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Finding meaning in the
impossible

AT RE FHE X
Finding meaning in the impossible

By Jeanna Bryner - September 15, 2026 - edited by
Jeanna Bryner

https://www.scientificamerican.com/article/finding-meaning

Some questions may never be answered, but maybe
that’s not the point
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There are questions in science that have been studied for
so long without anyone turning up answers that they seem
to move into the realm of ”unsolvable” or even "impossi-
ble” This is the realm we explore in Scientific American’s
October issue.
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When the editors first discussed this idea, a real concern
became immediately apparent: Will our readers be disap-
pointed at the very premise of an unanswerable question?
Why dive in if we can’t satisfy their, and our, curiosity
with a solution?


https://www.scientificamerican.com/article/finding-meaning-in-the-impossible/
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But we soon realized that this open-endedness is part of
the appeal. Often the most fascinating questions are the
ones with no obvious or direct rewards. Unlike figuring
out the odds that someone will have a green-eyed baby,
the knotty, impossible questions sit in uncharted territory.
Scientists must approach them from many different angles,
some of which require new tools and experiments never
before conducted. Such undirected searching is exactly
what fuels serendipity.
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We probably wouldn’t have the blockbuster GLP-1 weight-
loss drugs now reshaping medicine, for instance, if some-
one didn’t ask how Gila monsters cheat starvation—the
lizards’ blood sugar never collapses even though they some-
times go months without eating. There was no obvious
payoff to finding the answer and no pharmacology at the
time that could explain the anomaly.
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Alchemists searched for centuries for a way to turn com-
mon metals into precious ones such as gold—an impossi-
ble challenge when relying on a philosopher’s stone. Along
the way, they established the field of chemistry and dis-
covered the process of distillation that is ubiquitous today
in water purification, pharmaceutical production and even
fragrance making. (Physicists at the Large Hadron Col-
lider at CERN near Geneva accidentally did turn lead into
gold recently, at least for a fraction of a second.)
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For more than 2,000 years mathematicians chased a prob-
lem called squaring the circle, in which they tried to craft
a square with the same area as a circle, using only a
compass and a straightedge. Proof that it was impossi-
ble came with the discovery of transcendental numbers,
which led to theorems that opened entirely new branches
of mathematics.
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In the special report, philosopher Tim Bayne asks whether
consciousness is real, a question that epitomizes the word
“intractable”: the very act of studying it requires the
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faculty it’s trying to explain. But plenty of scientists
have dedicated their lives to finding an answer. Along
the way, that work has refined the tools we use to keep
people safely unconscious under anesthesia. Other re-
searchers turned to LSD and psilocybin to probe con-
sciousness at its edges and found, serendipitously, that
these substances carry real therapeutic effects for depres-
sion, post-traumatic stress disorder, and other resistant
conditions.
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The same pattern can be seen in the decades physicists
have spent looking for the constituents of dark matter.
The still unanswered question has led to ever more sen-
sitive detector technology and a deeper understanding of
what dark matter isn’t.
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Although these ”discoveries along the way” are meaning-
ful, they might not even be the primary reason to pursue
impossible questions. As physicist and Scientific Ameri-
can senior reporter Joseph Howlett writes of the search
for dark matter, "Maybe the search for absolute truth—
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not just a reliably predictive picture of the world but a
meaningful one—was always too ambitious.”
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Perhaps the journey we take in our search for meaning
is the goal. Humans are wired for curiosity and social
connection. At the end of the day, impossible questions
might satisfy both because they require us to ask why,
how and what. All of science builds on the discoveries
that came before and the people who made them. The
intractable part could be the very thing that gives our
lives meaning.
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The questions science
may never answer
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The questions science may never answer

By Sarah Scoles - September 15, 2026 - edited by
Clara Moskowitz

https://www.scientificamerican.com/article/the-questions-c¢

Will some of the biggest mysteries in science remain
forever unsolved?
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Science, at its best, is a striving toward truth. It is not,
although we often think of it as such, the search for abso-
lute truth. It’s more a process of systematically gathering
and interpreting data about the universe to understand
its past and present and predict its future. What results
is the best approximation we can access at any given time
with the information, methods and instruments we have.

PHATE B HRE, R EMAMA T, BIdE—
R RAVH X — XA T T . CEBRE—
MRGWERIRRR T FH B i, DB
FHIAE, HWMHARR. iR, RIS
WA, FELIA S B ik S 00 AT RE ik B Y
2LE Sl /e



https://www.scientificamerican.com/article/the-questions-science-may-never-answer/

And what counts as the best approximation of truth often
changes. Isaac Newton began to devise his apple-falling
theory of gravity in 1666. It worked well for everyone’s
purposes in the 17th century. Then about 250 years later
Albert Einstein stepped in with a better approximation:
the general theory of relativity. Today some scientists
are working to find ways to unite relativity with quantum
mechanics, seeking a new approximation of the "truth” of
gravity.
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Not all questions will find answers. Some
will likely remain beyond scientific grasp,
even with methodological and interdisciplinary
advances.
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But are there some questions science can never fully an-
swer? There are certainly questions scientists can’t an-
swer yet. There are also queries scientists once thought
impossible to resolve that weren’t. In 1835, for instance,
philosopher Auguste Comte asserted that humans could
never know what stars are made of. Then came spec-
troscopy, which allowed astronomers to parse stellar light
for fingerprints of different chemicals.
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Most things that seem forever unknowable eventually fall
out of that porous basket. New ways of thinking or mea-
suring expand the boundaries of science. This idea is the
thesis of scholar Alexander Krauss’s most recent book,
The Engine of Scientific Discovery. Until radio antennas
existed, for instance, astronomers didn’t know the uni-
verse emitted radio waves, so they didn’t wonder what
powered the gigantic jets shooting at nearly light speed
from the centers of galaxies. Before microscopes, biol-
ogists didn’t know about animalcules, as microbes were
first called, so they didn’t know they might someday study
how the microbiome impacts mental health. ”"When sci-
entists invent novel instruments and new computational
and experimental techniques, they effectively expand the
sensory and cognitive reach of science itself,” Krauss says.
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Still, not all questions will find answers. Some will likely
remain beyond scientific grasp, even with methodological
and interdisciplinary advances. Some will be so beyond
our imagination that they will remain unknown unknowns
forever. That’s frustrating: science aims to understand
the universe by observing, experimenting, interpreting, it-
erating. But that enterprise hits walls when there is noth-
ing to observe or experiment on, when something lies past
a fundamental barrier, or when observing or experiment-

ing changes what is being observed or experimented on.
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So how do we make sense of, and make peace with, nec-
essary gaps in our knowledge? Perhaps by accepting that
science isn’t about finding the truth, the whole truth, and
nothing but the truth. We’'ll just have a set of evolving
best shots and, ideally, shots that keep leading—Ilike a
non-Brownian walk—to the next destination.
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Will we ever know how
life began?

FRATTRE A3 011 2 iy o 2 527

Will we ever know how life began?

By Sarah Scoles - September 15, 2026 - edited by
Clara Moskowitz

https://www.scientificamerican.com/article/will-we-ever—ki

Scientists disagree on how biology got started and on
whether we can ever know for sure
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In a laboratory at McMaster University in Ontario, a de-
vice that seems almost alive glows purple as it churns
through its work. Atop a boxy base that resembles a
small kitchen island, a windowed hemispherical chamber
sits. Cords and instruments poke from it like flower petals.
Gas billows from its bottom. The setup’s purpose is hard
to fathom if you don’t know what it is and even perhaps
if you do. Inside that little chamber is a whole world. Its
name is, appropriately, the Planet Simulator.
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https://www.scientificamerican.com/article/will-we-ever-know-how-life-began/
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Maikel Rheinstddter, a professor in McMaster’s physics
and astronomy department, and his team can program the
simulator to mimic many different environments. They
can swing it through temperatures from below freezing
to past boiling, change the ingredients of the tiny atmo-
sphere, create rain and then dry it up, and shine light rang-
ing from ultraviolet to infrared, as different stars would.
In the chamber’s center, a drop of water on a chip contains
the chemistry of whatever earthly era or exoplanetary site
the group is trying to re-create.
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The scientists are watching to see what might grow in that
little bit of liquid—to determine which ingredients and
conditions can produce life’s building blocks, get them to
stick together, and maybe someday bring something to
life. If it can do that, the Planet Simulator could help
answer one of the biggest questions of all: How did life
start on Earth?
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But whether any scientists, even with whole small worlds
under their command, can definitively find the answer to
that question is another matter. Can we truly know the
origins of our planet’s life, or will we at best be able to find
only plausible possibilities? This larger query remains an
open question. After all, the natural experiment that first
produced life is not reproducible, no matter how fancy
labs become.
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Some questions are human classics, asked for millennia
and more. Why are we here? Are we alone? What hap-
pens when we die? Where did we come from? In some
way, all those quandaries are behind the one Rheinstadter
is pursuing: What is life, and how did it—we—get here
in the first place?
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In some traditions, the answer is spiritual. Creation sto-
ries are, after all, fundamental to most religions. There
is even a kind of scientific creation story, a theory of
life called spontaneous generation, most prominently pro-
posed by Aristotle more than 2,000 years ago. Sponta-
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neous generation is the idea that life can poof! arise from
not-life: carcasses or trash beget maggots; scallops and
clams grow in sandy spots. That thinking dominated
for millennia, until Louis Pasteur sterilized some broth in
1859 and placed it in a glass container. When he cut the
liquid off from outside contamination, nothing grew. But
when the outside world was allowed in, the broth became
quickly cloudy—teeming with microbes. Pasteur’s experi-
ment implied that being alive is hereditary—Ilife, not not-
life, begets life.
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But if that were the case, something still had to be the
first alive thing. In that earliest instance, then, the idea of

spontaneous generation isn’t actually so far off: at some
point, the chemical and physical did have to unite in such
a way that they became biological. ”"When you learn
about biology in school, it’s taught as this completely dif-
ferent discipline than something like chemistry or physics,”
says Harrison B. Smith, a complex systems and astrobi-
ology researcher at Tokyo’s Earth-Life Science Institute.
"But we have to remember that biology emerged still sub-
ject to the same constraints of chemistry and physics.”
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Just when it emerged, and how, is tricky to pin down.
Despite decades of increasingly complex research, a 2020
review noted that a then 45-year-old proclamation was
still true. ”It must be admitted from the beginning that
we do not know how life began,” chemists Stanley Miller
and Leslie Orgel wrote in their classic 1974 book The Ori-
gins of Life on the Earth.
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Miller had conducted an experiment in the 1950s show-
ing that if he simulated the chemical conditions of the
early Earth—in a proto-version of the Planetary Simula-
tor—and hit the chemicals with electric sparks, organic
molecules started to form. "It is generally believed that a
variety of processes led to the formation of simple organic
compounds on the primitive earth,” the quote continues.
"These compounds combined together to give more and
more complex structures until one was formed that could
be called living.” But, the authors added, "No one should
be satisfied with an explanation as general as this.”
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And scientists aren’t.
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The possibly never-ending quest toward an explanation is
the purview of a scientific field called Origins of Life, or
OoL (a word that seems like it would be a good name
for the first-ever organism). Little in this field is known
for certain. There’s general agreement on relatively few
points and much contention and competition about oth-

ers.

