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In many submerged regions, murky mud shelters strange life-forms that seem to be the key to one of the biggest mysteries of life on Earth.




These creatures belong to a domain of life called the archaea: single-celled microorganisms that look much like bacteria under a microscope. Ten years ago, a new group called the Asgard archaea was identified in sediments from the North Atlantic Ocean. They are nothing like us: They live mostly in places with little or no oxygen, and they are almost unbelievably ancient, with a lineage tracing back perhaps 3 billion years. Yet their DNA shows that the Asgard archaea sit startlingly close to humans on the tree of life.




In 2015, game-changing research made the case that these odd microbes can explain the origin of eukaryotes, the domain of life that includes organisms made of cells containing a membrane-bound nucleus. Since then, an explosion of studies has added to evidence that the Asgard archaea are the key to the birth of all known complex life.




[image: Illustration of archaea on a transparent background]Marina Muun





The rise of the eukaryotes was one of the most important events in Earth's history. If it had not occurred, there would be no great white sharks, no towering redwood trees, no hovering hummingbirds and no people. Just slimy layers of bacteria and archaea, everywhere. And the Asgard archaea may have started it all.




"I think it's the most exciting thing that's happened in microbiology in a long time," says geobiologist Daniel Mills of Heinrich Heine University of Dusseldorf in Germany.
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Exactly how the Asgard archaea gave rise to eukaryotes, and why it happened when it did, is still being thrashed out by researchers. But based on the evidence so far, the Asgard archaea seem to have evolved in multiple ways that primed them to birth eukaryotes. This suggests that the origin of complex life on Earth wasn't an incredibly lucky chance, but something that built up over evolutionary time.




That, in turn, implies complex life may evolve more easily than many biologists suspected, in which case -- if there is extraterrestrial life somewhere in the cosmos -- at least some of it might be complex like us.




What were the first cells?




The oldest known living things are simple, single cells. There are two major domains: bacteria, which are familiar in part because some of them cause diseases, and the less well-known archaea. Scientists didn't recognize how distinct the two domains are until the advent of DNA analysis in the 1970s.




The third domain, eukarya, arose later in Earth's history. Compared with the older groups, eukaryotic cells are usually much larger. They also have more internal structure. Each eukaryotic cell has a nucleus, an enclosure where the DNA is stored. Most also have many stubby structures called mitochondria, which supply them with energy. Unlike bacteria and archaea, eukaryotic cells can group together to form large multicellular organisms with distinct tissues like muscle and bone.




"If eukaryotes never originated, we wouldn't be here," Mills says.





Splitting the Tree




Traditional models for the tree of life split organisms into three domains: bacteria, archaea and eukarya (top). But if theories about Asgard archaea are true, life may be reshuffled into a two-domain tree, with eukarya branching off the archaea.



[image: an illustration of how the tree of life would split if theories about Asgard archaea are true]F. Macleod et al/AIMS Microbiology 2019, adapted by B. PriceF. Macleod et al/AIMS Microbiology 2019, adapted by B. Price






How and why eukaryotes formed are profoundly difficult questions because the differences between eukaryotes and their bacterial and archaeal cousins are vast. One group of microbiologists in the 1960s called the divide "the greatest single evolutionary discontinuity to be found in the present-day world."
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For many biologists, the origin of eukaryotes also seemed extremely unlikely. All eukaryotes today are descended from the same common ancestor, and nobody has ever observed new eukaryotic cells forming, either in the wild or in the lab. This has long implied that eukaryotes formed only once, and that it was "a chance event," Mills says.




Then came a crucial clue.




How Loki's Castle changed the game




In July 2008, researchers discovered a series of hydrothermal vents on the Arctic Mid-Ocean Ridge, between Scandinavia and Greenland. Each vent is a chimney that pumps out black, chemical-rich water at temperatures of 310deg to 320deg Celsius. The team that found the vent system called it Loki's Castle, after the Norse trickster god.




Subsequent expeditions collected sediments from the surrounding seabed, which were home to communities of archaea. Initial genetic studies suggested there was something unusual about these archaea. They "seemed to be somehow closer to eukaryotes than what we knew before," says Anja Spang, now an evolutionary microbiologist at the Royal Netherlands Institute for Sea Research in Den Burg.




"I've always been fascinated by the question of how eukaryotic cells evolved," says Spang, who at the time was doing a postdoc at Uppsala University in Sweden. The newfound microbes looked potentially relevant, so she resolved to "reconstruct the genomes of these organisms."





An Epic Seafloor




At hydrothermal vent systems like Loki's Castle, seen below, volcanic activity sends plumes of hot, nutrient-rich fluid into the deep, cold water. Such environments are hot spots for finding extreme new forms of microbial life.




[image: photo of hydrothermal vent system Loki's Castle]R.B. Pedersen/Centre for Geobiology/Univ. of Bergen
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The group's initial attempts to isolate the archaea failed inexplicably, so Spang and her colleagues turned to a technique called meta-genomics. They collected as much DNA as they could from the sediments and used computer programs to reconstruct the genetic instruction book, or genomes, of the mystery archaea. They could then compare these mystery genomes with those of other microbes and figure out their closest relatives.




When Spang and colleagues finally generated a reliable family tree, the new group of microbes, which they dubbed the Lokiarchaeota, proved to be the closest known living relatives of eukaryotes. Their results, published in Nature in May 2015, caused a scientific sensation.




"It was a game changer," says microbial ecologist Burak Avci of Aarhus University in Denmark. Three things stood out. The simple fact that the Lokiarchaeota were so closely related to eukaryotes immediately raised the possibility that a member of the same group gave rise to the first eukaryotes billions of years ago. Furthermore, their genomes contained many genes that are hallmarks of eukaryotes. These genomes partially crossed the divide between complex life and simple bacteria and archaea. And crucially, some of the eukaryotic genes the team found seemed to point to an explanation for how the first eukaryotic cells formed.




How could simple cells become complex?




The basic idea for how eukaryotes may have formed goes back over a century. In 1910, Russian biologist Konstantin Sergejewitch Mereschkowsky suggested that some of the complex structures in what we now call eukaryotic cells were once free-living cells. The first eukaryote formed when one cell took up residence inside another. The intruder eventually fused with its host to such an extent that the two became inseparable.




