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Quantum equivalent of thermodynamics' second law discovered for entanglement manipulation

										

    
        
            [image: Entanglement battery powers quantum reversibility]
             
                Illustration of an entanglement battery. The battery allows reversible interconversion between any two entangled states. Credit: American Physical Society
            
        

    


Just over 200 years after French engineer and physicist Sadi Carnot formulated the second law of thermodynamics, an international team of researchers has unveiled an analogous law for the quantum world. This second law of entanglement manipulation proves that, just like heat or energy in an idealized thermodynamics regime, entanglement can be reversibly manipulated, a statement which until now had been heavily contested.



										      
																																	The new research--released on July 2, 2025 in Physical Review Letters--deepens understanding of entanglement's basic properties and provides critical fundamental insight into how to efficiently manipulate entanglement and other quantum phenomena in practice.

Entanglement is arguably the central feature of quantum mechanics. If two microscopic particles are said to be entangled, then if someone measures a quantum property of one of the particles and then repeats the measurement on its entangled partner, they will always find that the pair is correlated, even when the two particles are separated by vast distances. Therefore, knowing the state of one particle automatically provides information about the other.

Entanglement was introduced about 90 years ago as proof of the absurdity of quantum theory if treated as a complete description of nature. Yet it is not regarded as absurd today.

After exhaustive proofs of entanglement's authenticity in the real world, it is now the key resource in quantum information theory, allowing quantum teleportation and quantum cryptography, and offering significant advantages in quantum computing, communication and precision measurements.

Though entanglement still appears counterintuitive to our lived experience of the world, researchers have discovered striking parallels with something much more familiar: thermodynamics. In fact, many similarities have emerged between the theories of quantum entanglement and thermodynamics. For example, "entanglement entropy" is a characteristic of idealized, noiseless quantum systems that mimics the role of thermodynamical entropy.


																																						
    
     




																																			However, an equivalent to the second law of thermodynamics--which dictates that processes tend towards increasing disorder (the aforementioned entropy) and that perfect reversibility is an attainable though rare and highly efficient ideal--has remained stubbornly out of reach. Here, reversibility does not refer to time symmetry but the ability of an external agent to manipulate the system into a different state and then manipulate it back to its initial state without any loss.

"Finding a second law analogous to the second law of thermodynamics has been an open problem in quantum information science," says study co-author Tulja Varun Kondra. "Solving this has been our primary motivation."

Much work towards addressing this problem has focused on a scenario in which two distant parties (often called Alice and Bob) want to exchange quantum information, but are restricted to acting locally on their quantum systems and communicating classically, by say, phone or the internet. This limitation to local operations and classical communication (LOCC) simplifies the situation, meaning whatever Alice and Bob do, they cannot affect the intrinsically nonlocal properties of entanglement between their quantum systems.

"It is known that under LOCC operations in this scenario, entanglement is irreversible," explains senior author of the study, Alexander Streltsov. "So the question is, can we somehow go beyond LOCC in a meaningful way, and recover reversibility?" The team's answer is 'yes,' as long as Alice and Bob share an additional entangled system: an entanglement battery.
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																																			Just as an ordinary battery stores energy which can be used to inject or store work in the context of thermodynamics, an entanglement battery injects and stores entanglement. The battery can be used in the state transformation process and the state of the battery itself can be changed to perform operations. There is only one rule: whatever Alice and Bob do, they must not decrease the level of entanglement within the battery.

And just as a regular battery allows tasks to be performed that would be impossible without one, so too does an entanglement battery. By assisting standard LOCC operations with their hypothetical entanglement battery, the team demonstrated that any mixed-state entanglement transformation can be made perfectly reversible.

This achievement is a significant contribution to the debate around whether entanglement manipulation is generally reversible. But a more important outcome of this work is that the researchers have shown that the methods they have developed are applicable beyond mixed-state entanglement transformation, allowing them to leverage the entanglement battery to verify reversibility in various scenarios. Proving that entanglement manipulations across all quantum states are reversible is expected to lead to a family of second laws for entanglement manipulation.

The entanglement battery may even find uses outside entanglement theory. For example, the same principles apply to systems involving more than two entangled particles, paving the way for understanding and manipulating complex quantum networks and perhaps developing future, highly efficient quantum technologies.


