—a warp bubble. The 
essential component of a heretofore 
fictional warp drive that has for decades 
been the obsession of physicists, 
engineers, and sci-fi fans. Warp drive, of 
course, is the stuff of Star Trek legend, a 
device enclosed within a spacecraft that 
gives the mortals aboard the ability to 
rip around the cosmos at superhuman 
speed. To the lay sci-fi fan, it’s a “black 
box”—a convenient, completely 
made-up workaround to avoid the harsh 
realities of interstellar travel. However, 
after decades of speculation, research, 
and experimentation, scientists believe 
a warp drive could actually work. 

To emphasize: White didn’t actually 
make a warp bubble. But the data from 
his study led to an aha moment: For 
the first time, a buildable warp bubble 
showed promise of success.

A Warp Drive 
Breakthrough 
That Could 
Make 
Interstellar 
Travel 
Possible
Scientists now know how we 
can travel faster than the 
speed of light. Steering at 
warp speed? Not quite yet.
BY ERIC ADAMS

THOUGH THE SPECIFIC 
MECHANICS OF AN 

ACTUAL DEVICE HAVEN’T 
BEEN UNPACKED, THE 
MATH POINTS TOWARD 

FEASIBILITY.

“IF YOU COLLIDE 
WITH SOMETHING ON 
YOUR PATH, IT WOULD 
ALMOST CERTAINLY BE 

CATASTROPHIC.”

In order to travel at faster-than-light speeds, a warp 
drive would have to expand space behind a spacecraft 
and contract space in front, creating a warp bubble that 
surrounds the vessel.

Uncharged 
metallic 
plates

Vacuum 
fluctuations

Casimir 
force

Casimir cavities are mysterious spaces between 
microscopic metal plates in a vacuum. Areas of 
diminished energy between the plates cause them to 
push toward each other, as if trying to fill the void—
referred to as the Casimir effect or Casimir force.

WARP TECHNOLOGY’S CORE science is 
surprisingly sound. Though the specific 
mechanics of an actual device haven’t 
been fully unpacked, the math points 
toward feasibility. In short, a real-life 
warp drive would use massive amounts 
of energy, which can come in the form 
of mass, to create enough gravitational 
pull to distort spacetime in a controlled 
fashion, allowing a ship to speed along 
inside a self-generated bubble that 
itself is able to travel at essentially any 
speed. Warp drives popped up in fiction 
intermittently for several decades before 
Star Trek creator Gene Roddenberry 
plugged one into the USS Enterprise 
in 1966. But Miguel Alcubierre, PhD, 
a Mexican theoretical physicist and 
professed Star Trek enthusiast, gave the 
idea real-world legs when he released a 
paper in 1994 speculating that such a 
drive was mathematically possible. It 
was the first serious treatment of a warp 
drive’s feasibility, and it made headlines 
around the world. His breakthrough 
inspired more scientists to nudge the 
theoretical aspects of warp drive toward 
concrete, practical applications.

 “I proposed a ‘geometry’ for space 
that would allow faster-than-light 
travel as seen from far away, essentially 
expanding space behind the object 
we want to move and contracting it in 
front,” Alcubierre says. “This forms a 
‘bubble’ of distorted space, inside of 
which an object—a spaceship, say—
could reside.” 

Physicists tend to speak in relative 
terms. By injecting the sly qualifier “as 
seen from far away,” Alcubierre might 
sound like he’s describing the galactic 
equivalent of an optical illusion—an 
effect perhaps similar to driving past 
a truck going the opposite direction on 
the highway when you’re both going 60 
miles an hour. Sure feels like a buck-
twenty, doesn’t it? But the A-to-B speed 
is real; the warp effect simply shortens 
the literal distance between two points. 
You’re not, strictly speaking, moving 
faster than light. Inside the bubble, all 
appears relatively normal, and light 
moves faster than you are, as it should. 
Outside the bubble, however, you’re 
haulin’ the mail.

Alcubierre’s proposal had solved 
one of the initial hurdles to achieving 
warp speeds: The very idea clashes 
with Einstein’s long-accepted theory 
of general relativity, which states that 
nothing can travel faster than the speed 
of light, but it doesn’t preclude space 
itself from traveling faster than that. In 
fact, scientists speculate that the same 
principles explain the rapid expansion 
of the universe after the Big Bang.