This partnership came to be called endosymbiosis. The idea languished in obscurity for half a century until it was revived in 1967 by microbiologist Lynn Margulis. Writing as Lynn Sagan (she had been married to astronomer and author Carl Sagan), Margulis argued that the energy-giving mitochondria and two other eukaryotic structures had been formed from separate cells.




Margulis' proposal was "groundbreaking, revolutionary work" at the time, Mills says, and today, the basic idea of endosymbiosis is textbook orthodoxy. Still, the theory of endosymbiosis raises a plethora of intractable questions, beginning with an obvious one: Which types of microbes were involved? Was the host cell an archaean or a bacterium? What about the cell that was absorbed and became the first mitochondrion?





The archaean evolution?




Asgard archaea have traits that could have allowed them to take part in endosymbiosis. This theory for the origin of complex cells holds that one type of cell fused with another until they became inseparable.



[image: An illustrated visual of endosymbiosis in Asgard archaea]D.A. Baum and B. Baum/BMC Biology 2014, adapted by B. PriceD.A. Baum and B. Baum/BMC Biology 2014, adapted by B. Price






"We did not have the host. We did not have the partner," says microbiologist Christa Schleper of the University of Vienna in Austria.




Based on careful analyses of the genomes and biochemistry of eukaryotic cells, researchers gradually concluded that an archaeal host absorbed a bacterium. But nobody knew what kind of archaean, or how it could have achieved this. That's where Lokiarchaeota comes in. These microbes seemed to be ideally placed to be the host cells that assimilated the bacterial ancestors of mitochondria.




Some of the eukaryote-like genes in Lokiarchaeota code for proteins that, in eukaryotes, are involved in changing the shapes of cell membranes. Using these proteins, eukaryotes can deform their cell membranes, twisting and thrusting them into new shapes.




Crucially, many eukaryotic cells can perform phagocytosis -- they can engulf a large particle or another cell, trapping it inside a special compartment. In the human body, some of our white blood cells engulf harmful bacteria in this way and then digest them. If Lokiarchaeota could perform phagocytosis, then maybe a similar archaean billions of years ago used it to engulf a bacterium.




"That's how you get a bacterium within an archaean," Mills says.




It was a beautiful idea. But was it true? Spang and her colleagues still didn't have any living Lokiarchaeota cells in their lab, just a reconstructed genome in their computers.




To flesh out their picture of these archaea, they looked for more. They took samples from seven watery sediments, including Loki's Castle, Yellowstone National Park in Wyoming and the Radiata Pool in New Zealand. The DNA revealed a host of Lokiarchaeota-like microbes, such as Thorarchaeota (named by another group after the god of thunder) and Heimdallarchaeota (named after the sentinel of the Norse gods). Even more eukaryote-like genes turned up in these newfound microbes. The team decided to call the entire group the Asgard archaea, after the home of the gods in Norse mythology.





Where in the world




First found at Loki's Castle in the North Atlantic, Asgard archaea have since been identified in samples from other watery ecosystems, such as hot springs, microbial mats and estuaries. They've been found at sites around the world, including Yellowstone National Park in Wyoming, the Bay of Aarhus in Denmark and cold seeps in the South China Sea.



[image: an illustration of where Asgard archaea have since been identified in samples from watery ecosystems]F. Macleod et al/AIMS Microbiology 2019, adapted by B. PriceF. Macleod et al/AIMS Microbiology 2019, adapted by B. Price






Other researchers were also identifying new Asgard archaea using similar methods. But still nobody had grown one in the lab or seen one under a microscope. Or so everyone thought.




Discovering a cell with tentacles




On May 6, 2006, microbiologist Hiroyuki Imachi and two colleagues were on the bottom of the ocean in the submersible Shinkai 6500, 2,533 meters below sea level in the Nankai Trough off Japan. There, methane seeps on the flat plain of the seabed feed a community of unusual microorganisms.




Imachi, of the Japan Agency for Marine-Earth Science and Technology in Yokosuka, had relatively modest ambitions. He hoped to identify and culture the microbes and learn how they survived in this peculiar environment. Using the submersible's robotic arm, the crew collected a cylinder of sediments from the seabed. They were mostly gray, with some black dots.




Imachi spent years figuring out how to grow the microbes from the sediments in a reactor in his lab. It was slow work, because the microbes lived slow lives, doubling in number over 14 to 25 days. He had previously worked on biological treatment of wastewater, and he stuck with the methods he knew. Instead of trying to grow isolated strains in test tubes and glass plates, he used a continuous-flow bioreactor to replicate the environment of the deep-sea methane seep, trickling in methane and sulfate to feed the microbes living inside.




With biologist Masaru Nobu and other colleagues, Imachi had analyzed the genome of the microbes, and the pair was planning a paper about their ecology. Then Imachi saw Spang's supervisor Thijs Ettema give a presentation about Lokiarchaeota, not long before Spang's 2015 Nature paper was published. Imachi realized he was growing what would soon become known as an Asgard archaean -- and he was the only person on the planet who had worked out how to do so.




Imachi and Nobu were shocked. "Neither of us had a background in evolutionary biology," Nobu says, and they certainly hadn't been working on the origins of eukaryotes. But they had stumbled onto a huge discovery. Instead of their planned ecology paper, they would "go all the way," Nobu says, and propose a new theory for how archaea evolved towards eukaryotes using the Asgard archaea that Imachi had cultured.




First, they had to take a proper look at their microbes, which they were calling strain MK-D1. The team managed to identify individual MK-D1 cells in the culture and examined them using an array of methods, including electron microscopy. The cells proved to be small and spherical, about 550 nanometers across: not unusual for an archaean, and much smaller than a eukaryote. They showed no sign of the kinds of internal structures found in eukaryotes, such as a nucleus.




[image: Asgard archaean as seen under a microscope]Seen under a microscope, the Asgard archaean initially called strain MK-D1 shocked researchers with its unusual branching tentacles.H. Imachi et al/Nature 2020





What they did have was tentacles. Long tendrils extended from the cell body, often dividing into multiple branches. When Imachi first saw them, he thought he must have contaminated the culture, ruining years of work. "But then, as we looked at it closely together, we realized that these filamentous structures were growing from the spherical cells that we're familiar with," Nobu says. In the electron microscope images, each cell looked rather like a squashed mosquito.