																																						
    
     




																																			In addition, generalizing the concept of an entanglement battery to a resource battery--an additional quantum system that participates in the transformation process without reducing the resource in question--could allow the systematic demonstration of reversibility across quantum physics based on a minimal set of assumptions.

"We can have a battery that is supposed to preserve coherence or free energy, and then we can formulate a reversible framework in this setting where, instead of entanglement, we reversibly manipulate that particular resource of our system," says Streltsov. "Though many of these other principles of reversibility have already been confirmed via other approaches, our technique offers a unified proof framework based on well-established physical principles."


																																	
																														
																				
																						More information:
												Ray Ganardi et al, Second Law of Entanglement Manipulation with an Entanglement Battery, Physical Review Letters (2025). DOI: 10.1103/kl56-p2vb. On arXiv: DOI: 10.48550/arxiv.2405.10599
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Record-breaking material emits infrared light better than it absorbs it, without violating the laws of physics

										

    
        
            [image: Record-breaking material emits infrared light better than absorbing it without breaking the laws of physics]
             
                Normally, an object in thermal equilibrium with its environment emits and absorbs thermal radiation at the same rate (left). But researchers have developed a multilayer material (right) that, when exposed to a strong magnetic field (B), exhibits larger emissivity than absorptivity. Credit: American Physical Society/Alan Stonebraker
            
        

    


New results published in the journal Physical Review Letters detail how a specially designed metamaterial was able to tip the normally equal balance between thermal absorption and emission, enabling the material to better emit infrared light than absorb it.



										      
																																	At first glance, these findings appear to violate Kirchhoff's law of thermal radiation, which states that--under specific conditions--an object will absorb infrared light (absorptivity) in one direction and emit it (emissivity) with equal intensity in another, a phenomenon known as reciprocity.

Over the past decade, however, scientists have begun exploring theoretical designs that, under the right conditions, could allow materials to break reciprocity. Understanding how a material absorbs and emits infrared light (heat) is central to many fields of science and engineering. Controlling how a material absorbs and emits infrared light could pave the way for advances in solar energy harvesting, thermal cloaking devices, and other technologies.

Pioneering experiments conducted by a team of researchers in 2023 yielded tantalizing results. By using a single layer of the magneto-optical material indium arsenide (InAs) and subjecting it to a powerful magnetic field of about one tesla (slightly less powerful than an MRI machine but about 100,000 times more powerful than Earth's magnetic field), the team successfully achieved nonreciprocity. Though this confirmed theoretical predictions, the effect was weak and only operated under a very narrow set of conditions.



    
        
            [image: Record-breaking material emits infrared light better than absorbing it without breaking the laws of physics]
             
                One application for a nonreciprocal thermal emitter is to place it above a solar thermophotovoltaic cell. Such a setup could help harvest more of the sun's energy by channeling thermal radiation preferentially in one direction. Credit: Credit: American Physical Society/Alan Stonebraker
            
        

    



The newly reported design, developed by Zhenong Zhang and colleagues at Pennsylvania State University, succeeded in doubling the effect seen previously, making it the first reported observation of "strong" nonreciprocal thermal emission.

To achieve this record-breaking result, Zhang's team created a metamaterial made of five, 440-nanometer-thick layers of electron-doped indium gallium arsenide (InGaAs). The doping concentration increased as the depth increased. The InGaAs layers were then transferred to a silicon substrate.


																																						
    
     




																																			The sample was then studied with a custom-designed angle-resolved magnetic thermal emission spectroscopy (ARMTES) set up, which heated the sample to 540 Kelvin (512 Fahrenheit) and subjected it to a 5 tesla magnetic field.

Zhang and colleagues then measured the nonreciprocity of the material, demonstrating that it exhibited twice the effect previously reported. This effect persisted over a wide range of angles and a broad range of infrared wavelengths (from 13 to 23 microns).

Zhang states, "Our experiment for the first time realizes strong nonreciprocal emission, with nonreciprocity as high as 0.43, which is much higher than nonreciprocity in literature."