T ) R I X 4% K TC IR BE ISR R, BT — MR 4
fiv2JE (Origins of Life, fi#{ OoL W kg g —
MEPERREF2S) R ESUE XA LR A
M FHRF D BOLR EAFTERBE IR, R0 7000 %
WHES

As far as consensus goes: Earth’s oldest fossils date back
to at least 3.4 billion years ago, with evidence that life
may have arisen more than half a billion years before that.
Scientists also generally agree that life didn’t come into be-
ing in single flash but in an extended sequence. Over time
chemical reactions produced early versions of metabolism,
the ability for molecules to pass down information, and
the formation of compartments that would become the
boundaries of cells.
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That’s about it, though, in terms of what’s known. For
the rest, scientists can’t even agree on the right way to
approach open questions. Some researchers take a top-
down tack, looking at what modern organisms have in
common, such as cell-based structure, DNA and RNA,
and specific energy molecules. Those commonalities, the
thinking goes, probably stem from properties fundamental
to the earliest life.
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Other scientists go bottom-up, mimicking in a lab what
Earth’s environment might have been like billions of years
ago to try to produce the complex chemistry that became
biology, as Miller and Rheinstddter have done. In this
approach, scientists don’t assume that modern life much
resembles early life. Rather modern biochemistry may be
largely the result of evolution.
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David Catling of the University of Washington is a sci-
entist in the latter group, having come to OoL research
through his studies of planets. That started early: In
an undergraduate astronomy course, Catling had to come
up with a telescope project. ”Other people were look-
ing at very faint stars, which you can’t even see in the
viewfinder,” he says. "And I thought, "Well, I’ll do Jupiter.
You can’t miss that.’” After measuring methane above
Jupiter’s clouds, he became interested in planets’ atmo-
spheres and eventually the climate of early Earth.
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At first, Catling wasn’t sure he had much to contribute
to OoLl work. ”"I’'m not a biochemist. I'm not an organic-
synthesis chemist,” he says. But, he learned, chemists
needed people like him to do exactly what he was inter-
ested in: to learn more about Earth’s past. "What was
plausible, what was not plausible,” Catling says. Thir-
teen years ago the Simons Foundation started a big ori-
gins project, and Catling jumped onboard a few years
later. The private money, he says, might have doubled
the amount available for OoL studies, which are some-
times neglected because they overlap disciplines. But, as
the Simons project demonstrates, attempts to understand
the origins of life are necessarily interdisciplinary, draw-
ing together the fundamental forces and rules that shape
the planet and the universe and that don’t, themselves,
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recognize academic or social boundaries.
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Scientists don’t differ just in how they study OoL. Their
hypotheses about how life first animated itself are also in

tension. These "how’s” fall into two main camps, whose
names seem designed to start a fight: "Metabolism First”
and "RNA First.”

R M) g N o U1 e o5 - R [ S R
v e A AR A B FEE BB A K. X8 “lnfr”
WNTRFEE, AL A PR : “ARit
5'6” '3 “RNA 1}':5'6”

In the latter, RNA was the initial important part of bi-
ology to form. RNA is single-stranded genetic material
that carries information in the pattern of its four repeat-
ing chemical bases: adenine, cytosine, guanine and uracil.
(DNA is made of those first three bases but replaces uracil
with thymine and has two twisted-together strands in-
stead of one.)
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In scientists’ vision of "RNA World,” an early era in life’s
evolution before DNA or proteins existed, RNA stored in-
formation and catalyzed chemical reactions. RNA would
have assembled into single strands that could make copies
of themselves. That copying, by providing a way to repro-
duce and evolve, could have then kicked off the beginning
of life. The more structurally complex DNA would have
come later (in a process scientists don’t yet understand)
to play the major role in storing and passing down genetic
information, and proteins would have taken over the chem-
ical catalyzing.
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Some questions are human classics. Why
are we here? Are we alone? What happens
when we die? Where do we come from?
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The Metabolism First idea, meanwhile, suggests the criti-
cal first development was the ability to convert basic chem-
icals into more complex compounds. According to this
scenario, chemical reactions happened spontaneously be-
tween elements and compounds on the early Earth. Those
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began simply, but some happened to produce energy-storing
molecules. Those molecules started more chemical reac-
tions, which became increasingly complex as the cycle
continued. Eventually the self-sustaining chemical reac-
tions resulted in structures resembling RNA. Or at least
that’s the idea.
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The location of either of those firsts is the source of yet
another debate. Some scientists think ground zero was in
Earth’s surface water: a warm little pond (an idea Charles
Darwin first floated) or a hot spring; others think it may
have happened in a deep-sea hydrothermal vent, although
this hypothesis is falling out of fashion. The heat common
to all these ideas would have spurred chemical reactions

along.
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Another waning idea is the guess that space rocks may
have seeded life on this planet. Samples of asteroids and
meteorites suggest that although they have organic molecules,
they don’t have the kind whose structure matches what
life uses here. ”Clearly, there’s something different that
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you need for the environment, for an origin of life,” Catling
says. ”"And it worked on a planetary body like Earth, but
it didn’t work elsewhere in the solar system.”
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He suspects the difference is that asteroids don’t have
the same environmental conditions found on Earth—or
on the worlds inside the Planet Simulator. One example
is wet-dry cycles: in a pond or on the simulator’s chip, for
instance, water may evaporate or freeze, leaving behind
non-H O building blocks that then become more concen-
trated. Energy from the sun helps reactions between those
blocks along, coaxing them to form polymers, or longer
chains of molecules.
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Hydrothermal vents as an origin site are also losing pop-
ularity at the moment for a similar reason, in Catling’s
view: surrounded by the entire ocean, famously large,
vents could not have concentrated chemical constituents
enough.
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No matter where a scientist falls among the OoL: options—
which method, what first and where—there’s still a funda-
mental problem: When researchers such as Rheinstadter
re-create conditions from the early Earth, the ingredi-
ents readily assemble themselves into the simpler build-
ing blocks of life, among them amino acids or even cell
compartments, which are made of fats called lipids. But
getting those building blocks to stick together and inter-
act in a lively way is a different story. "What’s still very
much a dark field is how those things become more com-
plex,” says Joana Xavier, an independent bioengineer and
OoL researcher. Rheinstddter agrees. "I think what we
have right now is that the building blocks—amino acids,
nucleotides—they form very easily,” he says. "Even if you
step out in a puddle, you will find those.”
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Rheinstadter is using the Planet Simulator to figure out
how to get those puddle parts to complexify themselves
and, in particular, assemble into RNA. In that quest, he
has a fairly radical idea: Maybe the chemistry soups re-
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searchers are creating are getting sufficiently complex—
but scientists are missing it because they're seeking the
wrong thing. ”People are always looking for lab-grade
RNA,” he says—the kind you can order from a catalog.
Perfect, in other words.
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But that kind of RNA wouldn’t have done well on the four-
billion-year-old Earth. It’s too fragile. ”If you take it out

of the fridge, it degrades immediately,” Rheinstéddter says.
Maybe, he continues, that means the RNA in RNA World
wouldn’t have been the same as the RNA in our world.
He came to this idea somewhat by accident, while poking
around the Planet Simulator. When the simulator was set
to mimic the ancient Earth, Rheinstddter and his team
found that molecules do link up to form RNA strands of
about 100 bases long. "However, they’re not perfect,” he
says. "They have structural defects.” But what they lack
in prettiness they make up for in strength. ”You cannot
destroy them,” Rheinstadter says.
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He started to wonder: ”"What if nature didn’t start off
perfect?” What if, instead, it started out with a precursor
version of genetic material? The RNA of today may have
come later, with evolution. "Maybe it’s just silly to expect
that from the beginning,” he says. Perhaps the mixed-up
version of RNA that spews from the Planet Simulator was
the kind that first bubbled up from some terrestrial pond.
After all, what—Dbesides a creation story—starts out with
a fully formed version of life?
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Other scientists, Rheinstéddter posits, may have actually
been creating this flawed RNA all along in similar experi-
ments, unaware—because they weren’t looking for it. Now
the team is working on whether imperfect RNA can actu-
ally do what perfect RNA does: catalyze and transmit
information.
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Catling, meanwhile, is pursuing a shakeup idea of his own
involving the "where” debate. He’s been looking recently
at what scientists call the "phosphate problem,” first iden-
tified in the 1950s. The issue: Phosphate is key to many
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things life does and needs—the compound is part of the
genome, the cell compartment and metabolism, for in-
stance. ”Yet in the environment, if you go to a river or
the ocean, the level of dissolved phosphate is really tiny,”
Catling says.
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If there’s not much in the water, it’s hard to understand
how proto-life could have gathered enough. But when
Catling was working on the Simons project, he and col-
leagues found a kind of water body with plenty of phos-
phate: soda lakes, which are a bit like big ponds someone
dissolved a lot of baking soda into. These water bod-
ies with an abundance of carbonate and extremely high
alkalinity are found around the world; the best-known ex-
amples are in Africa and North America. The calcium in
them binds with carbonate (the baking soda bit), allow-
ing natural phosphates to accumulate instead of sticking
to calcium as they would in less carbonate-rich water.
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The most phosphate-rich lake in the world is Last Chance
Lake in Canada. In summertime, it—and most soda lakes
—evaporates, leaving a crusty white landscape; as the
seasons progress, they get wet and become like lakes again.
The wet-dry cycle concentrates the existing phosphate. It
could, Catling thinks, be precisely the type of place where
chemistry and physics became biology. Maybe it would
more appropriately be called First Chance Lake.
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Of course, neither Rheinstddter nor Catling knows if their
ideas represent the true "first” or "where.” And scientists
disagree about whether we will ever know for sure. Even
if researchers can reproduce the conditions of early Earth
and coax life from it, that success would represent just one
way the story might have gone. Knowing for sure that it
is the way it happened is a different story. The tape can

never be rewound.
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Plenty of OoL scientists, though, think that doubt is naive.
After all, if cellular biology flows from physics and chem-
istry through a set of logical laws and processes, maybe