The team called their archaean Candidatus Prometheoarchaeum syntrophicum -- breaking with the Norse theme by naming it after the Greek mythological hero who stole fire from the gods. The team published their findings on bioRxiv.org in 2019, and it appeared in Nature the following year.




Crucially, Prometheoarchaeum could not grow in isolation. It exists in a special kind of symbiosis in which it can feed only in partnership; in the culture it grew only with another archaean called Methanogenium. The partner produces amino acids and vitamins that Prometheoarchaeum cannot make, and in return Methanogenium receives essential chemicals in the form of hydrogen and formate.




Putting all this together, Imachi, Nobu and their colleagues proposed a significantly different scenario for the formation of the first eukaryotic cell. The Asgard archaean was the host, but it did not capture its partner using phagocytosis. Instead, it had a bacterial feeding partner. The Asgard archaean's tendrils gripped this partner, holding it close. As the two cells became more interdependent, the tendrils slowly fused around the partner -- until it was entirely enclosed.




For many researchers, including Spang, this now seems like a far more plausible scenario than phagocytosis. Although the Asgard archaean that merged with a bacterium billions of years ago had some of the genes required, "I don't think it had a fully fledged phagocytosis machinery," Spang says. In contrast, subsequent studies have shown that other Asgard archaea live with a feeding partner.




In April 2019, Schleper collected sediments from a shallow, brackish canal near Piran, Slovenia. Three years later, she and her colleagues reported that they had successfully cultured a second Asgard archaean, Candidatus Lokiarchaeum ossiferum. Like Prometheoarchaeum, it had long tendrils. Within the cells, the team identified a protein called actin, which in eukaryotes is a major component of the internal scaffolding called the cytoskeleton.




"This actin is really interesting because it is found in all Asgard archaea," Schleper says, suggesting it was present in the earliest members of its group. It may be the key to the cells' ability to form long, branching tendrils.




What the Asgard archaea mean for aliens




The question of exactly what structures and abilities Asgard archaea possess is crucial to understanding how endosymbiosis could have happened. But there are uncertainties about even basic biological traits. One big example: Do Asgard archaea have internal structures similar to those of eukaryotes, or are they internally simple like other archaea and bacteria?




The initial DNA study suggested they were capable of remodeling their membranes, which hinted at complex structures. Avci and colleagues gathered sediments containing Asgard archaea from Denmark's Aarhus Bay. They found that the archaea's DNA appeared to be separated from the machinery for making proteins. This could suggest that the cells store their DNA in a nucleus, with the protein-making machinery elsewhere, like eukaryotes.




However, Schleper says the existing data don't show this. "I don't think they have ever seen a membrane, so I don't think we have a nucleus here," she says, adding that other archaea do separate DNA and ribosomes, the cellular machinery that forms proteins.




More evidence of a simple internal structure, typical of archaeans, emerged in a study posted in February 2025 by Imachi, Nobu and their colleagues. They reported culturing two more Asgard archaeans, in a group called Hodarchaeales, named for Hodr, the blind son of Odin in Norse mythology. Both had similar shapes and lifestyles as Prometheoarchaeum, and no sign of internal structures like nuclei.




However, two months later Avci and his colleagues reported that they had imaged archaea closely related to Hodarchaeales, again gathered from Aarhus Bay. The cells were very different. For starters, they were around 3 micrometers across, several times the size of Prometheoarchaeum. They were shaped like stubby sausages, with a swollen "bulb" at one end containing dense DNA.




"It is most likely we see the first form of the nucleus organized in Asgard archaea," Avci says.




Avci notes that the Asgard archaea are already a highly diverse group, and scientists have barely scratched the surface. The first ones cultured might not be representative of their ranks.




The debate is likely to grind on for some time, if only because it takes so long to culture a new strain. But as more Asgardians are identified, researchers are trying to discover the group that gave rise to eukaryotes. A 2023 analysis highlighted the Heimdallarchaeia as the most promising subgroup. For the first time, scientists have something that looks like the host cell that became a eukaryote. "That makes it more graspable," Schleper says.




Plus, the mere discovery of Asgard archaea carries exciting implications for extraterrestrial life.




The more we understand about Asgard archaea, with their tentacles and their close partnerships with other microbes, the more the birth of eukaryotes seems almost inevitable. That calls into question the long-standing assumption that the rise of eukaryotes was an astronomically rare event that happened only once in Earth's history.




[image: an illustration of a microbe]Marina Muun





"This is just my own intuition," Spang says, but "it happened more than once." She suggests that multiple groups of Asgard archaea took in symbionts, "but one lineage somehow really made it to the stop where it became an integrated cell over time."




If eukaryotes really arose more than once, then we will have to rethink a key idea about evolutionary history -- and our expectations for the kinds of life that might exist on other planets. In a study published in February 2025 in Science Advances, Mills and colleagues reconsidered whether the origin of eukaryotes, and other supposed "hard steps" in the evolution of complex life, are really that hard. The birth of eukaryotes looks like a singular event because all modern eukaryotes are descended from one shared ancestor. But there are other explanations.




"It could be that ... a eukaryotic organization evolved many times, and all these other examples have gone extinct," Mills says. Or it may be that the first group to become true eukaryotes was so successful that they prevented other Asgard archaea from following suit, effectively "pulling up the ladder" behind them.




If the origin of eukaryotes was truly unlikely, we might never find plants and animals anywhere else, just worlds covered in unicellular slime. However, if one of the alternative explanations Mills highlighted is the truth, then we might expect to find complex life on other Earthlike planets where it has had time to evolve.




One day in the far future, a space probe may gaze down on an exoplanet with liquid water and a thick atmosphere. If the planet has been around for a few billion years, perhaps we'll find alien eukaryotes. Maybe there'll even be complex animals wondering about the strange new star in the sky.
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A hunk of material bustles with electrons, one tickling another as they bop around. Quantifying how one particle jostles others in that scrum is so complicated that, beginning in the 1990s, physicists developed an esoteric mathematical structure called a tensor network just to describe it. A decade or so later, when quantum physicist Roman Orus began studying tensor networks, he didn't envision applying them to the seemingly unrelated concepts of artificial intelligence.