While concluding that warp speed 
was indeed possible, Alcubierre 
also found that it would require an 
enormous amount of energy to sustain 
the warp bubble. He theorized that 
negative energy—the stuff hinted 
at by White’s experimentation with 
Casimir cavities—could be a solution. 
The only problem is that no one has 
yet proved that negative energy is real. 
It’s the unobtanium of our spacefaring 
imaginations, something researchers 
only believe to exist. In theory, 
however, this unknown matter may 
be sufficiently powerful that future 
warp drive designers could channel 
it to contract spacetime around it. In 
conceptual drawings of warp-capable 
spacecraft, enormous material rings 
containing this energy source surround 
a central fuselage. When activated, 
it warps spacetime around the entire 
ship. The more intense the warping, the 
faster the warp travel is achieved. 

Of course, it’s not that simple. 
Physicist José Natário, PhD, a professor 
at the Instituto Superior Técnico in 
Lisbon, wrote his own influential paper 
about the mathematical feasibility of 
warp drives in 2001. However, he is 
concerned about practical conundrums, 
like the amount of energy required. 
“You need to be able to curve spacetime 
quite a lot in order to do this,” he says. 
“We’re talking about something that 
would be much, much more powerful 
than the sun.”

Alcubierre is similarly skeptical 
that his theoretical ideas might ever be 
used to develop a working warp drive. 
“In order to have a bubble about 100 
meters wide traveling at precisely the 
speed of light, you would need about 
100 times the mass of the planet Jupiter 
converted into negative energy, which of 
course sounds absurd,” he says. By that 
standard, he concludes, a warp drive is 
very unlikely.

PHYSICISTS LOVE A challenge, though. In 
the 29 years since Alcubierre published 
his paper, other scientists have wrestled 
with the implications of the work, 
providing alternative approaches to 
generating the energy using more 
accessible power sources, finding 
oblique entry points to the problem, 
and batting ideas back and forth in 
response to one another’s papers. They 
use analogies involving trampolines, 
tablecloths, bowling balls, balloons, 
conveyor belts, and music to explain the 
physics. 

They even have their own vocabulary. 
It’s not faster-than-light travel; it’s 
superluminal travel, thank you. Then 
there’s nonphysical and physical—
a.k.a. the critical distinction between 
theoretical speculation and something 
that can actually be engineered. (Pro 
tip: We’re aiming for physical here, 
folks.) They do mention Star Trek a lot, 
but never Star Wars. Even the scruffiest-
looking nerf herder knows that the ships 
in Star Wars use hyperdrive, which 
consumes fuel, rather than warp drives, 
which don’t use propulsive technology 
but instead rely on, well, warping. 
They’re also vague about details like 
what passengers would experience, 
what gravity is like on board since you’re 
carrying around boatloads of energy, 
and what would happen if someone, say, 
jumped out of the ship while warping. (A 
speculative guess: Nothing good.)

Such research isn’t typically funded 
by academic institutions or the DARPAs 
and NASAs of the world, so much of 
this work occurs in the scientists’ 
spare time. One such scientist and 
Star Trek enthusiast is physicist Erik 
Lentz, PhD. Now a researcher at Pacific 
Northwest National Laboratory in 
Richland, Washington, Lentz was 
doing postdoctoral work at Göttingen 
University in Germany when, amid the 
early, isolated days of the pandemic, 
he mulled the idea of faster-than-
light travel. He published a paper in 
2021 arguing that warp drives could 
be generated using positive energy 
sources instead of the negative energy 
that Alcubierre’s warp drive seemed to 
require. 

“There are a number of barriers to 
entry to actually being able to build a 
warp drive,” Lentz says. “The negative 
energy was the most obvious, so I tried 
to break that barrier down.”

He explored a new class of solutions 
in Einstein’s general relativity while 
focusing on something called the 
weak-energy condition, which, he 
explains, tracks the positivity of energy 
in spacetime. He hit upon a “soliton 
solution”—a wave that maintains its 
shape and moves at a constant velocity—
that could both satisfy the energy-level 
challenge and travel faster than light. 
Such a warp bubble could travel along 
using known energy sources, though 
harnessing those at the levels needed 
are still far beyond our capabilities. The 
next step, he notes, may be bringing the 
energy requirements for a warp drive 
to within the range of a nuclear fusion 
reactor.