26



there is only one path between the three. ”A diamond
forms in a very specific set of conditions. It’s only in that
set of conditions,” Xavier says. ”And the diamond is rare
because those conditions happen only on those rare occa-
sions. I think the formation of cells is exactly the same
type of question.”
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Catling, though, disagrees. ”I think it would be a plausi-
ble answer rather than definitive.” He does, though, think
that looking beyond Earth could yield more certainty, in
that it could help scientists understand whether the origin
of cellular life is actually deterministic—that is, whether,
given certain conditions, it always emerges in a certain
way. If, for instance, we see it on other planets with simi-
lar environmental histories and if it has the same biochem-
ical makeup, then researchers could infer that there’s a set
process by which life like ours arises.
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Still, those are huge ifs: If there’s life out there, if we know
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how and where to look for it, and if we find it. That’s a lot
of physical and philosophical difficulty to bring together.
But it’s also not impossible. ”It’s always dangerous in the
history of science to say that we will never know some-
thing, because later on, people have found it,” says David
Dunér, a historian and philosopher of science at Lund
University in Sweden.
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Before the field of OoL can get close to that point, though,
it needs a cultural change. At the moment, it’s a fairly
contentious discipline, with researchers personally invested
in their versions of how and what first and where. This
competition is amplified by how little direct evidence is
available, Xavier contended in a Nature comment. To
help researchers collaborate and focus on the big picture,
she co-founded the Origin of Life Early-career Network,
bringing together younger scientists. But schisms and heel
digging are probably inevitable in such uncertain fields,
Catling says.
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Maybe more evidence for the origin of life will come from
a soda lake, or a planet simulator, or an actual planet far,
far away. But at least some scientists are okay with the
uncertainty about uncertainty. ”I sometimes think about
how lucky I am, in some ways, to exist in this moment of
time when this still is an unanswered question, and how
exciting it is to think about all the possibilities out there,”
Smith says. "I think that it will be answered, but I think
it will be some time because a lot of the right questions

aren’t even articulated.”
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Will we ever achieve
immortality?
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Will we ever achieve immortality?

By Venki Ramakrishnan - September 15, 2026 - edited
by Clara Moskowitz

https://www.scientificamerican.com/article/can-humans-1ive

Scientists are pursuing the limits of longevity
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Humans may be the only creatures that are aware of their
mortality. There is no evidence that other animals know
their time on Earth is finite. The realization that we and
everyone we know will someday die must be one of the
more unsettling discoveries of childhood.
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Ever since humans recognized we have a limited lifespan,
that knowledge has shaped our cultures, religions and
philosophies. Although we make plans, pursue careers
and behave as though we will live indefinitely, the fear of
death and the desire to transcend it remain.
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https://www.scientificamerican.com/article/can-humans-live-forever/

HMARINREI G AR, X —IARIE 8IS T &AL
b FEEEF RERMENTHR BRFL, 1TH
Ze 1L K ARITE T2, AEXPE T M RMEL S BAE T 1Y
BERRIFAE

As a species, we have made some major strides against
mortality. In modern times, death from violence, disease
and famine has become less common than it once was. At
the same time, medical advances and a dramatic decline
in fertility rates have produced aging societies. The pro-
portion of people older than 65 is rising rapidly, while
the working-age population that supports them shrinks.
Understanding aging is therefore an urgent practical chal-
lenge. If we can delay its effects, older people may remain
healthy, independent and productive for longer.
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But alongside this public health imperative is an endur-
ing dream. A growing number of tech billionaires are
funding efforts not merely to slow aging but to defeat it
altogether. Their goal is radical life extension and, ulti-
mately, something approaching immortality. But is that
even possible? These efforts have scientists chasing one
of the biggest mysteries of life itself: Is there a biological
reason that humans must die? And if not, could we one
day live forever?
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The diversity of lifespans in nature suggests that aging
isn’t fixed. Despite being constructed from the same chem-
ical building blocks, species can have dramatically differ-
ent lengths of life. Mayflies may live only days, mice about
two years, and bowhead whales and Greenland sharks
for centuries. Galapagos tortoises live so long that one
of them hobbling around today could have encountered
Charles Darwin in 1835.
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These differences are not random. Lifespan is closely
related to metabolism. Smaller animals generally have
higher metabolic rates and shorter lives; larger animals
tend to metabolize energy more slowly and live longer.
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Natural selection doesn’t care how long an organism lives.
It favors traits that increase reproductive success. Ev-

ery species makes trade-offs in how it allocates resources
among growth, reproduction and maintenance. A mouse
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doesn’t improve its ability to produce more offspring by
investing in longevity if starvation or predators are likely
to kill it first. For a mouse, investing in rapid growth and
reproduction is more advantageous. But larger animals,
such as whales, mature slowly and reproduce later. Their
bigger size also reduces the risk of predation, making long-
term maintenance more worthwhile.
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The same logic explains some notable exceptions. Birds
and bats often live much longer than similarly sized ter-
restrial mammals because flight reduces the risk of pre-
dation and also allows them to forage over a wide area,
cutting the chances of starvation. When surviving longer
increases reproductive success, evolution favors slower ag-
ing.
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Evolution can also reward genes that are beneficial early
in life even when they become harmful later. For exam-
ple, the same genes that promote rapid growth or pre-

vent cancer during youth can contribute to aging later on.
This evolutionary theory of aging is known as antagonis-
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tic pleiotropy. "Pleiotropy” simply means a gene can have
more than one effect, and “antagonistic” means some of
those effects can be harmful. The theory suggests that
aging is not an adaptation in itself but an unintended
consequence of evolutionary compromises. The upshot is
that each species has a maximum natural lifespan.

BAL A TR AR LA Ay R A 48 BAE H A
o BN, kbR A K A T A S A P ] —
R, HERREIEE. X—EMEAHIE R A
kSR, “SRE” R —AEE A A L —Fh
OB, B WA S — B AT RE A H o %R
K, FTEARGIFAE—MGERN, Wt E
o Gk BOYMEA A RKARE®.

Human life expectancy has roughly doubled
over the past 150 years.
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What about us? Human life expectancy has roughly dou-
bled over the past 150 years because of improvements in
public health, nutrition and medicine. Maximum lifespan
is a different matter. Even centuries ago some individuals
lived remarkably long lives. Michelangelo lived to be al-
most 90 years old. The longest documented human life is
that of Jeanne Calment, who died at 122 in 1997. No one
since then has lived past 120. Under current biological
constraints, humans appear unlikely to live much longer
than that. Moving much beyond it would require altering
the biology of aging itself.
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As people age, our muscle mass declines, reducing strength,
mobility and balance. We suffer from fatigue and exhaus-
tion and have difficulty carrying out everyday activities.
Chronic diseases become more common, and resistance
to infection weakens. Cognitive function declines as well.
These symptoms are merely external manifestations of a
gradual loss of cellular and tissue function, which them-
selves are a result of changes and damage to the molecules
of life and their regulation by our genes.
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Aging was once viewed as simple wear and tear, like a
machine slowly breaking down, but modern biology has
revealed a more complicated picture. Cells possess so-
phisticated systems for repairing damage, maintaining our
repertoire of proteins, recycling components and regulat-
ing metabolism. Aging occurs not merely because damage
accumulates but because these protective systems them-

selves become less effective over time.
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The hallmarks of biological aging appear in multiple body
systems. They include damage or changes to our DNA,
deterioration of the quality and distribution of proteins,
dysfunction of mitochondria, decline in our response to
external nutrients, chronic inflammation, and reductions
in stem cells. These systems are deeply interconnected—
a disturbance in one often affects many others.
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The encouraging news is that there is no physical or chemi-
cal law preventing us from modifying these processes. The
challenge is that aging is extraordinarily complex.
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Among the most powerful interventions discovered so far
is caloric restriction. Animals given just enough calories
to maintain adequate nutrition often remain healthier and
live significantly longer. Caloric restriction reduces pro-
tein synthesis and stimulates autophagy, the cellular re-
cycling process that removes damaged molecules and or-
ganelles. In species ranging from worms and flies to ro-
dents and primates, caloric restriction produces animals
that appear biologically younger than their age. The
drawbacks, however, are considerable. Constant hunger,
sensitivity to cold, impaired wound healing and reduced
libido make strict caloric restriction difficult to sustain.
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Scientists have searched for drugs that mimic some of the
effects of caloric restriction without the side effects. One
that appears promising is rapamycin, originally discov-
ered in soil samples from Easter Island, also known as
Rapa Nui by its native people. This compound affects
a cellular pathway called TOR (or mTOR) that is in-
volved in growth and metabolism. In mice, it extends
lifespan and improves several measures of health. Yet ra-
pamycin is also an immunosuppressant, raising concerns
about infection and long-term safety. Current research fo-
cuses on whether lowering the dose or synthesizing chemi-
cal analogs of rapamycin can produce its beneficial effects
without the problems.
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Metformin, a widely used diabetes drug, has likewise at-
tracted interest. It acts on a protein in mitochondria in-
volved in respiration, which indirectly influences caloric-
restriction pathways. Evidence for benefits in healthy in-
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dividuals, though, is mixed. The recent GLP-1 drugs de-
veloped for diabetes and obesity also appear to have ben-
eficial effects on multiple organs, including the brain. Yet
they, too, have side effects, including muscle loss. For use
as antiaging therapies, both metformin and GLP-1 drugs
will require careful clinical trials.
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Another major target of antiaging science is cellular senes-
cence. Cells experiencing damage or stress sometimes en-
ter a senescent state in which they stop dividing and be-
gin secreting inflammatory molecules. Early in life this
response is beneficial, aiding development, wound healing
and cancer prevention. With age, however, senescent cells
accumulate faster than the body can remove them.
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The resulting inflammation contributes to tissue dysfunc-
tion throughout the body. In mice, eliminating senescent
cells can improve many features of aging. This finding
has sparked intense interest in so-called senolytic drugs de-
signed to remove such cells selectively. Several candidates
are now being tested against age-related diseases such as
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osteoarthritis and fibrosis. Apart from making sure the
drugs are safe, the challenge is achieving the right balance:
senescent cells serve a biological purpose, and eliminating
them indiscriminately could lead to new problems.
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Another, somewhat bizarre experiment has raised the prospect
of a different antiaging strategy. In a process called para-
biosis, researchers physically joined pairs of rats so they
shared circulatory systems. Old rats paired with younger
ones outlived those paired with animals their own age.
Such findings went on to inspire a slew of companies of-
fering transfusions of plasma from young donors. There
is no convincing evidence that such procedures slow aging
in humans. Nevertheless, the work has set off a major
search for factors in blood that change with age and may
eventually prove therapeutically useful.
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Most of these approaches aim to slow down aging. A more
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radical goal is to reverse it.
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This possibility emerged from a series of discoveries, span-
ning decades, involving the cells of the early embryo, which
possess remarkable flexibility. These so-called pluripotent
stem cells can generate any tissue in the body. In later
stages, the stem cells become progressively more special-
ized, and each class generates specific types of tissue such
as nervous system cells or blood.
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In 1958 British biologist John Gurdon showed that the nu-
cleus from a cell in a tadpole could be transplanted into
an egg cell to create an entirely new frog. Later, in 1997,
Dolly the sheep served as a demonstration that cloning
was possible in mammals. The exact process for revert-
ing adult cells back to an early embryonic stage, however,
wasn’t clear.
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A major breakthrough came in 2006, when Japanese bi-
ologist Shinya Yamanaka discovered that activating just
four genes could convert adult cells into pluripotent stem
cells. These Yamanaka factors effectively induce cells to
return to an earlier embryonic stage by genetically repro-
gramming them. The discovery raised the possibility that
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if we can reset cellular age, perhaps we can reverse aging
itself.
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Applying the full reprogramming process to an adult or-
ganism would be dangerous because the resulting pluripo-
tent cells could form tumors known as teratomas. Re-
searchers therefore began exploring partial reprogramming,
briefly activating the Yamanaka factors in ways that ap-
pear to rejuvenate cells while maintaining their specialized