But with the advent of enormous, energy-hogging large language models like those behind ChatGPT, "we realized that by using tensor networks we could address some of the bottlenecks," says Orus, of Donostia International Physics Center in San Sebastian, Spain. Tensor networks can help squish bloated AI models down to a more manageable size, cutting energy use and improving efficiency without sacrificing accuracy. That's Orus' aim in his work at Multiverse Computing, a startup he cofounded. It's an appealing prospect: AI currently gobbles so much energy that tech companies are hatching plans for a future generation of small nuclear power plants. And the need to power AI data centers may already be helping to drive up electricity costs in some areas.
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Smaller models also boast the potential to be crammed onto personal devices like cell phones or household appliances. The ability to put AI on the devices themselves -- rather than running it through the cloud -- means users wouldn't need an internet connection to use the AI.




There are other ways to compress AI models. But tensor network proponents argue that the technique's basis in physics and math can provide more of a guarantee that the compressed model will perform as well as -- or even better than -- its big sibling. "It seems like kind of a slam dunk every time people try it," says physicist and tensor network enthusiast Miles Stoudenmire of the Flatiron Institute in New York City.




[image: An illustration of a tensor network, which is used in many quantum systems.]Illustration by Hawaii





But Stoudenmire wants to push tensor networks even further.




Most popular AI models are based on a framework called an artificial neural network that is inspired by the neurons of the human brain. Whereas Orus and colleagues are recasting those existing models as tensor networks, Stoudenmire and others aim to make AI models that bypass neural networks entirely, basing them on tensor networks from the get-go. Neural networks are powerful and flexible tools. But training them demands lots of energy and computer time. And they produce AI models with inner workings that are difficult to comprehend. Starting from a tensor network foundation, instead, could make AI faster and easier to train and understand.




"Let the tensors breathe," Stoudenmire says. "I want to free them from the neural network and let them do their own thing ... because I think they have a lot of latent power to offer."




How the tensor network sausage is made




Tensor networks are physicists' answer to a hair-raising concept called the "curse of dimensionality." It's the idea that, as data become more complex and involve many variables, they dramatically explode in size, making computer storage impossible.




The building blocks of tensor networks are mathematical objects known as tensors. If you've ever used a spreadsheet, you may understand how powerful tensors can be. A spreadsheet is, effectively, a matrix, an array of numbers in two dimensions. Tensors generalize this idea to multiple dimensions.



[image: Diagrams illustrating various tensors models.]Scientists use diagrams to represent tensor networks. Here, triangles and circles represent tensors, and lines indicate indices. Connecting lines represent contractions, operations that combine tensors. Tensor trains (top left) are used in AI and other applications. Projected entangled pair states (top right) generalize them to higher dimensions. Hierarchical, treelike networks (bottom) can describe correlations across different length scales.C. ChangScientists use diagrams to represent tensor networks. Here, triangles and circles represent tensors, and lines indicate indices. Connecting lines represent contractions, operations that combine tensors. Tensor trains (top left) are used in AI and other applications. Projected entangled pair states (top right) generalize them to higher dimensions. Hierarchical, treelike networks (bottom) can describe correlations across different length scales.C. Chang
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Say you want to describe 10 people and their rankings for 10 possible pizza toppings. Jared gives pepperoni a 10, and Kate gives it a 3, and so on. You'd fill out a 10 by 10 spreadsheet.




But what if you wanted to describe not just toppings, but different sauce types, too: white sauce, marinara, pesto. What you'd need is an order-3 tensor. One number gives Kate's ranking for a pizza with red sauce and pepperoni, another for Jared's ranking of pizza with white sauce and mushrooms.




When dealing with a small number of variables -- people, pizza toppings, sauces -- such tensors are manageable. If you did a massive pizza survey, polling 100,000 people with 100 choices for toppings and 100 sauces, that would result in a tensor with 1 billion numbers, easily storable on a computer. But once you start dealing with many variables -- if on top of people, pizza and sauce you add crust, cheese and many other options -- the size of a tensor quickly balloons.




Once a tensor has more than a few tens of variables, "it would take ... as much memory as has ever been produced in the history of computing to store," Stoudenmire says. That's the curse of dimensionality. For computer scientists -- who tend to huck around huge clods of data -- it's a vexing problem. And for quantum physicists, the curse rears its head when describing many particles interacting with one another in complex ways.




Enter tensor networks. Harnessed by physicists in the 1990s and 2000s, they represent one colossal tensor by breaking it up into smaller, more manageable tensors. Those smaller tensors are linked by contractions, operations that combine two tensors into one.




Stoudenmire compares it to taking a giant sausage -- too much for one person to cook, let alone eat -- and twisting it in places to make perfectly portioned hot dogs, sized for the grill.




[image: An illustration of a tensor network, which is used in many quantum systems.]Illustration by Hawaii





Here's how that sausage is made. Tensor networks are adept at representing correlations, connections between the results of different measurements. In a pizza survey, for example, people who like white mushrooms on their pizza probably also like cremini mushrooms -- the two survey responses are correlated. Tensor networks are an efficient way of representing data that have correlations.




In AI, there are correlations between the billions of numbers called parameters that determine, for example, how a chatbot processes users' prompts. And correlations in data can signal redundancy. By eliminating that redundancy, tensor networks can compress a model without weakening its power.




The synergy between AI and quantum physics also comes down to correlations. Quantum particles are paragons of correlation through the effect of quantum entanglement, which links the fates of two seemingly distinct particles.




"We are just finding here, in AI models, what we learned in physics, that correlations matter, period," Orus says. "Everything is about correlations."




A llama gets littler




Models based on neural networks typically already contain simple tensors, such as those spreadsheet-like matrices. Matrices or other tensors hold the parameters that tell the model how to process data via nodes, individual components of the model that are inspired by neurons. In a deep learning model, there are multiple layers of nodes, with associated tensors that contain parameters. But tensor networks have the power to represent data more efficiently than those individual tensors on their own.