A fusion-powered device could 
theoretically travel to and from Proxima 
Centauri, Earth’s nearest star, in years 
instead of decades or millennia, and 
then go faster and faster as power 
sources improve. Current conventional 
rocket technology, on the other hand, 
would take 50,000 years just for a one-
way trip—assuming, of course, there 
was an unlimited fuel supply for those 
engines. 

Like Alcubierre’s original thesis, 
Lentz’s paper had a seismic impact on 
the warp drive community, prompting 
yet another group of scientists to dig 
into the challenge. Physicist Alexey 
Bobrick and technology entrepreneur 
Gianni Martire have been particularly 
prolific. In 2021, they released a paper 
theorizing that a class of subliminal 
warp drives, traveling at just a fraction 
of light speed, could be developed from 
current scientific understanding. 
While that paper essentially argued 
that it’s perfectly acceptable to walk 
before you can run, they followed it 
up with another theory earlier this 
year that describes how a simulated 
black hole, created using sound waves 
and glycerin and tested with a laser 
beam, could be used to evaluate the 
levels of gravitational force needed 
to warp spacetime. The duo coded 
that breakthrough into a public app 
that they hope will help more quickly 
push theoretical ideas to practical 
ones. Though the team is waiting for 
the technology to clear a peer review 
stage before releasing details, the app 
is essentially a simulator that allows 
scientists to enter their warp-speed 
equations to validate whether they’re 
practical. 

“When somebody publishes a warp 
metric for the first time, people say, 
‘Okay, is your metric physical?’” 
Martire says. The answer to that 
question—whether the metric has 
practical potential or is strictly 
theoretical—is hard to establish 
given the challenges of testing these 
hypotheses. That determination 
could take six to eight months. “Now 
we can tell you within seconds, and it 
shows you visually how off you are or 
how close you are,” he says.

While useful, the app will speed up 
the preliminary math only for future 
researchers. Galaxy-sized challenges 
remain before we ever experience 
turbocharged interstellar travel. 
Alcubierre worries in particular about 
what may happen near the walls of the 
warp bubble. The distortion of space is 
so violent there, he notes, that it would 
destroy anything that gets close. “If 
you collide with something on your 
path, it would almost certainly be 
catastrophic,” he says.

Natário mulls even more practical 
issues, like steering and stopping. “It’s 
a bubble of space, that you’re pushing 
through space,” he says. “So, you’d 
have to tell space ... to curve in front 
of your spaceship.” But therein lies the 
problem: You can’t signal to the space in 
front of you to behave the way you want 
it to.

His opinion? Superluminal travel 
is impossible. “You need these huge 
deformations that we have no idea how 
to accomplish,” Natário says. “So yes, 
there has been a lot of effort toward this 
and studying these weird solutions, but 
this is all still completely theoretical, 
abstract, and very, very, very, very 
far from getting anywhere near a 
practical warp drive.” That’s “very” 
to the power of four, mind you—each 
crushing blow pushing us exponentially, 
excruciatingly further and further away 
from our yearned-for superluminal 
lives. 

ULTIMATELY, THE PURSUIT of viable 
high-speed interstellar transportation 
also points to a more pressing 
terrestrial challenge: how the scientific 
community tackles ultra-long-term 
challenges in the first place. Most of 
the research so far has come from self-
starters without direct funding, or by 
serendipitous discoveries made while 
exploring often unrelated research, 
such as Dr. White’s work on Casimir 
cavities.

Many scientists argue that we’re in 
a multi-decade period of stagnation 
in physics research, and warp drive—
despite its epic time horizons before 
initial research leads to galaxy-
spanning adventures—is somewhat 
emblematic of that stagnation. 
Sabine Hossenfelder, a research 
fellow at the Frankfurt Institute for 
Advanced Studies and creator of the 
YouTube channel Science Without 
the Gobbledygook, noted in a 2020 
blog post that physics research has 
drifted away from frequent, persistent 
physical experimentation to exorbitant 
infusions of cash into relatively few 
devices. She writes that with fewer 
experiments, serendipitous discoveries 
become increasingly unlikely. Without 
those discoveries, the technological 
progress needed to keep experiments 
economically viable never materializes. 