identities.
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Results in mice have been striking. Treated animals of-
ten show improvements in tissue function and markers of
biological age. In one experiment, scientists reportedly re-
generated a damaged optic nerve by injecting Yamanaka
factors via a viral carrier into the eye. Researchers are now
conducting clinical trials to see whether the procedure can

reverse degeneration in the retina or optic nerve.
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Most antiaging approaches aim to slow down
the process. A more radical goal is to re-
verse it.
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Yet, formidable obstacles remain. Current methods typi-
cally rely on gene-delivery systems that are not ideal for
widespread human use. Reprogramming is often uneven,
affecting clusters of cells and leaving others in the same
organ unchanged. Different organs age at different rates
and may require specific targeting. Researchers are pursu-
ing safer and more controllable methods, including small
molecules that might produce reprogramming without the
introduction of new genes.
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Despite these challenges, cellular reprogramming repre-
sents the most compelling route yet toward genuine re-
juvenation, rather than merely slowing decline.
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Even if such interventions succeed, translating them into

medicine will be difficult. Antiaging therapies face a higher
bar than treatments for life-threatening diseases. Patients
with advanced cancer may accept substantial risks in ex-
perimental medicines because the alternative is death. Health;
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individuals are unlikely to tolerate serious side effects from
drugs they may have to take for decades. And clinical
trials present another obstacle. Regulatory agencies gen-
erally approve therapies for specific diseases, not for aging
itself. As a result, scientists often test antiaging interven-
tions indirectly through research on age-related disorders.
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Much antiaging research is motivated by the idea of ex-
tending “healthspan”—the number of healthy years we
enjoy—without necessarily extending lifespan. According
to this philosophy, people should aim to remain healthy
and independent for longer and then experience a rela-
tively brief period of decline before death. It is an attrac-
tive idea, but there is little evidence that it’s possible. In
many countries, people are living longer, yet the fraction
of life spent with multiple chronic illnesses has increased.
On the other hand, there are striking differences between
individual countries in the proportion of life spent in good
health. People in Sweden, for example, have a consider-
ably shorter period of late-life disability than those in the
U.K. Such differences suggest that public health policies,
lifestyle factors and medical care can influence not only
how long we live but how well we live.
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Ultimately, though, will any of these findings allow us
to significantly extend the human lifespan? There is no
scientific law against the idea, but nor is there any rea-
son interstellar travel must be impossible. It’s just that
the practical complexities are immense. Aging involves
countless interacting processes operating across cells, tis-
sues and organs. Extending lifespan dramatically would
require mastering many of them simultaneously. It is un-
likely that a single intervention could simply switch aging
off without affecting us in other ways.
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In the meantime, as we await major medical advances, ba-
sic strategies allow us all to play the antiaging game on
a personal scale. Scientists know a moderate diet with
a healthy intake of fruits and vegetables affects caloric-
restriction pathways. Much of our body’s repair and re-
cycling work is carried out during our sleep cycle, and ex-
ercise helps to regenerate tissue, including muscle and mi-
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tochondria. For now, the best-supported tools for healthy
aging remain the trio of diet, exercise and sleep. In addi-
tion, there is good evidence that avoiding social isolation
and having a sense of purpose are associated with better
health and longevity.
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As long as accidents, natural disasters, disease and wars
can kill us, true immortality is out of the question. And
living for hundreds of years is unlikely anytime soon. In-
stead we can think of life as an eternal banquet that in-
dividuals enter and eventually leave. We should consider
ourselves lucky to be part of it at all and enjoy the feast

while we can.
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What if we never find
dark matter?
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What if we never find dark matter?

By Joseph Howlett - September 15, 2026 - edited by
Seth Fletcher

https://www.scientificamerican.com/article/what-if-we-neve

Could the hunt for the universe’s missing matter be
the biggest wild goose chase in scientific history?
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I used to have a more interesting morning commute. At
daybreak I'd squeeze into a tiny Fiat with all the physi-
cists it could fit. We’d drive through winding Italian
roads and onto a highway that cuts across the peninsula,
with a tunnel right through its grandest mountain, Gran
Sasso. At the tunnel’s deepest point, with nearly a mile
of bedrock resting above our heads, we’d turn off through
a guarded gate and enter one of the quietest places on
Earth.
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We were there, in 2019, to build a particle detector more
sensitive than any in history. We spent long workdays,
overnight shifts and most weekends in this cavern, locked
in a race with international rivals to find the missing five
sixths of the universe’s matter.
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In spare moments while turning a wrench or staring at
a pressure gauge, I’d sometimes ask my teammates what
our chances were of winning that race. ”Zero,” they’d
usually reply. Surprised, I began questioning colleagues
beyond my several hundred collaborators, polling them at
conferences and happy hours, and found that it wasn’t just
us. Few experts—among the younger generation basically
no one—thought any scientific effort was on the brink of
discovering dark matter.
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In the seven years since, these murmurs have grown only
louder. For four decades now we’ve failed to identify the
particles that make up dark matter—the invisible chunk
of the universe that we know is there, that suffuses ev-
ery galaxy we see. And more physicists than ever are
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conceding that this situation might never change. "Na-
ture doesn’t always promise us the results we’d like,” says
physicist and mathematician Edward Witten, whose 1985
paper proposing that weakly interacting massive particles,
or WIMPs, could be observed on Earth launched the field
that I focused my Ph.D. work on. ”It’s unfortunate, but
it’s certainly possible that nature chose a dark matter par-
ticle that we won’t be able to detect,” Witten observes.
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Many believers remain. Dark matter hunters are loping
desperately in a host of directions both old and new, hop-
ing that nature can’t keep this secret forever. At the be-
ginning of September, in a sign of just how desperate the
search has become, members of the community lost their
minds at the announcement of a single unexplained colli-
sion in one of dozens of detectors that didn’t even match
the WIMP profile. I'd wager $1,000 that this potential
dark matter detection, like every other tiny shred of hope
nature has dealt us in this 30-year search, will evaporate.
It’s a bet I'd love to lose, but I won’t.
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In fact, I’ve begun to wonder where others’ optimism
comes from and to question one of my own deepest con-
victions: that the scientific method, given enough time
and smart people, will get us over any hurdle, bringing us
closer to the truth of things.
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If dark matter disproves this conviction—if five sixths of
all matter will continue to hide for the remainder of hu-
man history behind an impenetrable wall of unknowing—
then maybe I’ve been wrong about science itself all along.
Maybe all scientists should be grappling with a possibility
they’ve long ignored but which many philosophers have
long since accepted: That science will never give us a
complete picture of reality. Or, to take this idea to its
extreme—as I've begun to do in my darker moments—
that our theories are merely a useful but ultimately mean-
ingless facsimile of the world. Dark matter, I've come to
believe, could thus become science’s greatest lesson.
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The first problem is that dark matter definitely exists.
Astronomer Vera C. Rubin spent the 1970s meticulously
cataloging the swirl of as many galaxies in the sky as she
could. What she found was that the stars near the edge
of every galaxy in the observable universe are moving way
too fast. Like a racecar hitting a corner with too much
speed, these stars should be sent flying off their orbital
racetracks and into the void. The gravity of everything we
can see at the center of their galaxies simply isn’t enough
to hold them in.
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Rubin’s data were airtight. They left two alternatives:
either gravity doesn’t work the way physicists thought it
did, or there’s a heap of matter in every galaxy that we
can’t see.
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The intervening decades have all but killed the former pos-
sibility. Astronomers construct gravitational "maps” of
galaxy clusters based on tiny deflections of the light pass-
ing through those galaxies caused by the matter they con-
tain. Most of this matter exists as a giant, invisible cloud
superimposed on the stuff we can see with telescopes.
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These dark matter maps confirm Rubin’s observation: the
gravity of these galaxies is about five times stronger than
their visible stars and dust would suggest. And when as-
tronomers caught two of these clumps of galaxies colliding,
they found a powerful confirmation that it was matter, not
gravity, that we had been wrong about.
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The cataclysm, called the Bullet Cluster, stripped each
clump’s regular matter from its dark, superimposed cloud.
The gas, stars and galaxies slowed down, roiled into a hot
maelstrom. But the two ghostly halos of invisible stuff
sailed right past each other, leaving their visible counter-
parts behind. If the solution to Rubin’s mystery is a new
law of gravity rather than extra stuff, then what’s in those
fleeing clouds?
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The Bullet Cluster is nigh impossible to explain by modify-
ing Isaac Newton and Albert Einstein’s theories of gravity.
So are other recent observations, such as galaxies with
anomalously slight or severe “racecar” problems—there
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can be more or less missing matter in different places, but
gravity has to look the same everywhere.
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Even in our oldest snapshot of the universe’s early con-