Orus' startup has commercialized a tensor network-based compression technique for AI models, called CompactifAI. When applied to the large language model Llama 2 7B, CompactifAI reduces the memory required to store the model by more than 90 percent, going from about 27 gigabytes to about 2 gigabytes. It shrinks the number of parameters by 70 percent, taking it from 7 billion parameters to about 2 billion with an accuracy drop of just a few percent, Orus and colleagues reported in a paper presented last April at the European Symposium on Artificial Neural Networks, Computational Intelligence and Machine Learning in Bruges, Belgium. 





Total energy consumption of a compressed and uncompressed AI model



[image: A graphical representation showing how Multiverse's compressed version of Llama, a large language model, is more energy efficient than the full-sized model for both short and long responses.]D. Rovet et al/arXiv.org 2025 Credit: C. ChangD. Rovet et al/arXiv.org 2025 Credit: C. Chang



Multiverse's compressed version of the large language model Llama 3.1 8B produced responses to 104 questions using less energy than the full-sized model. The energy saved was more dramatic for longer responses (bottom) than shorter responses (top).
Multiverse's compressed version of the large language model Llama 3.1 8B produced responses to 104 questions using less energy than the full-sized model. The energy saved was more dramatic for longer responses (right) than shorter responses (left).





A report by the European consulting firm Sopra Steria found that Multiverse's compressed version of a different model, Llama 3.1 8B, used about 30 to 40 percent less energy than the original version, depending on the length of the response.




Other methods for shrinking AI models can also improve energy efficiency. A technique called pruning removes the least important parameters or nodes from the model, and a method called quantization reduces the precision of the parameters, for example by going from decimal numbers to integers. But machine intelligence researcher Danilo Mandic of Imperial College London says those techniques are reliant on trial and error. "There is no guarantee of good or improved performance."




Tensor networks, designed to tease out the hidden structure in data, allow the model to be compressed and still perform well. Compressed models can even surpass the big ones in accuracy, Mandic says. That's because big models are trained on large swaths of data from the internet, containing plenty of redundancies and irrelevances that get filtered out by the tensor network compression.




A tensor network-compressed version of OpenAI's GPT-2 large language model performed similarly to or even better than full-size GPT-2, Mandic and colleagues reported in a paper published in 2023 at arXiv.org. And the mini model ran on a Raspberry Pi -- a cheap, credit card-size computer often used for computer science education.




Multiverse has continued developing smaller models. Two released in August 2025 are named after animals that Multiverse says have similarly simple neural architecture in their brains. The company is marketing the models -- SuperFly and ChickenBrain -- for personal devices and appliances such as refrigerators and washing machines. For example, a clueless teenager could ask a washing machine which type of cycle to run.




Letting tensors breathe




To compress an AI model, you have to have one to start with. Creating and training that original model is itself an energy-sapping saga. Using tensor networks from the beginning could ease energy needs in that stage, too.




Training the neural network in an AI model like that of ChatGPT requires a lengthy process of optimization, tweaking parameters and checking the resulting performance, in order to find the best values for the parameters. This step typically relies on a process called gradient descent, originally devised in the 19th century. Stoudenmire likens it to looking for a plate of food in your house by wandering around hoping you can catch a whiff. "It's not stupid, but it's pretty basic."




[image: An illustration of a tensor network, which is used in many quantum systems.]Illustration by Hawaii





Right now, deep neural networks are the basis for the most successful AI models out there. But some researchers are working to create an alternative that could complement that technology. Models based on tensor networks would eliminate the neural network entirely. And it could eliminate that process of optimization, that groping about the house searching for your forgotten leftovers. "We don't want to use optimization at all," says applied mathematician Yuehaw Khoo of the University of Chicago. "This is the main selling point of using tensor networks over deep learning architecture, the possibility of completely bypassing the use of optimization."




To avoid the need for optimization, tensor network methods can use a "divide and conquer" strategy. Parts of the tensor network are frozen while others are adjusted to each solution.




A related tensor network technique involves zooming in and out to help find a solution. For example, imagine that rather than roaming around searching for a plate of food, you could isolate individual floors. Maybe you sample the air of the entire first floor of the house all at once for the scent of food. If present, you zoom in, searching each room, then the different surfaces in the room.




In these ways, tensor networks can settle, not on the location of the food, but on values of parameters in the tensor network. The techniques mean models can be trained within seconds. In a scientific flex, Siyao Yang, an applied mathematician in Khoo's group, demoed training a tensor network-based model in the middle of a scientific talk. It took four seconds. A similar model based on neural networks took about six minutes, nearly 100 times as long.




But the divide and conquer strategy also means that tensor networks have a limitation. They work best if the structure of the problem is well understood, in order to know how to divvy the problem up. For example, when searching for that plate of food, perhaps you know the layout of the house with its floors and rooms.




That makes the technique work best on problems that have some known structure, like those that are described by laws of physics. For example, an AI based on tensor networks can evaluate complex equations related to the properties of materials such as copper, argon and tin, researchers reported last August in Physical Review Materials.




AI based on tensor networks is useful in robotics too. In a paper published last July at arXiv.org, researchers at Idiap Research Institute in Martigny, Switzerland, used tensor networks to teach two robotic arms to manipulate a box.




[image: Two white robotic arms grasping a white box.]Robots can benefit from tensor networks too. Scientists used tensor networks to enable these two robotic arms to rotate and lift a box. Structuring data in tensor networks can allow for more efficient robot training than standard methods.Idiap Research Institute





Explaining the inner workings of AI




Tensor networks can also make for more understandable AI. Deep learning models, with their myriad parameters, are infamous for being black boxes, with little possibility to extract the reason behind a model's response.




"There's very little theoretical understanding about what's actually happening with deep learning," says computer scientist Rose Yu of the University of California, San Diego.




That obscurity holds neural networks back from tasks where a slipup would be disastrous. "You cannot employ a neural net to run your nuclear power plant if you don't understand how it works," Mandic says.




Yu has used tensor network methods to analyze information such as climate data and the shooting success of basketball players from different places on the court. The mathematically well understood tensor networks, she argues, lend themselves to results that are easier to grasp.




"Tensors, because they're tools that are very well understood from a theoretical
perspective ... may offer a new type of platform to study the behavior of deep networks, to understand the science behind deep learning," Yu says.