The researchers speculate that further advances in this field may lead to breakthroughs in new classes of thermal diodes and transistors, improved thermophotovoltaic designs, and other heat-management technologies.
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Unveiling hedgehog topological defects in three dimensional glasses

										

    
        
            [image: Unveiling hedgehog topological defects in three dimensional glasses]
             
                A humorous pictorial representation of hedgehog topological defects defined via the topological charge Q, in a 3D glass. Credit: Matteo Baggioli
            
        

    


I've always been fascinated by how materials break down, especially glasses and polymers that don't have a regular crystal structure. Unlike crystals, where we understand plasticity through things like dislocations, amorphous materials like glasses are messier. There's no neat lattice to analyze, so figuring out where and how they deform under stress is a big open question.



										      
																																	In two dimensions, researchers, including my research group and myself, have started using a topological approach--looking at vortex-like patterns in how atoms move or vibrate--to identify weak spots in glasses. This also included slicing 3D glasses to find topological defects in the two-dimensional slices. That got me wondering: Could we do something similar in three dimensions, and, crucially, without having to slice the glass into 2D layers?

In this work published in Nature Communications, together with my postdoc Dr. Arabinda Bera, who performed the analysis, and with my longtime collaborator Prof. Matteo Baggioli, we show that we can. We use a kind of topological defect called a hedgehog, which is a point-like distortion in a vector field--like when tiny arrows in space all point outward or inward, just like the spines of a hedgehog. These kinds of defects are well-known in soft matter physics, particularly in liquid crystals, but we hadn't seen them applied to 3D amorphous solids before.

We took simulated polymer glasses and studied how the atoms moved right before and during a plastic event (when the material deforms permanently). We looked at both the low-energy vibrational modes and the actual non-affine displacement field (which tells us how particles move beyond simple elastic stretching). What we found was striking: These hedgehog defects tend to cluster exactly where the plastic rearrangements occur.


																																						
    
     




																																			Even more interesting, some of these defects have a "hyperbolic" structure--kind of like the 3D version of an antivortex in 2D--and those seem to be especially correlated with plastic spots. In other words, the material is subtly signaling where it's going to give way, and that signal can be read topologically.

What makes this even more exciting is that you don't need to compute complex vibrational modes to find these defects. Just measuring particle displacements is enough. That opens up the possibility of testing this in real-world experiments.

To me, this work is a step toward building a topological theory of plasticity in amorphous solids--something that could help us design stronger, more reliable glasses and polymers by understanding their hidden weak spots.

This story is part of Science X Dialog, where researchers can report findings from their published research articles. Visit this page for information about Science X Dialog and how to participate.


																																	
																														
																				
																						More information:
												Arabinda Bera et al, Hedgehog topological defects in 3D amorphous solids, Nature Communications (2025). DOI: 10.1038/s41467-025-61103-7
																						
																						

																					

                               														
																															 
												  Alessio Zaccone received his Ph.D. from the Department of Chemistry of ETH Zurich in 2010. From 2011 till 2014 he was an Oppenheimer Research Fellow at the Cavendish Laboratory, University of Cambridge. After being on the faculty of Technical University Munich (2014-2015) and of University of Cambridge (2015-2018), he has been a full professor and chair of theoretical physics in the Department of Physics at the University of Milano since 2022. Awards include the ETH Silver Medal, the 2020 Gauss Professorship of the Gottingen Academy of Sciences, the Fellowship of Queens' College Cambridge, and an ERC Consolidator grant "Multimech"). Research interests range from the statistical physics of disordered systems (random packings, jamming, glasses and the glass transition, colloids, nonequilibrium thermodynamics) to solid-state physics and superconductivity.
											 

										                                        
										
										
											 
												Citation:
												Unveiling hedgehog topological defects in three dimensional glasses (2025, July 3)
												retrieved 3 July 2025
												from https://phys.org/news/2025-07-unveiling-hedgehog-topological-defects-dimensional.html
											 

											 
											 This document is subject to copyright. Apart from any fair dealing for the purpose of private study or research, no
											 part may be reproduced without the written permission. The content is provided for information purposes only.
											 

										

                                        
									

								



This article was downloaded by calibre from https://phys.org/news/2025-07-unveiling-hedgehog-topological-defects-dimensional.html



	Previous
	Articles
	Sections
	Next





	Previous
	Articles
	Sections
	Next




										

    
        
            [image: thermostat]
             
                Credit: Unsplash/CC0 Public Domain
            
        

    


Ahh, summer, a time of vacations at the beach or mountains--and sky-high electricity bills as your air conditioner labors against the heat and humidity.