AN

tents, the so-called cosmic microwave background, dark
matter’s influence is unmissable. A few hundred thousand
years after the big bang, "regular matter”—the 16 species
of particles that make up the Standard Model of particle
physics—was still a swirling soup, too hot to clump under
gravity’s pull. But the data reveal that dark matter was
already starting to coalesce.
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All this evidence led physicists to a simple, coherent, frus-

trating explanation. Five sixths of the universe’s matter
is a kind we can’t see, yet it built everything we can see,
and it’s passing through us every moment. But what the
heck is it made of?
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Fortunately, theorists had an answer ready. Their fa-
vorite theory of matter—called supersymmetry—already

52



predicted an as yet undiscovered particle, some 50 times

the mass of a proton, that could effortlessly explain every

apparent contradiction logged by Rubin and her succes-

sors. WIMPs so perfectly addressed this cosmic gap that

they became known as the "WIMP miracle.” And even

more miraculously, we might be able to detect them.
FiBiE, BIRFEMCABE R iz iy e
w—— X R BATE 7 MR RIBRLT, BT
BAHFTFH 50 15, REEMNFREEEKEEEH®E LR
M E— AR JE. WIMP 41k 56 B T ix — 5
B0, URETHHR “WIMP #i” . BEHEHZ, Tl
sV RE R EI AT

WIMPs would interact with regular matter mainly through
their collective gravitational pull. But the individual par-
ticles also had a minuscule bridge to the Standard Model:
they could interact with its particles through the weak
force. This meant a WIMP passing through a block of
regular matter would usually whiz through like a ghost,
but very rarely this ghost would become momentarily cor-
poreal—the WIMP would collide with an atom.
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In 1985 Witten and Mark Goodman proposed a simple-
sounding idea: fill a tank with atoms that flash when
struck, put it underground where cosmic rays can’t light
it up, and wait for dark matter particles to make their
identity known. It seemed like the logical next step, the
way things had worked throughout the 20th century, when
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physicists used similar detectors to pin down each of the
Standard Model’s characters one by one. Dark matter,
physicists figured, would pan out no differently than ear-
lier mysteries, such as how spin works or what protons and
neutrons are made of. We’d trap the mysterious entity in
a laboratory and then carefully tease out its workings.

1985 48, S S5 - WS T — MUK FE L
i e L2 DR W — T, BRI
EF R BRI MH T, RI5EFFREY TR+ B8 5
Bro IXMPRE PR T8, MR 20 #Ha5H
(38 18 7 R—— W B 2 58 P R AU 2% — AT b ofe
BRI Ma. MBLERAIDN, WYa S 8 R
— W HRWATELE, SRS A R—IF
TR BATRAEL R BREMMIAR, RI5H ML
Hizfe.

"I was giving talks, saying, "We’re going find this in 10
years,” and everybody thought that was true,” says Kather-
ine Freese, a theoretical astrophysicist at the University of
Texas. Freese co-authored a 1986 paper that filled in the
details of Goodman and Witten’s proposal, establishing
“direct” dark matter detection as a field. "We were really

9

convinced, like, ’My God, we can do this,”” she says. "We

thought it was right around the corner then.”

“EfERE N2V, CRAOTTENRSIEEZA, AN
AT IR, A e B Wi R A B AR BE 22 YL
- s EALH. SBEEAE T 1986 F—RIL, RELT
WARS SRR R RN, For T “EIE WY RN
VER—AG. “WATERITIE, g RIE, RATREM
2,7 Wte TR BATABAED: fA kb7

I joined the arms race near its peak, almost two decades
after Freese and her cadre sparked it. New experiments
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were launching every year, battling to cover the full span
of what the WIMP’s mass and cross section (precisely how
ghostly it is) could possibly be.
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One technology had taken a clear lead: detectors filled
with liquid xenon, pioneered by Columbia University physi-
cist Elena Aprile. It’s hard to point to a single person
more responsible for our tearing through so much of the
WIMP’s massive parameter space so quickly. ”She really
is the one who got the use of xenon going,” Freese says. So
I asked Aprile to be my doctoral adviser in 2015. To me,
dark matter was the biggest embarrassment in physics,
and I couldn’t imagine a higher priority than using the
scientific method to fix it.
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The first blow to this resolve came in 2018. We had in
hand an unprecedented chunk of data from the most sen-
sitive experiment in history, XENONI1T. It was poised to
probe a great swath of the remaining masses and cross sec-
tions the WIMP could still have. Using fake data to blind
ourselves from potential bias, we’d built up an elaborate
system to automatically analyze the real thing. Now our
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entire collaboration had joined a conference call to press
a button and watch the results unfold together. We saw
our years of work collapse in seconds. I'll never forget the
sight of despair washing across a Zoom screen full of faces
as our search turned up nothing.
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When I went to Italy to help build that experiment’s suc-
cessor, XENONNT, I started polling my peers and soon
realized how little of the confidence Freese spoke of re-
mained. That work, too, would go on to reveal nothing,
as did its many competitors.
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Physicists are already planning another round of experi-
ments, based on theorists’ updated estimates of just how
weakly interacting WIMPs can be. But the original mir-
acle they pulled from their desk drawer is dead. These
modified WIMPs must be tethered even more loosely to
the Standard Model, by way of some additional, unknown
particles.
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But even if this updated guess is right, there’s a good
chance we’ll never find what we’re looking for. Our bod-
ies and underground detectors alike are constantly pum-
meled by billions of neutrinos produced in the sun and
atmosphere. Neutrinos interact far more rarely than the
original WIMP but similarly to or more often than any
version of WIMPs that survived the 2010s. And their
interactions are impossible to distinguish from dark mat-
ter’s. Xenon experiments have already begun to see traces
of this impenetrable "neutrino floor.”
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So the community has moved on to other hypotheticals—
to axions, a long-standing alternative hypothesis theorists
have had ready-made since 1977, or to lower-mass WIMPs
whose tiny bump wouldn’t light up a xenon atom. Peo-
ple are paying new attention to the possibility that dark
matter is made of primordial black holes, hypothetical
entities dating to the big bang that Stephen Hawking pre-
dicted in 1971. Each of these black holes swirling around
the galaxy would have a mass maybe a bit less than the
moon’s packed into a microscopic ball.
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But what if dark matter is none of these things? What
if it is not connected to our world through any force be-

sides gravity? In that case, no conceivable technology
could sense a single particle of the stuff. Dark matter
would be like a shadow realm, superimposed on but dis-
connected from our own except through its collective tug,
its denizens utterly unknowable to us.
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Call me naive, but I never thought this could happen.
The scientific method is built to encounter, interrogate
and ultimately subsume any mystery it runs across. So |
figured dark matter was just another speed bump. Give
us enough time, and we’d figure it out like we had so many

previous puzzles.
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In retrospect, all those recent wins might have misled me.
"Particle physics during the 20th century was incredibly
successful,” says Simon Allzén, a philosopher at Stock-
holm University. At blackboards and colliders, my prede-
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cessors had conquered and cataloged a zoo of particles into
the elegant, orderly Standard Model. They came to ex-
pect a "five-sigma” standard of evidence, meaning a true
discovery can have only a one-in-several-million chance of
being a statistical fluke. Maybe that bar is just too high
to maintain. ”This has been a golden era,” Allzén says.
"Modeling our scientific method on what we achieved with
the Standard Model is a bad idea.”
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Stop exalting physics above the other sciences—after all,
as Allzén puts it, we believe in dinosaurs even though we
can’t trap one in a lab—and maybe dark matter isn’t such
a problem. "We have detected it,” argues Siska De Baerde-
maeker, a philosopher at Stockholm University. ”That
you haven’t found something until you've found it in a
lab is weirdly dismissive of gravitational detection.”
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Dark matter is there. Using just its gravity, we’ve built
extensive catalogs of the shadowy stuff’s presence and evo-
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lution across the eons. Maybe we should accept that the
secondary goal—figuring out what its constituents are—
might be beyond reach. ”That would be the worst-case
scenario for physics, especially for particle physics,” De
Baerdemaeker says. ”But nature doesn’t have to play

nice.”
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Still, I can’t quite shake my training. Atoms are made up
of electrons and nucleons, which consist of up and down
quarks. How can we call science a success if we’ll never
know what this other stuff—which is almost all of the stuff
—is made of?
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Dark matter has me thinking I’ve been wrong about what
science is even for. I thought it was the ultimate place for
asking humankind’s biggest questions (How did we get
here? What is everything made of? How does it all come
together?) because it was the only place where you could
get answers that were simply true. But are they?
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Every theory we’ve ever had has technically been wrong
—an imperfect approximation of reality—and we can be
sure the Standard Model is no different. Dark matter is
just the most glaring of its gaps, different only in degree
from its other fuzzy impressions of the world, from the
electron to the Higgs boson.
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I’'m starting to think none of these objects are any more
"real” than the WIMP. They’re just theoretical ideas that
help us predict what will happen, like how high school-
level mechanics can predict how far away a punted football
will land. I'm starting to think that is science’s actual
job: predicting what will happen. The Standard Model
is just a fancier version of those high school equations, a
reliable framework for saying what will come out when
you smash matter together at high speeds. Maybe the
search for absolute truth—mnot just a reliably predictive
picture of the world but a meaningful one—was always
too ambitious.
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Tim Maudlin, a philosopher of science at New York Uni-
versity, says that I've retreated too far, that I should
"lighten up a little.” Our theory may never be completely
finished, he points out, but that doesn’t mean entities
such as the electron have zero connection to reality. But
Maudlin also warns against my former unassailable opti-
mism, calling it a kind of "theological thesis.” There may
be fundamental or practical limitations that stop us from
ever answering a scientific question. ”I mean, that’s life,
buddy,” he says. "The world doesn’t care about you.”
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Something like faith might be what it actually takes to be
a scientist, even if it isn’t totally rational. In fact, most of
the physicists I've talked to still believe we’ll make sense
of dark matter someday. "I do think we’ll get it,” Freese
says. ”Just because we haven’t solved a problem doesn’t
mean the next generation won’t be smart enough to figure
it out.” Aprile, my former adviser, thinks the right stroke
of experimental genius is all that’s lacking. ”We have to
invent a tool. The progress has always only been made
because Galileo invented the telescope,” she says. ”Some
smart kid one day will figure it out. I know it must be.”
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Scientists have never really been motivated by a desire
to predict where the football will land. They're dream-
ers in search of answers, of meaning, whether it’s there or
not, even if they have to strive toward a receding horizon.
"What else is there—give up? And then what? Do some-
thing else?” Aprile asks me these questions rhetorically.
Her path was never a choice. "I'm never happy, actually
—that’s the problem,” she says. "Ever since I was young,
I wanted to get out, I wanted to do more.”
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Someone once told me that the most beautiful thing about
science is how it points at its own limitations. Maybe
that’s the beauty of dark matter. Maybe Aprile and the
other restless dreamers have dug up the ultimate limit—
one the rest of us can’t ignore.
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The hunt for reality’s
smallest pieces