Meanwhile, tech companies continue to release bigger, more complex models, trained on more data. "The current trend in AI seems to be [that] the ultimate answer to everything is just scaling," Yu says.




But the era of improving performance simply by going bigger may be petering out. Tensor networks provide an alternative paradigm to explore. "Can we derive new insights from tensor networks that can help guide a new wave of development for AI?" Yu asks.




Neural networks still outperform tensor networks on most tasks. But perhaps, Khoo says, that's partly due to the intense focus on neural networks over the past decade, and the relative neglect of tensor networks.




Putting more effort into tensor network research could mean we eventually get more out of them, Khoo says. "With enough tuning, I'm pretty sure tensor networks can win."
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Arriving at a 1987 Gamblers Anonymous event in Dallas, Chris Anderson was at a low point. After years of losing money on high-risk stock option trades, his mental health had deteriorated and he had filed for bankruptcy. Fed up with the chaos and dishonesty, his wife had left him. Like many people contending with a severe gambling disorder, Anderson regularly experienced suicidal thoughts. Still, he couldn't stop placing bets. He related his desperation to an older gentleman with kind eyes who nodded patiently.




"What he said to me was, 'You're really hurting, aren't you?'" Anderson recalls nearly four decades later. "I knew at that moment I found somebody who could help me, who helped me give a name to what was true. I'd never heard of Bob Custer. I had no clue that he really put gambling addiction treatment on the map."
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This understanding man was Robert Custer. As a psychiatrist, Custer advocated throughout the 1970s and '80s for the medical community to address gambling disorder as a treatable psychological condition and boosted its reputation beyond a moral failing or a simplistic compulsive behavior. Custer established the first specialized inpatient treatment programs, collected early clinical data and played a vital role in influencing the diagnostic criteria psychiatrists rely on today. By the time he died at 63, Custer's colleagues estimate he worked with thousands of people with gambling problems and presented the science of disordered gambling to countless researchers, clinicians, gaming industry employees and legal experts.




Despite this outsized influence, Custer is not as well-known today as some drug and alcohol addiction researchers. Yet his insights may be as salient as ever. Since Custer's time, many more physical casinos have sprung up beyond Las Vegas and Atlantic City, N.J., and the expansion of mobile sports betting and casino apps has brought new forms of 24/7 gambling into people's pockets. A nationwide survey from the National Council on Problem Gambling and Ipsos found the number of adults who reported gambling online in the past year rose from 15 percent in 2018 to 22 percent in 2024.





Online sports betting in the United States
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Legalization of online sports betting has been expanding throughout the country since Nevada became the first state to do so in 2010. This map shows where the states stand: The states marked in red, along with Puerto Rico and Washington, D.C., allow adults to place sports bets online, though some states require the bettors to be at certain physical locations. Sports gamblers in states where the activity is not legal, however, can still wager via so-called prediction markets, where users can buy financial products tied to the results of sports games.






For Anderson, meeting Custer was life changing. He became his patient and later a friend and mentee. Now decades into his own recovery, Anderson treats clients with gambling disorder as a licensed clinical therapist in Austin, Texas. He says Custer's findings inform his work daily, even as the nature of gambling changes dramatically. Today, video slot machines and mobile gaming options may be more potent and accessible than older forms of gambling. "A lot of people I'm talking to are gambling in ways that nobody could ever have imagined in 1990 when [Bob] died."




Legitimizing an unsung field




Scientific interest in gambling was scant until the rise of psychoanalysis in the early 20th century. Even then, there was little agreement or rigorous inquiry on what caused gambling problems or how they should be addressed. In the 1920s, Sigmund Freud proposed that compulsive gambling could be a substitute for masturbation -- a theory Custer would later reject.




Around the time Freud was speculating about gambling, Custer was born in 1927 in Midland, Pa. He began his undergraduate education at Ohio State University in Columbus before joining the Army in 1945. After completing his military service, he returned to graduate from OSU. He then earned a medical degree from Western Reserve University in Cleveland in 1953.




By the late 1960s, Custer had completed his training as a psychiatrist and began treating patients with alcohol use disorders at the Veterans Administration Hospital in Brecksville, Ohio. He developed an interest in gambling disorder and became involved with the mutual support organization Gamblers Anonymous, or GA.




Sponsor Message



  






Custer officially opened the doors of the first inpatient treatment program offering gambling disorder treatment in 1972. Open only to veterans, the 30-day program provided individual counseling and group psychotherapy alongside GA meetings. This novel multipronged approach applied a format familiar to drug addiction treatment alongside Custer's growing insights about gambling disorder.




While Custer did not conduct lab research or placebo-controlled clinical trials, he catalyzed the burgeoning field by laying the groundwork to gather some of the first robust clinical data on gambling disorder. Because Brecksville graduates remained in the VA system, Custer and his colleagues were able to track their progress. A 1984 study by Custer's VA colleagues found that 55 percent reported complete abstinence from gambling one year after completing the program.




With the help of his wife Lillian, Custer surveyed GA members about their experiences and identified common themes across their addictions and recovery. Many of these gamblers, he found, had difficult childhoods and began gambling in adolescence. Curiously, many were athletic at some point in their lives and often shared competitive tendencies. He also found that few people sought help until the late stages of their disorders and commonly experienced depression and suicidal thoughts.




Colleagues say Custer was an empathetic listener who valued the lived experience of patients and their families. He favored a pragmatic approach to his patient's problems, such as combining therapy with debt repayment plans and vocational counseling.




[image: Cover of When Luck Runs Out]When Luck Runs Out, the 1985 book Robert Custer coauthored with Harry Milt, was among the most widely cited sources in the gambling disorder research field, according to a 1991 tribute to Custer.Facts on File





Custer eventually established two civilian programs in Ellicott City, Md., and Las Vegas. He mentored health care providers entering the field and offered workshops. Throughout these campaigns, he explained that, if untreated, gambling addiction typically becomes more severe, like alcohol and drug use disorders. Custer emphasized that serious harm could be avoided if professionals and lay people recognized the signs early on. These insights would culminate in his 1985 book, When Luck Runs Out: Help for Compulsive Gamblers and their Families, written with author Harry Milt.