										      
																																	But what is the optimal temperature setting for your air conditioner?

And how does your body adapt to heat?

Northeastern University's Stefan Kautsch, a teaching professor in physics, explains heat transfer and how the concepts he discusses in the classroom can also help humans survive sweltering temperatures.

This interview with Northeastern Global News has been condensed and edited.

Tell me how concepts of physics apply to air conditioners?

Heat (a form of energy) flows naturally from warm to cold. An air conditioner is that principle but reversed: Heat is moved from a cold area (inside) to a high-temperature area (outside).

But there are a few problems with this in a warming world.

Work is required to do this--meaning we need electricity to make that work and power the compressors.

But the more air conditioning we use, the more energy we need to use, and more energy means more power plants and--unfortunately--renewable energy is not that common here in the United States.

So the more we contribute to climate change, at the same time we try to protect ourselves from global warming.


																																						
    
     




																																			What is the optimal temperature for an air conditioner to be set at so that it is most efficient?

It actually has to do a lot with body temperature, which is typically about 98 or 99 degrees Fahrenheit or 37 degrees Celsius, and that's what the body needs to maintain to work properly.

But our body is not isolated. While our body constantly creates energy through metabolism, the excess energy is radiated through our skin to the outside world. When the air has the same temperature or is even hotter than the body's temperature, that radiation transfer doesn't work very well. It gets more and more inefficient.

So, it's better from the physics perspective to be in an environment that's a little bit lower than your body temperature--about 80 degrees Fahrenheit, because then the radiation transfer from the excess heat from the body can give away heat to an environment that's a little bit cooler than it so this radiation transfer is effective.

That temperature sounds really high, especially given the arctic air pumped into many office buildings during the summer. What does this discrepancy mean for the body?

Your body experiences strong temperature differences between inside and outside and, in physics and engineering, we call that a temperature gradient. The body needs to equalize or to balance that--thus it needs to heat up or to cool down the body depending on the environment.

That is a lot of stress to the body. What happens is the body uses energy in order to heat up or cool down in order to balance your body temperature to the environment, and when you experience those big gradients, it needs a lot of energy that you can use for better things.

That's why people in traditionally hot places drink hot water and tea, not ice water like here.
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																																			We talked about the efficiency of heat exchange, but what about the efficiency of air conditioners? Is it better to leave your air conditioner on--even if you're not home--or crank it up when you return and actually feel it?

Well, it depends on your building and its insulation.

If you let the unit run all the time, and the building is poorly insulated, you would just waste all the cool air, which escapes outside immediately. So, then the best thing is to use it when you are home and when you need it.

If you live in a building that is nicely insulated, then you can set the thermostat and let the air conditioner run only once in a while when it hits a set temperature. Then you can let it run through the day--at 78 or 80 degrees Fahrenheit.

So, say you rent an old, drafty apartment and have only a window unit and fans. Is there anything else you can do to beat the heat?

Natural airflow (if you can stand the temperature) is always good by opening windows on opposite sides of an apartment. You can also close windows with curtains or with blinds so that the direct sunlight doesn't hit inside and you create a shadow.

Because if the sun hits a surface, the surface warms up due to the solar energy, so you want to keep the sunlight outside. That also has to do with colors--bright colors like white are better for reflection and reflecting the sunlight; but dark colors get warm more easily and faster because they absorb the sunlight.
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TaIrTe4 photodetectors show promise for highly sensitive room-temperature THz sensing

										

    
        
            [image: New photodetectors for terahertz sensing based on a 2D correlated topological semimetal]
             
                High-performance THz sensing based on the strong THz nonlinear electrodynamics in a layered correlated topological semimetals TaIrTe4. Credit: Xin (Zoe) Zou
            
        

    


Terahertz radiation (THz), electromagnetic radiation with frequencies ranging between 0.1 and 10 THz, could be leveraged to develop various new technologies, including imaging and communication systems. So far, however, a lack of fast and sensitive detectors that can detect radiation across a wide range of frequencies has limited the development of these THz-sensing technologies.



										      
																																	In a recent paper published in Nature Electronics, researchers at the University of Wisconsin-Madison, the University of Tennessee and other institutes have introduced new photodetectors made of tantalum iridium telluride (TaIrTe4), a 2D-correlated topological semimetal that exhibits advantageous properties. Most notably, this material exhibits a strong nonlinear Hall effect, a physical effect that entails a transverse voltage in the absence of an external magnetic field, which is nonlinearly proportional to an applied electric field or current.