When asked whether this applied 
equally to warp drive, Hossenfelder sees 
a faint but plausible connection. “Warp 
drives are an idea that is not going to 
lead to applications in the next 1,000 
years or so,” she says. “So they don’t play 
a big role in that one way to another. But 
when it comes to the funding, you see 
some overlap in the problems.”

So, despite all the advances, the 
horizon for a warp drive remains 
achingly remote. That hasn’t fazed the 
scientists involved, though. A few years 
ago, while teaching in France, White 
visited the Strasbourg Cathedral with 
his wife. While admiring its 466-foot-
tall spire, he was struck by the fact that 
construction began in 1015 but didn’t 
wrap up until 1439—a span of 424 
years. Those who built the basement had 
no chance of ever seeing the finished 
product, but they knew they had to do 
their part to aid future generations. “I 
don’t have a crystal ball,” White says. “I 
don’t know what the future holds. But 
I know what I need to be doing right 
now.” 
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China and 
Russia Have 
Cracked the 
Stealth Code. 
Can the U.S. 
Regain Air 
Dominance?
With global technology 
advancing, America’s 
top-secret next-
generation fighter jet 
program adds AI-powered 
weapons, more data 
processing than most 
armies, and drone 
wingmen to an already 
impressive arsenal.
BY ALEX HOLLINGS

Lockheed Martin F-22 
Raptor 
Operated by: The United States
Most fearsome feature: The 
stealthiest fighter in the sky 
today

The F-22 has one of the smallest radar 
returns of any fighter in history, a 
reported 0.0001 square meter—about 
the size of a marble to enemy radar 
systems. Its two Pratt & Whitney F119 
turbofan engines produce a whopping 
70,000 pounds of thrust, and their 2D 
thrust-vectoring engine nozzles allow 
the pilot to orient thrust up or down, 
making this stealth fighter faster and 
more maneuverable than most of its 
competitors.

“Even when I’m flying offensive 
against another Raptor, that airplane 
is eye-watering when it starts 
maneuvering visually,” retired Air 
Force Col. Terry “Stretch” Scott told the 
military website Task & Purpose.

In addition to exceptional close-
quarters fighting, the F-22 is a capable 
sniper as well. Its powerful AN/APG-
77 Active Electronically Scanned Array 
(AESA) radar allows pilots to locate 
and target enemy fighters that are more 
than 100 miles away.

Introduced in 2005 as the world’s first 
fifth-generation fighter, the F-22 Raptor 
is slated to retire sometime in the 
2030s. As the oldest aircraft on this list, 
it lacks modern systems found in its 
competitors. But a $10.9 billion upgrade 
program will add stealthy external fuel 
tanks to increase its range, give it the 
ability to communicate with AI-enabled 
drones, and add infrared search and 
track (IRST) capabilities, which allows 
for targeting enemy fighters via their 
heat signatures. That, the Air Force 
hopes, will maintain the F-22’s status 
as the world’s most capable fighter until 
it flies into the sunset sometime in the 
next decade.  

I
N MARCH 2017, the crowning 
achievement of the Chinese 
aircraft manufacturer Chengdu, 
the J-20 Mighty Dragon, entered 
service for the People’s Liberation 
Army’s Air Force. It was the 
world’s first operational stealth 

aircraft to be designed outside the 
United States, and its introduction 
brought America’s three-decade 
monopoly on stealth aviation to an 
immediate end.

The Mighty Dragon looked similar 
to the best fighter in the sky today, 
America’s F-22 Raptor. But F-22 
production was halted in 2011 after 
just 186 jets. Today, fewer than 120 are 
fit for combat. And as each day passes, 
America’s F-22 fleet inches closer to 
retirement while China’s J-20 fleet 
continues to grow. To keep up, the U.S. 
has been secretly developing its next 
generation of stealth fighters over the 
past nine years. 

In 2013, Arati Prabhakar, who at the 
time was the director of the Defense 
Advanced Research Projects Agency, 
said that the U.S. had begun studying 
an “air dominance initiative.” Today, a 
bit more is known about the program. 
Analysts believe the new jet, known as 
the Next Generation Air Dominance 
(NGAD) program, will have powerful 
new engines, fly with drone wingmen, 
and have advanced sensors and radars 
that use machine-learning and AI to 
target enemy aircraft.