B SLAE R/ N
The hunt for reality’s smallest pieces

By Jay Bennett - September 15, 2026 - edited by Clara
Moskowitz

https://www.scientificamerican.com/article/what-are-the-sr

Physicists are searching for what lies underneath the
particles we know
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On June 25, 2012, particle physicist Sau Lan Wu was in
Building 32 at CERN, the European particle physics lab-
oratory near Geneva. Hundreds of feet below, the Large
Hadron Collider (LHC)—the world’s biggest scientific in-
strument—had been conducting high-energy particle col-
lisions for more than two years. The machine accelerates
protons to near the speed of light and slams them into
one another to produce sprays of fundamental particles
and radiation. ”Suddenly there’s a lot of noise,” Wu re-
calls. ”We heard one of my students screaming.”
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Wu had assigned one of her most capable statisticians,
graduate student Haoshuang Ji, to the task of confirming
whether the long-sought Higgs boson particle had briefly
appeared among the collider’s showers of subatomic par-
ticles. Ji had worked through the night to combine two
datasets tracking different potential signs of the Higgs.
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The combined statistical significance of the datasets sur-
passed the threshold needed to claim a discovery. The
Higgs boson was real. Celebratory cheers erupted down
the corridor. ”Everybody smiled more and more; our
mouths became bigger and bigger,” Wu says. "This is
what you call the joy of discovery.”
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The Higgs boson, announced to the world nine days later,

brought the number of known elementary particles in the

universe to 17. It was the last particle predicted by the

Standard Model, theorists’ best description of nature’s

fundamental bits. The model groups particles into fermions
(the building blocks of matter, such as quarks) and bosons

(force-carrying particles such as photons).
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These particles are the smallest bits of nature known. But
can they be broken down further? ”That’s what we search
for in experiments,” says James Beacham, a physicist at
CERN. "There’s this notion of what it means to be the
smallest possible thing. Really we're asking: What are the
most fundamental ways by which the universe organizes
itself? What is physical reality? It’s really a kind of

profound, almost philosophical question.”
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With more time and more advanced tools, scientists won-
der, will we keep discovering more underlying pieces of the
universe? Will we ever reach the limit—the final building
block of nature? How can we truly know if we’ve drilled
down as far as the subatomic layers go?
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In addition to looking for smaller ingredients within known
particles, physicists believe that there could be additional
elementary particles that have yet to be identified. A
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hypothetical dark matter particle, for example, may be
composed of smaller parts that we can think of as ”dark
quarks,” Beacham says.
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The search for new fragments of reality may reveal that
our understanding of elementary physics is flawed. The
Standard Model represents particles as points, meaning
they have no volume. Scientists, however, know that they
don’t literally have zero volume, but they are so small
that there is no mathematical reason to include their size
in physical models. (And according to the model, parti-
cles are merely "excitations” in fundamental fields that
pervade the universe.)
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But what if instead of points, these bits of mass and
energy are actually something else, like tiny, vibrating
strings? Under string theory, a particle’s characteristics
would then be determined by the string’s properties and
the way it mingles with other strings, all quivering and
coiling near the infinitesimal limits of physical size.
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"Think of strings interacting,” says Mirjam Cvetic, a theo-
retical physicist specializing in string theory at the Univer-
sity of Pennsylvania. "Open strings can combine and split.
When they combine, they can make closed strings.” Most
elementary particles would be formed by open strings, she
says, and closed strings would make up the hypothetical
particles that carry the gravitational force, called gravi-

tons.
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To accurately explain known physics, these strings must
exist across at least 10 dimensions, a geometric structure
that is assumed to be accessible only at tiny scales. Open-
ing, closing and thrumming like guitar chords across lay-
ers of reality, the strings of the theory are capable of
explaining the established laws of physics in literally a
quadrillion different ways. To critics, this makes the the-
ory untestable—even worthless. But to proponents, the
idea has a certain kind of beauty in its ability to explain
facets of the universe. That’s "not a proof,” Cveti¢ says,
"but a compelling feature.”
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An alternative idea to string theory is the proposal that
spacetime itself is made of tiny loops. Known as loop
quantum gravity, this theory proposes that space isn’t
smooth; instead it can be broken down into discrete bits.
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Under loop quantum gravity, spacetime is a "sea of gravity
that is in a tempest,” says Francesca Vidotto, a theoret-
ical physicist at Western University in Ontario. Woven
together, these fundamental loops of gravity can mathe-
matically account for the curvature of spacetime.
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Vidotto says this scenario is similar to being bathed in
light, which is described through the electromagnetic force.
"We are immersed in the electromagnetic field,” she says.
"And when we try to interact at a quantum level with
this electromagnetic field, the only interactions we can
have are through these discrete objects, the photons.” The
same relation may exist for gravity. "I think for spacetime
we should have a similar intuition that we are immersed
in the gravitational field,” she says. "And when we try to
interact with this field at the smallest possible scale, we
discover that there is this quantum spacetime, like grains.”

69



BZHEH, X —HRBUTIRBAEN 1
TIRAthik . “BATVORAE T, Wit “HRATAE
8T _E5X AR AR R, BT —ae A
R FE ELAE P X S B O R —— 7 X5 i
FAEFMER R R “FIAS R I ZE AT B2 A A B B3 :
TANVORAES 1 5d,” Mipi. “Mi 4 FAHR AR AT BE
N R E ESIXA M EAR R, BAT LB
FIEE, GAR—E”

One tantalizing prediction of loop quantum gravity is that
tiny remnants of black holes could coexist with so-called
white holes—regions of spacetime that are essentially the
opposite of black holes and prohibit light and matter from
entering. The two could combine through quantum super-
position (the ability of quantum objects to occupy multi-
ple states at once) to form stable particles. These parti-
cles are a theoretical candidate for dark matter. "If we are
right,” Vidotto says, ”it’s as if we had quantum gravity
under our nose all these years without realizing.”
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If strings or quantum loops exist, physicists believe they
would be about the size of the Planck length, which is
thought to represent a physical limit to how small some-
thing can be, about 1.6 x 10 3 meter. According to quan-
tum theory, it is impossible to measure beyond this limit
because anything smaller would have physical uncertain-
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ties that would prevent it from having a definite size.
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To experiment close to the Planck scale, we would need a
circular particle collider centered on the sun and reaching
"a little past the outer orbit of Neptune,” Beacham says.
This grand space accelerator won’t be possible anytime
soon, but scientists are working on upgrades at the Large
Hadron Collider that are slated to come online in 2030.
These modifications will allow the machine to measure
even more particles erupting from collisions. The primary
objective is to learn more about the Higgs boson, which
may actually be multiple types of particles or could be
made of composite parts.

ZARHE I W e ROEAL S, WATTE— LKA
Hl SEMRE] “Wl S i ERAME” BIRERL TR 1
BL, VOATI L. 3 R % H5 Ah OR2 st 25 S 300 P A ] e
8, AEBHAZKATIELE A T RIT 2030 48 B2 B KA R+
XL LA o 3 B8 DO K (AL AR 2l 48 e 5
B SE B R BB H AR E ST A 6T
—B%hs ETRER SR T, BATRE R A0 M

"What are the subtle deviations of how this Higgs boson
behaves?” wonders Archana Sharma, a physicist at CERN
who helped to design, build and operate one of the LHC’s
primary detectors. "How does it decay? How does it self-
interact? Are there two bosons that can be produced or
not?”
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Because the Higgs has a quantum spin of zero, it is the
only known elementary scalar particle. Learning more
about how it behaves is crucial to understanding the ghostly
medium responsible for imparting mass in the universe.
"The Higgs boson could be the doorway to an entirely new
physics,” Sharma says. ”It’s unlike any other particle we
know.”
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With any luck, continuing to up the ante in the LHC
could reveal new facets of reality. Whether we will ever
fully understand the underpinnings of existence, however,
is anyone’s bet. ”Some questions may be unanswerable.
That’s, of course, very, very important to accept,” Sharma
says. "And we need to continue to ask nevertheless.”
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What if ’consciousness’
isn’t real?
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What if ’consciousness’ isn’t real?