"THz technology is critical in quantum information technology and biomedical sensing because its frequency resonates with low-energy collective excitations in quantum materials and molecular vibrations in biological matters," Jun Xiao, senior author of the paper, told Phys.org.

"Moreover, the ultra-high bandwidth of the THz band could enable desired high-speed wireless communication. However, the widespread application of THz technologies has been hindered due to the lack of simultaneous sensitive, broadband, and fast THz detection in state-of-the-art detectors such as thermal bolometers and electronic Schottky diodes."

Existing photodetectors capable of detecting THz radiation are either too slow, not sensitive enough, or only capable of detecting signals at some frequencies. Xiao and his colleagues thus set out to develop new photodetectors based on alternative materials, which could overcome the limitations of previously developed devices, exhibiting good sensitivity, fast speeds and broadband.


																																						
    
     




																																			"We fabricated Har bar geometry sensing devices using atomically thin TaIrTe4, a 2D-correlated topological semimetal, and exposed them to terahertz (THz) radiation," explained Xiao. "We characterized this effect by measuring THz-induced photocurrent and evaluating device performance metrics such as responsivity and sensitivity. To assess the response speed, we conducted ultrafast autocorrelation measurements using femtosecond laser-generated THz pulses, revealing intrinsic picosecond-scale dynamics."

As part of their study, Xiao and his colleagues also probed the crystal symmetry of TaIrTe4 using a technique known as second-harmonic generation (SHG) spectroscopy. Using this technique, they observed the emergence of a correlated electronic phase at low temperatures that further enhanced their photodetectors' THz response, or in other words, improved their ability to quickly and precisely detect THz radiation.

"Additionally, we demonstrated that the sensing performance and electronic state could be tuned via electrostatic gating," said Xiao. "These combined methods revealed TaIrTe4's promise for fast, broadband, and highly sensitive room-temperature THz sensing."

In initial tests, the photodetectors developed by this team of researchers were found to perform remarkably well. At room temperature, they attained a large zero-bias responsivity (~ 0.3 A/W), ultralow NEP (~ pW/Hz1/2), broadband THz response (0.1 to 10 THz) and ultrafast intrinsic speed (~ ps).
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																																			"We also discovered that the zero-bias responsivity can be boosted by around 50 times (~ 18 A/W) when the topological semimetal transitions into a correlated charge ordering," said Xiao. "Thanks to the new topological physics and quantum properties, the demonstrated device metrics show tremendous advantages over the attainable THz detectors based on other 2D materials and conventional technology."

In the future, the photodetectors developed by Xiao and his colleagues could contribute to the advancement of THz sensing technologies, while also potentially inspiring other teams to create THz sensing devices using 2D-correlated topological semimetals. In their next studies, the researchers plan to evaluate the potential of their devices for imaging and other real-world applications.

"Our current demonstration focuses on a single THz sensing device," added Xiao. "Building on this, we aim to develop large-scale imaging arrays and intelligent THz sensing by integrating machine learning algorithms with the highly tunable sensing properties of the material."
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Quantum computer simulates spontaneous symmetry breaking at zero temperature

										

    
        
            [image: Quantum computer simulates spontaneous symmetry breaking at zero temperature]
             
                Digitization and adiabatic energy gap. a The procedure to digitize an adiabatic evolution is done through a Riemann-like discretization of the time interval s [?] [0, 1], where each step in time corresponds to the digital block. The time-continuous adiabatic algorithm implemented through time-dependent fields can be efficiently decomposed in a sequence of pulses through a circuit version of the evolution. After M blocks the output state is expected to be prepared with good fidelity without any computation complexity due to the search for the optimal parameters of the circuit. b The only optimization required to reduce the circuit length is done through the suitable choice of the parameters of the Hamiltonian. The a priori knowledge of the parameters of the Hamiltonian, which leads to a large energy gap, will enhance the digitized algorithm. Credit: Nature Communications (2025). DOI: 10.1038/s41467-025-57812-8
            
        

    


For the first time, an international team of scientists has experimentally simulated spontaneous symmetry breaking (SSB) at zero temperature using a superconducting quantum processor. This achievement, which was accomplished with over 80% fidelity, represents a milestone for quantum computing and condensed matter physics.