"He really had the beginnings of describing what's happening in the mind of the gambler," says Anderson. "I know he would have developed that much further had he lived longer."




To shore up support for the field, Custer cofounded the National Council for Compulsive Gambling in 1972 with chaplain Joseph Dunne. The organization would later become the National Council on Problem Gambling, which advocates for research funding and initiatives to improve treatment and prevention.




A rippling impact




Among Custer's most significant achievements was his influence on the American Psychiatric Association's Diagnostic and Statistical Manual of Mental Disorders, or DSM. Now in its fifth edition, the DSM is the principal atlas of psychological diagnoses. Several tributes to Custer credit him for including pathological gambling in its third edition in 1980. The truth, however, is more complicated, according to Richard J. Rosenthal, who studies both clinical treatment for gambling disorders and the history of behavioral addictions at UCLA.




The DSM-III committee writing the impulse control disorders section brought Custer on board after they already decided to include "pathological gambling." Before Custer's input, the committee's original drafts framed pathological gambling as a relatively simple impulse control problem similar to pyromania and kleptomania, Rosenthal explained in an International Gambling Studies article in 2019. People with these disorders start fires or steal items they don't want or need as part of a pattern of building up and releasing tension. Clinicians supposed that pathological gamblers may be caught in the same cycle.




"The field could have gone in that direction; it did for a while," Rosenthal says. "But Custer, I think, had a really prominent role in focusing on it as an addiction."




Custer argued that pathological gambling was not just a matter of an individual's building and releasing tension. Rather, pathological gambling followed a progressive course from slightly unhealthy gambling behaviors to increasingly problematic wagering with tangible financial and social consequences. As a result, the committee incorporated the common consequences Custer saw in his clinical experience -- such as defaulting on debts, borrowing money and struggling with family relationships -- as diagnostic criteria to better identify those suffering. So, while pathological gambling remained alongside impulse control disorders in the DSM-III, its description and diagnostic criteria more closely mirrored the way the manual approached substance use disorders.




"The work of people like Custer and his colleagues has a long legacy," says Heather Wardle, a social scientist who studies gambling policy and practice at the University of Glasgow in Scotland. The diagnostic criteria, informed by Custer's work, have been adapted into surveys the field uses to measure and articulate how people experience gambling addiction, she says.




Wardle emphasizes that while this was crucial groundwork, there were blind spots. "[Custer's] work was based on self-referred, often white men of a certain background," Wardle says. This legacy may contribute to a bias in modern screening tools that may not adequately capture how gambling disorder presents in women and other populations less likely to enter treatment.




Why Custer would be "profoundly disappointed"




Custer remarked that public attitudes toward gambling disorder were decades behind those toward alcohol addiction, and that the relative paucity of research was similarly stark. While more researchers and clinicians now focus on gambling disorder, experts say scientific research has not kept up with gambling's expansive impacts.




"So much of what we still do is actually informed by that early work," says Wardle, who co-led a Lancet Public Health commission on gambling report published in 2024. "And because there hasn't been a vast amount of investment in gambling research, the field hasn't particularly progressed." For example, the field still lacks widely accessible treatment options or any medications approved by the U.S. Food and Drug Administration.




Anderson agrees. "I think [Custer] would be profoundly disappointed at the lack of progress that has occurred in understanding and funding of the treating of this addiction."




Some advances have been introduced. Helplines are now ubiquitous in casinos and advertising. At least one "gambling court" in the United States integrates treatment into the criminal justice system. Anderson believes Custer would be especially pleased to know that, in the fifth edition of the DSM released in 2013, gambling disorder was moved from the ill-fitting impulse control disorder section to the substance-related and addictive disorders section.




Still, the field faces an uphill battle. Much of the limited research is sponsored by state gaming commissions and the gambling industry, which many experts argue has held back breakthroughs in treatment and prevention. The Americans with Disabilities Act specifically excludes gambling disorder from its protections, despite including protections for substance use disorders. And, perhaps of most concern, little is known about the potential pitfalls of new and rapidly expanding gambling technology.




"This notion that you can gamble on your phone, that you can carry a 'casino in your pocket' ... is mind-boggling," Rosenthal says. "It's very different from what Custer saw."




But while the tools for gambling evolve, Custer's prescription of compassion and curiosity hardly feels dated. As Cait Huble, communications director of the National Council on Problem Gambling, explains, "If you are truly interested in ... solving the problem -- on a holistic society level or even just helping one individual -- starting with a place of judgment is no way to build trust or make any progress."




If you or someone you know is struggling with a gambling problem, call or text the National Problem Gambling Helpline at 1-800-522-4700. If you or someone you know is facing a suicidal crisis or emotional distress, call or text the 988 Suicide & Crisis Lifeline at 988.
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	A new dinosaur doomsday exhibit showcases survival after destruction

	"Impact: The End of the Age of the Dinosaurs" shows how an asteroid shaped life today

			
				




About 66 million years ago, an asteroid slammed into Earth and the planet suddenly went dark.




The impact and its aftermath were catastrophic. Tsunamis inundated coastlines, earthquakes rattled the ground, acid rain poured from the skies and wildfires scorched the terrain. Roughly 75 percent of species, including all nonavian dinosaurs, went extinct.  




That day is the center of "Impact: The End of the Age of the Dinosaurs," a new exhibition at the American Museum of Natural History in New York City. "There's no doubt -- well, arguably at least -- that it was the worst day of the last half billion years," says Roger Benson, the museum's curator of dinosaur paleobiology.
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Visitors first step into life before doomsday. Inside a dimly lit hall, a life-size model of a mosasaur, a marine reptile, attacks a long-necked plesiosaur. Nearby, a Triceratops adorned with quills -- a controversial hypothesis based on fossilized skin -- tears down a small tree. That diorama, based on fossils from the Hell Creek formation in North Dakota, includes other animals such as turtles, birds and a Didelphodon, an extinct predatory mammal reminiscent of a Tasmanian Devil.




There's more to do than look at dioramas. One interactive display quizzes visitors on their daily habits to find out what Cretaceous critter they are most like. Another plays sounds of certain animals, including Beelzebufo, a large predatory frog.  