It’s hard to say how stealthy the 
new NGAD jets will be. The F-22 is 
already nearly undetectable on enemy 
radars in most conditions. But aircraft 
manufacturers achieve stealth—a 
craft’s capability of flying undetected 
by the enemy—with several overlapping 
technologies. Stealth fighters like the 
F-22 are shaped to deflect opposing 
radar waves. They’re also coated in 
highly classified materials which, 
on U.S. jets, can absorb as much as 
80 percent of radar waves. Stealth 
planes’ engines are designed to make 
less noise and produce a smaller 
heat signature, and their onboard 
radar and communication tools emit 
electromagnetic frequencies that are 
harder to detect than most.

Stealth fighters can attack ground 
forces, perform reconnaissance 
missions, carry out secretive 
intelligence operations, and even jam 
enemy radars. Their ability to perform 
these functions over enemy airspace 
with relative impunity makes them 
vital to any modern air force. As a 
result, the world is quickly catching up 
to America’s stealth dominance. 

In addition to China, Russia also 
has a new stealth fighter,  the Sukhoi 
Su-57, known as the Felon by most 
NATO countries. At least nine publicly 
disclosed new stealth fighter programs 
are in development around the world, 
including NGAD. And at least some of 
these efforts are developing capabilities 
so game-changing that they’ve been 
characterized as an entirely new 
generation —the sixth generation of 
fighters. When it comes time to crown 
a new air combat champion for the 21st 
century, the honor will almost certainly 
fall to one of the following eight 
programs. 

Lockheed Martin F-35 
Lightning II 
Operated by: The United States 
and its allies
Most fearsome feature: The most 
powerful computer system in a 
fighter

The F-35 is one of the most 
technologically advanced fighters to 
ever take to the sky. Its data-fusing 
capabilities—sourced from numerous 
sensors on the aircraft—provide 
remarkable situational awareness. This 
system “reduces pilot workload and 
allows the pilots to have a situational 
‘bubble’ so that they’re more than just 
a pilot and they’re more than a sensor 
manager. They’re true tacticians,” Tony 
Wilson, Lockheed Martin’s chief of 
fighter flight operations, told Warrior 
Maven in March.

The F-35’s powerful AN/APG-81 
AESA radar can jam enemy radar 
while simultaneously identifying 
and targeting opponents—a form of 
electronic warfare unmatched by other 
fighters. Its AN/AAQ-37 Electro-Optical 
Distributed Aperture System (EODAS) 
draws from omnidirectional infrared 
sensors positioned around the aircraft 
and ties into the fighter’s targeting 
system, allowing F-35 pilots to engage 
enemy fighters flying behind them. 

While the F-35 lacks the sheer power 
of some other jets on this list, a series 
of $15 billion upgrades implemented 
across the fleet ensure that it will 
remain among the most potent fighters 
in the sky for decades. Each new F-35 
already includes a new processor with 
25 times the computing power and a 
twentyfold increase in data storage 
compared to older editions. The upgrade 
effort, called Block IV, also adds two 
extra missiles to the F-35’s weapon 
storage, 17 new kinetic and electronic-
warfare weapon capabilities, and a more 
powerful new radar and distributed-
aperture system, among other classified 
upgrades.

Sukhoi Su-57 Felon 
Operated by: Russia
Most fearsome feature: Unmatched 
maneuverability

The Sukhoi Su-57 Felon is a powerful 
and aerobatic jet that poses a 
significant threat to any fourth-
generation fighter it comes across—or 
any fifth-generation fighter it manages 
to get close to. It’s also a terrible stealth 
fighter, with a radar cross section 
(RCS) larger than that of some non-
stealth jets. According to Sukhoi, the 
Felon has an RCS of between 0.1 and 
1 square meter—making it literally 
thousands of times larger on a radar 
screen than the F-22. 