										      
																																	The results are published in the journal Nature Communications.

The system began in a classical antiferromagnetic state, in which particles have spins that alternate between one direction and the opposite direction. It then evolved into a ferromagnetic quantum state, in which all particles have spins that point in the same direction and establish quantum correlations.

"The system began with a flip-flop configuration of alternating spins and evolved spontaneously, reconfiguring itself with spins aligned in the same direction. This phase transition is due to symmetry breaking," summarizes Alan Santos, a physicist currently researching at the Institute of Fundamental Physics of the Spanish National Research Council (CSIC) and co-organizer of the theoretical team involved in the study.

At the time the work was developed, Santos was a FAPESP postdoctoral fellow at the Department of Physics of the Federal University of Sao Carlos (UFSCar) in the state of Sao Paulo, Brazil. The research was conducted by scientists from the Southern University of Science and Technology in Shenzhen, China; Aarhus University in Aarhus, Denmark; and UFSCar.

"The crucial point was simulating dynamics at zero temperature. There had already been previous studies on this type of transition, but always at temperatures other than zero. What we showed was that by setting the temperature to zero, it's possible to observe symmetry breaking even in local particle interactions, between first neighbors," says Santos.


																																						
    
     




																																			It is worth remembering that absolute zero cannot be physically achieved, because it is equivalent to the total immobility of a material system. The researchers simulated what would happen to the system at zero temperature through quantum computing. The experiment used a quantum circuit of seven qubits arranged in a configuration that allows interactions only between immediate neighbors. They applied an algorithm to simulate adiabatic evolution at zero temperature.

"We designed the circuit, and the experimenters in China implemented it physically," says Santos.

The phase transition was identified using correlation functions and Renyi entropy, which revealed the formation of ordered patterns and quantum entanglement. Entanglement is one of the most important and distinctive properties of quantum mechanics. It refers to a situation in which two sets of particles are correlated such that the state of one particle instantly determines the state of another, even if they are separated by large distances.

Introduced by Hungarian mathematician Alfred Renyi (1921-1970) in the 1960s, Renyi entropy is used to quantify the degree of entanglement and its distribution among parts of a quantum system. It allows us to measure the degree to which the subsystems are entangled.

Santos points out that entanglement and superposition are two central features of quantum computing: "Superposition allows a system to exist in multiple states simultaneously, called quantum parallelism. Entanglement is a type of correlation that cannot be reproduced on classical computers.
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																																			"To give you an intuitive idea, imagine you have a bunch of keys and need to find out which one opens the lock. A classical computer tests the keys one by one. A quantum computer, on the other hand, can test several of them at the same time, which speeds up processing," explains Santos.

In practical terms, the difference between a classical computer and a quantum computer comes down to performance. Both can solve the same mathematically formulable problems in theory. The question is how long it takes them to do so. Some calculations, such as factoring huge numbers into two prime numbers, would take classical computers millions of years but can be performed much faster on quantum computers.

It would be counterintuitive to use a classical computer to simulate quantum systems. Sometimes it is an impossible task. The study in question showed that it is possible to use quantum computing resources for such simulations.

The experiment was conducted at the Southern University of Science and Technology in Shenzhen. Shenzhen is currently one of the most advanced scientific, technological, and industrial hubs on the planet. Selected in 1980 as China's first "special economic zone," the city has evolved from a fishing village of about 30,000 people into a metropolis of over 17 million. It is home to giant companies that lead the global market.

The implementation used superconducting qubits based on aluminum and niobium alloys that operate at temperatures around one millikelvin. "The advantage of superconducting qubits is their scalability. It's technically possible to build chips with hundreds of them," says Santos.

The concept of symmetry breaking is present in all areas of physics. All of physics is structured around symmetries and their breaking.

"Symmetry gives us the laws of conservation. Symmetry breaking allows complex structures to emerge," says Santos.