By Tim Bayne - September 15, 2026 -edited by Allison
Parshall

https://www.scientificamerican.com/article/what-if-conscic

Our understanding of consciousness could be funda-
mentally wrong
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I write this from Santiago, nestled between the snow-
capped Andes to the east and the Chilean Coastal Range
to the west. I am here with about 500 other conscious-
ness researchers for our most important annual meeting.
A key theme of this year’s gathering is the distribution
of consciousness: When does consciousness first emerge
in human development? Which animals are conscious,
and might it occur in artificial-intelligence systems? And
can we construct a consciousness detector, something that
might tell us whether, say, babies, bees or bots are mem-
bers of the ”consciousness club”?
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These questions are among the most intractable of sci-
entific problems. Consciousness researchers like me have
been tackling them for decades. We’ve made some progress,
yet agreement about how to tell whether an organism or
machine is conscious remains elusive. Perhaps part of the
problem lies with the question itself. Perhaps ”conscious-
ness” as a term doesn’t really belong to the language of

science.
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Consciousness researchers have never agreed on what we
mean when we use that word. In some disciplines, ”con-
sciousness” means "sentience”; in others, "awareness.” Still
others use it interchangeably with "experience” or "qualia.”
The muddy terminology makes it hard to tell whether the
different areas of consciousness even have a common sub-

ject matter.
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Consciousness hasn’t always been central
to discussions of the mind. Perhaps it
shouldn’t be.
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If appealing to synonyms doesn’t work, maybe a better
strategy for saying what we mean by ”consciousness” is
to point to clear, uncontroversial examples of it. In the
same way that you might explain what ”jazz” means by
pointing to the music of Miles Davis or Ella Fitzgerald,
so, too, might you explain what ”consciousness” means
by pointing to familiar experiences—feeling sand between
your toes, tasting a ripe strawberry, seeing the sun reflect
off a snow-capped mountain peak.
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These are all states that it ”feels like something” to be in.
In contrast, there is nothing that it feels like to be dream-
lessly asleep or deeply sedated. In the 1990s philosopher
Ned Block, then at the Massachusetts Institute of Tech-
nology, introduced the term ”phenomenal consciousness”
to refer to this state. It’s a simple concept that has played
a central role in the past three decades of consciousness
science and guided discussions about who and what is con-
scious. Debates about whether it "feels like something” to
be a baby, bee or bot are widely thought to carry ethical
significance, marking the contrast between entities that
have intrinsic moral status and those that don’t.
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But despite its apparent universality, phenomenal con-
sciousness has not always occupied center stage in how
human beings have approached the mind. In fact, it is far
from a universal concept. In the wonderfully named 1988
paper "Yishi, Duh, Um, and Consciousness,” University
of Oxford philosopher Kathleen V. Wilkes argued that
there are no synonyms for “phenomenal consciousness”
in ancient Greek, Mandarin, Croatian or even pre-17th-
century English. (The "yishi” of Wilkes’s title is perhaps
the closest that Mandarin comes to a term for conscious-
ness; duh” and "um” are Croatian terms that have been
offered as possible translations for "mind.”)
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Here in the Santiago region, the Indigenous language of
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Mapudungun addresses questions of mentality using the
term “"rakizuam.” This word captures some of what’s meant
by ”consciousness,” but it includes reflexive awareness of
interdependence with other people and the natural world
—relational elements that ”consciousness” fails to include.
One might wonder what debates about other minds might
have looked like had Mapudungun, rather than English,
established itself as the language of science.
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The dearth of synonyms for "phenomenal consciousness”
settles nothing in and of itself. (None of these languages
contains synonyms for "quarks” or “apoptosis” either.)
But it does challenge the natural assumption that under-
standing the space of possible minds requires appealing to
the concept of consciousness. Consciousness—or at least
our concept of consciousness—hasn’t always been central
to discussions of the mind. Perhaps it shouldn’t be cen-
tral.
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Science requires concepts that support prediction, expla-
nation and understanding. A good scientific concept is
one that cuts nature ”at its joints,” bundling together
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phenomena that share an underlying nature. The English
term ”consciousness” may turn out to play that role. But
it’s also possible that ”consciousness” will fail to make the
cut—because it either bundles together phenomena that
don’t really belong together or fails to bundle together
things that do belong together (or both).
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Precedents from this history of science are not hard to

find. As philosopher Patricia Churchland once observed,
the ancients grouped a wide variety of disparate phenom-
ena together as forms of "fire”: combustion (the burn-
ing of wood); fusion (activity on the sun); electrically
induced incandescence (lightning); bioluminescence (the
activity of fireflies); and spectral emission (the Northern
Lights). Galileo reshaped our conception of velocity by
distinguishing average velocity from instantaneous veloc-
ity, and 18th-century physicist Joseph Black reshaped our
understanding of heat, showing that we needed to distin-

guish it from temperature.
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Concepts are tools. And as a tool for describing the struc-
ture of our own minds, “consciousness” is extremely useful
—perhaps even indispensable. But to understand systems
that are radically different from us, we may need to forge
new concepts. As Al becomes increasingly sophisticated,
we might find it irresistible to apply the language of con-
sciousness to such systems, just as we are often tempted
to use the language of consciousness in describing bees or
newborn babies. But we need to recognize the limitations
of consciousness talk. Certainly we should ask whether
bees, babies or bots are conscious. But in asking that
question, we should be alive to the possibility that the
question itself might need replacing.
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What came before the
big bang?

RBIEZ WA A7
What came before the big bang?

By Sarah Scoles - February 10, 2026 - edited by Clara
Moskowitz

https://www.scientificamerican.com/article/what-came-befor

Physicists cannot access anything that existed before
the start of time and space, but they have theories
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The big bang wasn’t a bang in the traditional sense, but it
was the start of important things. Space, for one. Time,
for another. And it began the conditions and processes
that eventually resulted in us humans, who can sit here
and wonder about space and time. The big bang was,
effectively, the beginning of the universe. According to
human logic, there must have been something before the
big bang, even if "before” is the wrong word because there

was no time until after.
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https://www.scientificamerican.com/article/what-came-before-the-big-bang-cosmology/
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The good news is that physicists do have ways of thinking
about—and even empirically studying—the origins of the
origin of the universe. Counterintuitive and impossible
as it may seem, cosmologists are even making progress in
determining which wild ideas might peel back the veil on
that early era, even though it remains inaccessible to us.
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For millennia what happened before and at the beginning

of the universe was not a question scientists could even
scratch at. Cosmological queries were the dominion of
philosophers, says Jenann Ismael—herself a philosopher
of physics at Johns Hopkins University. The most funda-
mental query, of course, is where we come from, a ques-
tion as popular among philosophers as it is with the rest of
us. Other questions, Ismael says, include doozies such as
"What are space and time? Does time have a beginning?
Does space have boundaries?”
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Even after cosmology became a hard science, the field
was a bit sketchy, Ismael says. ”The science was one-
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and-a-half facts,” she adds. The sentiment, she says, is
usually attributed to 20th-century British physicist James
Jeans. But that has changed in the past century or so as
the philosophers’ musings have wandered into the realm
of theory, experiment and data. “These old conceptual
questions are arising in ways that have new angles, a new

spin and a new framework,” Ismael continues.
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It’s unclear whether science as a discipline, and scien-
tists as people, will ever be able to answer some ques-
tions definitively. After all, no one can ”see” what hap-
pened before the big bang, and no one will ever be able
to, at least not directly. But the current and future uni-
verse, researchers are learning, may contain clues about
the distant past, ways to test theories about the before
before. "I’'m happy to listen to any framework, but I only
start taking it seriously when it produces a clean obser-
vational target that a real instrument can go after,” says
Brian Keating, a cosmologist at the University of Cali-
fornia, San Diego. ”If there isn’t a discriminant you can
measure, you're doing metaphysics with equations.”
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Here are three ideas that he and other scientists take se-
riously about the cosmos’s ultimate origins:
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The No-Boundary Proposal
Joil FE

Quantum mechanics is the physics of the extremely small,
ruled by statistics and uncertainty. It’s also what may
have shaped the early universe. To understand the quan-
tum cosmos, scientists calculate the probability of a given
output from a certain input.
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In cosmology, the "output” is the universe as it looks to-
day. "The question is: What should the input be?” says
Jean-Luc Lehners, former head of the Theoretical Cosmol-
ogy group at the Max Planck Institute for Gravitational
Physics (Albert Einstein Institute) in Germany.
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Physicists can break up the problem into chunks of out-
puts and inputs. If they consider the modern universe to
be the output, they can try to figure out what input might
have produced it. Then they can step backward by taking
that input as a new output and determine what conditions
earlier in the universe might have produced that state, and
so on. They can theoretically (if they have a lot of time
on their hands) do that forever, going in steps to reach
the before before—and even before that.
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That infinite regression, however, didn’t make sense to
physicists Stephen Hawking and James Hartle, who worked
on the question together in the 1980s. They decided to
eliminate the universe’s ultimate input—its ”"beginning.”
Instead they formed a model of the universe called the no-
boundary proposal. They suggested that time and space
form a closed, rounded surface: a four-dimensional hemi-
sphere of spacetime.
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Imagine the universe like the globe of Earth. The big
bang is the North Pole. There is no ”before” it, just as
there is no north of north. ”Before” becomes irrelevant
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as a concept. "It’s almost like a Zen idea,” Lehners says.
And it’s one he’s toying with in calculations to see if he
can re-create the universe we see today from a round place
with no north of north.
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"The no-boundary proposal has a decent amount of sup-
port, or at least interest, within the physics community,”
says Sean Carroll, a professor of natural philosophy at
Johns Hopkins. He notes that some scientists worry about
how well defined the idea is, but he finds it to be a "nat-
ural starting point,” given what we know about quantum
gravity.

T FAEIAE B 2 A SRR S, B
Xil,” 2 - BEEHRY AR EHRHEA - RS
IRt M, — SRR SAHLX AR E A B,
Ef 3R, ETRANBFIINHM, BE— “BR
Py

Cyclic Cosmos
IR

Paul Steinhardt, a physicist at Princeton University, has
another idea about what happened before the universe as
we know it began. It stands in opposition to an idea that
he helped to shape: the theory of inflation, which holds
that after the big bang, spacetime expanded very quickly
for a very short period. The inflation scenario is meant



to explain why the universe looks flat and similar in every
place our telescopes can look.
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After helping to establish inflation theory, however, Stein-
hardt started to doubt the idea, in part because it has
required constant tweaking to keep it consistent with our
measurements of the cosmos. ”It’s really hard to think of
a historical example where that actually led to what turns
out to be the right answer,” Steinhardt says. ”Almost al-
ways, that’s a sign that the Titanic is sinking.”
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Time to get in a lifeboat, he thought. So he came up
with a cyclic universe: one that balloons significantly
in size, as ours seems to be doing now, then shrinks a
little and then starts expanding all over again. "When
people think about contracting universes, they’re usually
thinking about things coming to a crunch,” Steinhardt
says—the cosmos collapsing back down into an infinitesi-
mally small point. That’s not what Steinhardt is talking
about: he thinks the universe perhaps contracts slowly,
to a smaller fraction of its size but not to nothing. That
shrinking smooths things out in ways that inflation fails
to explain, he says, while still producing a cosmos that
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appears flat and the same in all directions.
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Steinhardt adds that what looks like a big bang is actually
not. The universe expands, then slowly contracts and
then quickly goes back to expanding. The fast transition
between contraction and expansion is not a bang but a
”big bounce.”
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Steinhardt hopes to test this idea not just by examining
the past but also by taking data from the present and
watching the future carefully. ”It makes an obvious pre-
diction, which is that the current phase of accelerated
expansion can’t continue forever,” he says. "It must end.”
This idea, in turn, raises a new question: ”Could it already
be in the process of ending now?” he asks.
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Our measurements of the universe’s expansion come from