Regardless, the Su-57 is a capable 
jet, thanks to 70,000 pounds of thrust 
and an active electronically scanned 
array radar. The fighter also has 
IRST capability, which allows it to 
identify and target stealth opponents 
that don’t appear on radar. It is the 
only fifth- generation fighter with 3D 
thrust vector control. Unlike the F-22 
and some J-20s, which orient thrust 
up and down, the Su-57 can orient 
thrust in any direction. Therefore, 
the Felon can perform breathtaking 
aerial maneuvers. The fighter’s biggest 
shortcoming, however, is production. 
Russia has only 21 Su-57s—12 of which 
are hand-built prototypes that may 
not be combat ready. The total figure 
would have been 22, but the first serial 
production Su-57 promptly crashed 
during its first test flight. 

Chengdu J-20 Mighty Dragon 
Operated by: China
Most fearsome feature: Hundreds 
in production

The Mighty Dragon’s lengthy blended 
fuselage stretches over 20 feet longer 
than that of the American F-35. 
Movable miniature wings, known as 
canards, extend from the fighter’s two 
diverterless supersonic air inlets and 
well ahead of its rear delta wings, giving 
the J-20 a unique profile among stealth 
fighters—despite U.S. accusations that 
China stole design plans from the F-22 
and the defunct Russian MiG 1.44 
stealth program. 

China developed the J-20 to 
accommodate powerful WS-15 
afterburning turbofan engines, 
which military analysts believe will 
produce a combined 44,000 pounds of 
thrust each, with 2D thrust vectoring 
capabilities similar to America’s F-22. 
But Chengdu has suffered repeated 
setbacks in WS-15 development, so 
most J-20s use older, less powerful 
engines. In March, China reported 
plans to begin mass production of the 
WS-15. 

Even without the WS-15 powerplant, 
the J-20 is a potent threat to most 
aircraft, thanks to its Type 1475 AESA 
radar. The fighter also carries the 
potent PL-15 radar-guided air-to-air 
missile, which has its own onboard 
radar array to track enemy planes 
once fired. The J-20 can target the heat 
signature of enemy stealth jets using 
its EORD-31 IRST system, which lifts 
upward out of its nose. But unlike the 
F-35’s 360-degree infrared awareness, 
the J-20’s IRST capability is limited 
to the front of the aircraft. The J-20’s 
combination of stealth and long-range 
weapons make it particularly suitable 
for hunting “command and control” 
aircraft, which are airborne command 
centers, as well as fourth-generation 
fighters like the F/A-18 Super Hornet 
and the F-16 Fighting Falcon. 

Most assessments rank the J-20 as 
stealthier than Russia’s Su-57, but it 
still trails American stealth fighters. 
According to independent analyses 
of the J-20’s design, the aircraft is 
effectively stealthy when approaching 
head-on but easier to detect from other 
angles. “[The J-20]’s not anything to 
lose a lot of sleep over,” Gen. Kenneth S. 
Wilsbach, Commander of U.S. Pacific 
Air Forces, said last September.

Next Generation Air 
Dominance Fighter (NGAD)
Operated by: The United States
Most fearsome feature: Flies 
alongside drone wingmen

The U.S. Air Force’s Next Generation 
Air Dominance fighter is a 
developmental effort aiming to replace 
the aging F-22 Raptor with a sixth-
generation stealth jet. However, the 
NGAD craft might not necessarily 
resemble a traditional fighter. 
According to a 2022 report from the 
Congressional Research Service, the 
program’s goal is not simply to build 
another fighter but to develop a weapon 
that can dominate airspace. When 
completed, the plane may look more like 
the B-21 stealth bomber than an F-22.

The same report states that NGAD’s 
next-generation combined-cycle 
afterburning turbofan engines produce 
more power with better fuel efficiency 
than the engines used by the current 
generation of stealth fighters. This 
increased power production supports 
new technologies such as lasers that 
could be used for missile defense or 
engaging enemy targets, according 
to declassified Air Force documents. 
Based on renderings released by 
Northrop Grumman and Lockheed 
Martin, which are competing to 
develop the new plane, it appears that 
the aircraft may offer a significant 
increase in stealth over fifth-generation 
fighters, thanks to a combination of 
improved design and new composite 
materials that should offer greater 
electromagnetic absorption. The 
Congressional Research Service report 
also indicates that the NGAD fighter 
will have greater sensor range and 
longer-range weapons.