Then, impact.




A 6-minute film in a small theater describes, in extreme detail, the destruction wrought by a Mount Everest-sized asteroid crashing into Earth with the force of 10 billion atomic bombs. The asteroid instantly vaporized in a blast zone hotter than the surface of the sun. Its collision sent trillions of tons of rocks into the sky, blocking most sunlight for a year and a half. Many plants, and the animals who ate them, died. Here, the exhibition's dim lighting feels deliberate -- the room's darkness makes an already grim topic feel weightier.




In the next room, the once thriving Triceratops is now a pile of bones and visitors can smell the wildfires. Spotlights draw attention to displays describing how researchers have built the case that an asteroid caused the mass extinction event, including the discovery of the Chicxulub crater off the coast of Mexico. A large globe shows the hundreds of spots where scientists have found iridium, a rare metal and a sign of extraterrestrial impact.  




Missing is mention of another hypothesis: volcanism. That's because the broad scientific consensus is that the asteroid impact was largely responsible, says Denton Ebel, a curator in the museum's department of Earth and Planetary Sciences. "We don't need volcanoes. The impact alone explains it," Ebel says. "Explains the timing, explains the knife edge in history that's recorded in the rock record."




The asteroid's destruction made way for new life. Across the hall, visitors learn how traits such as the ability to break open nuts helped some animals survive in the aftermath and how rainforests filled emptied landscapes. They can also find out whether their Cretaceous creature from the earlier quiz lived or died. As the world recovered, an Age of Mammals began that persists today.




There is a small chance that another massive asteroid impact could threaten Earth. But the exhibit notes that with today's technology, we would see it coming and hopefully prevent another devastating asteroid impact. An interactive display allows visitors to practice themselves, redirecting an asteroid's path with lasers or with a probe, akin to NASA's DART mission.




For those who may worry about an impending apocalypse, "Impact: The End of the Age of the Dinosaurs" is a reminder that a thriving world thrown into chaos can eventually thrive again.
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Through the lens of a microscope, even a dirty windowsill can hold some of nature's tiniest treasures.




A staged snapshot of a rice weevil spreading its wings on a grain of rice won first place in the 2025 Nikon Small World photomicrography competition.
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	Polar plunges aren't just for the daring

	Cold-water swimming has psychological and physiological benefits at a variety of temperatures
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	Our relationship with alcohol is fraught. Ancient customs might inspire a reset

	Drinking in the past was social and ritualized, with less potent brews

			
				




Sober October is upon us.
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In fiction, magic makes levitation easy.
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	Cancer treatments may get a boost from mRNA COVID vaccines

	Patients who got the vaccine within about 3 months of immunotherapy lived longer, data show

			
				




The mRNA COVID-19 vaccines might make some cancer treatments more effective.




Lung cancer patients who received the vaccine within a few months of immunotherapy, which revs up the immune system, lived nearly twice as long as unvaccinated patients, researchers report October 22 in Nature.
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	A new cholesterol-lowering pill shows promise in clinical trials

	The drug sharply reduced low-density lipoprotein, or LDL, cholesterol levels
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	Australia's tropical forests now emit CO2, clouding the COP30 talks

	Carbon emissions from this one region may foreshadow global forest trends

			
				




Australia's tropical forests are the world's first to flip a worrisome switch.
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	Some planets might home brew their own water

	Lab experiments show that hydrogen and rock can form large water stores

			
				




Some planets might produce their own water instead of relying on outside sources.
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For decades, researchers have debated whether a fossil of a small, fierce theropod belonged to a teenaged Tyrannosaurus rex or was a separate species.
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	As teens in crisis turn to AI chatbots, simulated chats highlight risks

	Two studies show how popular LLMs and apps make ethical blunders when playing therapist

			
				



Content note: This story contains harmful language about sexual assault and suicide, sent by chatbots in response to simulated messages of mental health distress.
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	A tiny, levitated glass sphere behaves like the hottest engine ever made

	The effective temperature of the jiggling ball reached 13 million degrees Celsius

			
				




The hottest engine ever created is, by some definitions, not an engine and not particularly hot.
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	Woodpecker hammering is a full-body affair

	Muscle monitoring and high-speed video show how body and breath team up to exert repeated force

			
				




Hidden beneath all their rum-pum-pumming, woodpeckers are quietly grunt-grunt-grunting.
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	Coffee beans pooped out by civets really are tastier. Here's why

	Chemistry explains what sets civet coffee apart from other beans

			
				




The world's most prized coffee comes from partially digested beans pooped out by the Asian palm civet. Now, researchers are delving into why this "civet coffee" is so tasty.
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	'Butt breathing' could help people who can't get oxygen the regular way

	It may be possible to repurpose the gut for breathing when the lungs fail
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	40,000-year-old woolly mammoth RNA offers a peek into its last moments

	RNA sequences from the mammoth, named Yuka, are the oldest ever reported
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	Polar bears provide millions of kilograms of food for other Arctic species

	Scavengers could lose an important food source as polar bear populations decline

			
				




In a single year, one polar bear can leave roughly 300 kilograms of prey for other animals to dine on.
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This is a human-written story voiced by AI.
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	Volunteers agreed to be buried face-down in the snow, for science

	A safety device kept up oxygen levels, tests showed. It may improve avalanche survival

			
				




When a person is trapped in an avalanche, there is very little time before their oxygen supply runs out.
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	Napoleon's retreating army may have been plagued by these microbes

	DNA from soldiers' teeth reveal infections that may have worsened the 1812 retreat from Russia

			
				




In 1812, the French Emperor Napoleon Bonaparte led a doomed army on a disastrous retreat from Russia.
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	Breaking Ground Crossword

			
				










Looking for answers? Go to sciencenews.org/puzzle-answers. We'd love to hear your thoughts. Email us at puzzles@sciencenews.org.




			
 
			

			Questions or comments on this article? E-mail us at feedback@sciencenews.org | Reprints FAQ

	
	
			
			
							A version of this article appears in the January 1, 2026 issue of Science News.
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	Life in all of its complexity

			
				




The other day I walked along the bank of the Potomac River upstream of Washington, D.C. The trees had shed most of their leaves, but they were vehemently alive.
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