I

relatively faraway objects that emitted their light a long
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time ago. Things could have changed, and we might not
know yet, because the effects would be hard to measure.
"We’d have to look at objects very close by in order to
detect” a change in the universe’s expansion, Steinhardt
says. That’s not cosmologists’ forte, and they would have
to develop new techniques and instruments to look nearby
for such effects.
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Even more intriguingly, Steinhardt says that because "noth-
ing bad happens to space” during the contraction and
bounce, information—even objects such as black holes—
can pass from before the bounce to after. ”"There might
be things in our observable universe that are from before,”
he says.
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Mirror Universe
BAGFH

Latham Boyle, a researcher at the Higgs Center for The-
oretical Physics at the University of Edinburgh, who was
formerly Steinhardt’s graduate student, has another big
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idea about the before before. Like the big bounce con-
cept, Boyle’s favored proposal is pretty simple conceptu-
ally, and it also avoids inflation. ”There’s the universe
after the big bang and the universe before the big bang,”
he says, "and they’re kind of mirror copies of each other.”
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Picture this, Boyle says, like the points of two ice cream
cones touching each other, with their contact representing
the big bang. ”"Time marches away from the big bang in
both directions,” he says. On our side, it goes forward; on
the mirror side, it goes backward. What happened before
the big bang is the reflected opposite of what happened
after. And that doesn’t just include time: here there is
matter; there there is antimatter. Here left is left; there
left is right.
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Boyle has ideas for observations that could support (or
nullify) his theory, which is called the CPT-symmetric
(charge-parity-time-symmetric) universe. For one, a CPT-
symmetric universe wouldn’t have sent gravitational waves
shimmering through space from the beginning of the uni-
verse, as classical cosmology theories predict. Astronomers
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have been hunting for such signals. If these waves are
eventually detected, that would rule this idea out.
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Boyle’s hypothesis also predicts that dark matter could be
explained by a particular kind of neutrino. He hopes cos-
mological instruments will reveal more information about
neutrinos soon. The model’s connection to particle physics,
among other aspects, makes this idea intriguing, Carroll
says. "What I like here is the economy,” Keating says,
"and that it sticks its neck out,” focusing on the kinds
of specific, physical predictions experimentalists like him
need.
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FEach of these scientists is attached to their own idea. But
Lehners isn’t confident any of them will stand the test of
time—whatever time is. ”I think it’s completely prepos-
terous that, in the year 2025, we should understand the
beginning of the universe,” he says. In the grand scheme
of things, in other words, we’re still at the beginning of our
journey of understanding. "Why not in the year 2,000,025
or whatever?”
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And even if researchers think they are getting close, they
could be approaching a false summit: that frustrating
place that looks, when you’re hiking, like the top of the
mountain but is actually a mere bump blocking your view
of the true peak. ”"In general, I think it’s extremely plausi-
ble that there was something before the big bang,” Carroll
says, “but it’s also very plausible that the big bang was
truly the beginning. There’s too much we’re just unsure
about, and I am a bit skeptical that the state of the art
is good enough to allow us to draw any firm experimental
or observational conclusions out of any of these models.”
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But cosmologists aren’t studying our ultimate origins be-
cause they think the mystery will be resolved in their life-
time. Lehners imagines himself as part of an intergen-
erational project helping humanity trek closer and closer
to a truth we may never find. It’s almost as if the mys-
tery isn’t within the realm of science. But science often
involves probing things we can’t access, at least at the
start, Ismael says. Scientists predicted atoms before we
could see them, and black holes and dark matter still lie
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beyond our ability to detect them directly. "I think the
benchmark for what counts as science has moved,” she
says. And it will continue to—including, perhaps, back-
ward to the before that may not be a before.
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Why we love unexplain-
able mysteries

BATV AT T To e 2

Why we love unexplainable mysteries

By Clara Moskowitz - September 15, 2026 - edited by
Clara Moskowitz

https://www.scientificamerican.com/article/why-we-love-une

The biggest questions in science inspire us even when
we lack answers
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The most fascinating questions are often the hardest to
answer. How did the universe begin? How did life evolve?
What is the nature of consciousness? These questions
inspired our special package on ”"Impossible Questions,”
which explores mysteries that are not just unsolved but
potentially unsolvable.
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Such questions are also the driving force behind the Vox
podcast Unexplainable, which delves into scientific un-
knowns large and small, from the nature of dark matter to
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the science of human cells. The show, which debuted more
than five years ago, also premiered as a video podcast on
Netflix this summer. Over the years it has investigated
mysteries such as whether plants can see, why humans
cry, and what silence sounds like.
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Scientific American spoke to Unezplainable host Noam
Hassenfeld about dangerous unanswered questions, why
bicycles are mysterious, and just how much we still don’t

know about the universe.
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An edited transcript of the interview follows.
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What’s the main idea behind the podcast?
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Our show launched in early 2021, when the pandemic was
going pretty intensely. There were lots of debates about
how science works and how science should work. Some-
thing we really wanted to do was be honest that science is
made by fallible scientists who have lives and make mis-
takes and are trying their best. And the most important
thing is to be transparent about your mistakes and be
open about what you don’t know.
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There are some really big questions where we might not

be close to answers. How big is the universe? How did

life start? What’s the point of it all? At the fundamental

level, they are all trying to make sense of our existence.
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But I don’t think you need to get to the huge cosmic
existential questions to have really juicy, unanswered ones.
I’ve found that our audience really appreciates finding out
things that they don’t know. Like, we don’t know how
bicycles work. This is one of my favorite ones.
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Wait, we don’t understand how bicycles work?
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Yeah. This gets a little bit technical. It’s a question of
which physical theory actually explains how bicycles stay
up. At a fundamental level, I think there’s no very easy,
simple way to explain why they do.
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Wow! And that’s a pretty different kind of unan-
swerable question than, for instance, how the uni-
verse began.
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It’s easy to assume that an unexplainable question is ex-
istential or cosmic. But we also do a lot of these really
prosaic mysteries. So, why do we cry? Or should yo-
gurt be its own state of matter? Or, you know, one of
my favorites was an episode about the fact that some
people can’t burp. These basic questions are unexplain-
able just as much as the cosmic, where-did-we-come-from
questions. Understanding exactly why these questions are
unanswered lets us figure out exactly what we still need
to figure out, and it also just helps me stop taking the
everyday world for granted.
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It’s very easy to go throughout your day
and not confront that basic fact that al-
most everything everywhere is unknown.”
—Noam Hassenfeld
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In the course of looking into these questions, have
you come across a scientific mystery that seems to
be not just currently unexplainable but unanswer-
able in theory?
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I want to say, "Never say never,” because as I'm sure you
know, many questions were once thought to be unsolv-
able, and then we figured them out, and we found ways
to answer new questions we never even thought we would
have.
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But one that comes to mind is an episode we did on the
question of whether the entire observable universe is inside
a black hole. Is the universe just a black hole that is inside
another universe that’s inside a black hole, that’s all black
holes all the way down? At a certain level, that question
is kind of unanswerable because you can’t get outside the
black hole. The scientist I talked to suggested building a
particle accelerator that would go around the moon. So
it’s one of those things where maybe it’s possible to answer
it, if we did the most ridiculous thing imaginable.
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Are there some questions that should stay unex-
plained because trying to answer them would be
too dangerous? The classic example might be the
work that led to the atomic bomb. Should we have
left those questions unanswered?
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That’s really tough. I think there are questions where
finding the answer can be dangerous, like with the atomic
bomb, although that also gave us carbon-free energy. And
then there are also questions that maybe we can solve only
if we don’t do our research ethically. There are things
that we’ve learned in the past through extremely unethical
means. Someone once wrote into a Vox advice column
asking, in the course of IVF, should I do everything I can
to select the embryo that will have the least chance of
disease? And then how far should I go? Should I select
height and gender and eye color? You can see how it
really spirals. I think having the impulse to solve things
perfectly can both be impossible to meet and maybe lead

you to a somewhat dangerous place.
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Have you ever felt surprised about just how much
we don’t know?
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I still remember an episode we did talking to researchers
about the idea of whether there might have been a tech-
nological species before humans, like millions of years ago.
We think we have this full picture of the past—we have
all these fossils; we know what was going on. But in fact,
we’ve barely found anything. You know, we’ve mapped
less than one third of the ocean floor. We don’t really
know how smell works. Everything is just way more com-
plicated than it seems. Ninety-five percent of the universe
is made up of dark matter and dark energy, so we barely
understand the vast majority of everything.
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You don’t realize that what we know is like this little
candle in the darkness. And when you're right next to
it, it can feel like a lot. But then you zoom out, and
you realize that we just don’t really know that much. It’s
very easy to go throughout your day and not confront that
basic fact that almost everything everywhere is unknown.
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Does that ever feel discouraging?
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I don’t know. On the one hand, it makes me feel that
much more grateful for what we actually have discovered.
How we’ve been able to slowly build this enormous body
of knowledge in the face of all the unknowns. It definitely
makes me not take that for granted. And I get excited
about how much more there is to understand. I know
that when I die, we are still going to understand basically
nothing that’s going on, but we are going to understand
more than we do now. And there’s a lot of room for

everyone who comes afterward to figure more stuff out.
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When we started this show, we were like, are we going to
run out of unexplainable things? And then very quickly
we realized, definitely not. It kind of puts the magic back
in the world a little bit. It makes you realize that this
world is ridiculously complicated and that so many people
are trying so hard to understand it. We’ve gotten so, so
far, right? We have increased the mountain of knowledge
to an absurd extent. And we still have so far to go.
BEAVFIRIZXATHE, TATE: RO A2HETE
RIS R IRIRBATZ RS BN L. BAN

100



TEBEIE L R — i e BIRRGR B XA RS 2 3
ok, AL N5tk B E. Rilaak
T2~ MAim, WE? FAFCARZ (L mE 752
MIRRSE o T BAT AT AT IR 2 T2 B i 2

101



	Finding meaning in the impossible / 在不可能中寻找意义
	The questions science may never answer / 科学或许永远无法回答的问题
	Will we ever know how life began? / 我们能否知道生命如何起源？
	Will we ever achieve immortality? / 人类能否永生？
	What if we never find dark matter? / 如果我们永远找不到暗物质？
	The hunt for reality's smallest pieces / 追寻实在最小的碎片
	What if 'consciousness' isn't real? / 如果「意识」并不真实？
	What came before the big bang? / 大爆炸之前是什么？
	Why we love unexplainable mysteries / 我们为何热爱无解之谜