Additionally, there will be uncrewed 
systems flying alongside each new 
NGAD fighter. Known as collaborative 
combat aircraft, or CCAs, these 
AI-enabled drones will be used to attack 
enemy targets. “One way to think of 
CCAs is as remotely controlled versions 
of the targeting pods, electronic warfare 
pods, or weapons now carried under the 
wings of our crewed aircraft,” Air Force 
Secretary Frank Kendall said in March.

F/A-XX 
Operated by: The United States
Most fearsome feature: Combat 
radius greater than 700 miles

The U.S. Navy’s F/A-XX is a  
developmental aircraft designed to be 
launched from aircraft carriers. (The 
X’s signify that the aircraft has yet to be 
given a formal designation.) The stealth 
fighter will share modular internal 
systems with the Air Force’s NGAD 
fighter and, like that plane, will fly 
alongside drones that can extend radar 
range and carry additional munitions. 
These fighters are slated to replace the 
Navy’s existing fleet of F/A-18 Super 
Hornets in the 2030s. 

Details about this sixth-generation 
fighter are sparse, but the Navy is 
pushing for a significant increase in 
speed and range over today’s Super 
Hornets and F-35Cs, both of which 
have a combat radius of less than 700 
miles. The Navy also wants the new 
fighter to carry larger, longer-range 
weapons internally. That would allow 
America’s carriers to attack enemy 
shoreline defenses while remaining out 
of reach of current hypersonic anti-ship 
missiles, which have ranges that exceed 
1,000 miles.

Shenyang FC-31 Gyrfalcon 
Operated by: China
Most fearsome feature: China’s 
first carrier-based stealth 
fighter

China’s Shenyang Aircraft Corporation 
unveiled a prototype of the FC-31 in 
2014, and the plane bore a striking 
resemblance to America’s F-35. As it 
did with the J-20, the U.S. has accused 
China of stealing intellectual property 
to build the FC-31. But unlike the 
F-35, which has only a single engine, 
the FC-31 will carry two afterburning 
turbofan engines. 

China is reportedly developing the 
FC-31 for service aboard its aircraft 
carriers, and the South China Morning 
Post published satellite images that 
showed the jet lined up next to China’s 
existing carrier aircraft, the J-15, at a 
Chinese naval base. 

While China has released few details 
about the FC-31, Chinese military 
aviation analyst Fu Qianshao told the 
South China Morning Post that “...its 
technical level is comparable to that 
of the U.S. F-35C in terms of carrying 
capacity, combat radius, advanced 
airborne equipment, and excellent 
situational awareness capabilities.” 
Fu also said that although the FC-31 is 
still a test aircraft, it will undergo trials 
aboard aircraft carriers later this year.



BAE Tempest 
Operated by: The United Kingdom 
Most fearsome feature: The most 
powerful radar ever placed in a 
fighter

Like America’s NGAD and F/A-XX 
efforts, the U.K.’s Tempest is a sixth-
generation stealth fighter that will 
replace the existing Eurofighter Typhoon 
by 2035. In April, the U.K. Ministry 
of Defence awarded BAE Systems 
$822 million to continue development 
of the Tempest, and the U.K. hopes 
to fly a prototype by 2027.  The U.K. 
will collaborate with Italy, Japan, and 
Sweden to develop the new fighter.

According to BAE Systems, it too 
will fly alongside AI-enabled drones. 
Italian aerospace, defense, and security 
company Leonardo, which is developing 
the Tempest’s powerful new radar array, 
claims that the electronics can process 
as much data as an entire medium-
size city’s internet traffic every second. 
The fighter will use an electro-optical 
infrared system to target even the 
stealthiest adversaries that don’t appear 
on radar. 

Tempest designers aim to incorporate 
a variety of new tech. One of the most 
intriguing is a virtual cockpit, which 
would project a digital display inside 
the pilot’s helmet visor, helping them 
sort through the massive amounts of 
data pouring in from drones and allied 
fighters. 

NGAD ILLUSTR ATIONS:  RODRIGO AVELL A;  F-22, 
F-35,  SU-57,  J-20,  BAE TEMPEST:  GE T T Y IMAGES; 
F/A-X X:  COURTESY BOEING CONCEPT ART;  FC-31: 
DANNY YU