																																	
																														
																				
																						More information:
												Chang-Kang Hu et al, Digital simulation of zero-temperature spontaneous symmetry breaking in a superconducting lattice processor, Nature Communications (2025). DOI: 10.1038/s41467-025-57812-8
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Slithering snakes: The science behind the motion of a young anaconda

										

    
        
            [image: Slithering snakes: The science behind the motion of a young anaconda]
             
                S-start of juvenile anaconda (E. notaeus) on a red synthetic turf. The starting point of locomotion is an S shape including three co-linear regions, connected by two curved regions that are elevated from the contact surface (as observable from the shadow cast on the substrate) as the middle, straight segment pushes down against the surface. Series of overlaid time-lapse images separated by 0.1 s show the S-start--the snake moves rightwards as a localized pulse of non-planar bends propagates through the snake. Credit: Nature Physics (2025). DOI: 10.1038/s41567-025-02835-7
            
        

    


The motion of snakes has long fascinated humans: they undulate, they sidewind, they crawl, they even fly.



										    
																																	Together with herpetologists, researchers in the Harvard John A. Paulson School of Engineering and Applied Sciences (SEAS) have discovered and quantified a new type of locomotion in juvenile anacondas.

As adults, these large snakes are better known for their slow, lumbering gait, but the researchers discovered that young anacondas are much more spry--capable of a quick, one-off, skating movement the researchers dubbed the "S-start" due to the shape the snake makes with its body.

A team led by SEAS professor L. Mahadevan, the Lola England de Valpine Professor of Applied Mathematics, Physics and Organismic and Evolutionary Biology in SEAS and the Faculty of Arts and Sciences, is the first to describe this peculiar movement using a mathematical model that quantifies exactly how the snake executes it. The research is published in Nature Physics.



    
    
    
        
        
    
            
            Non-planar snake gaits: From S-starts to sidewinding. Credit: L. Mahadevan / Harvard SEAS
  

"This movement is the serpentine analog of the moonwalk--a fast, graceful glide that seems to defy common sense," Mahadevan said. "We used observations to create a mathematical framework, in order to understand under what conditions movements like this are possible, and why they are lost as the snake gets older, heavier, and relatively less strong."

Study co-author and Missouri herpetologist Bruce Young first noticed several years ago that young anacondas, when gently prodded, displayed what he could only describe as a startle reflex.


																																						
    
     




																																			"This behavior involved not only forming the body into a very characteristic shape, and moving using a gait previously undescribed in snakes, but also moving remarkably fast," Young said, noting that anacondas are known for their mass and strength, but not for their speed. "It was clear to me that this was something new, involving different biophysics, than what had been described in snakes."

Young had at this point never met Mahadevan but was a "big fan" of his work--stating, "He has such a mastery of describing and modeling shape and movement"--that Young pitched to Mahadevan a collaborative analysis. The result was the Nature Physics study, co-authored by former Harvard graduate student Nicholas Young and Indian Institute of Technology Bombay researcher Raghu Chelakkot, who developed the computational model to quantify the movement, along with Mattia Gazzola from the University of Illinois.

In their computational analysis, backed up by experiment and observation, the Harvard researchers found that the S-start is present in the "Goldilocks" zone of an anaconda's weight and relative strength. An adult snake is too heavy to execute the movement, while a newborn snake is too strong and tends to either flail upward or unravel. A youthful anaconda has just the right physical attributes to perform the S-start, in which it neither flies off the ground, nor is it overwhelmed by ground friction.
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																																			In describing the S-start, Mahadevan's team helped correct misconceptions about the better-known sidewinding--the continuous, sideways motion snakes use to slide down sandy hills. In their analysis they found that the S-starts are "non-planar," meaning that some segments of the snake are off the ground, almost as if the snake were walking.

"We realized that the sidewinding motion is very similar to this S-motion, in that it consists of S-starts that are repeated again and again," Mahadevan said.

"Perhaps, from an evolutionary point of view, this transient movement was taken up and then repeated, and this became the origin of sidewinding," Mahadevan said.

Overall, the findings seed new insights into how the S-start reflex works in snakes and could serve to inspire new robotic systems or other innovations.


																																	
																														
																				
																						More information:
												N. Charles et al, Topological dynamics of rapid non-planar gaits in slithering snakes, Nature Physics (2025). DOI: 10.1038/s41567-025-02835-7
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        How NASA's SPHEREx mission will share its all-sky map with the world
        NASA's newest astrophysics space telescope launched in March on a mission to create an all-sky map of the universe. Now settled into low-Earth orbit, SPHEREx (Spectro-Photometer for the History of the universe, Epoch of Reionization, and Ices Explorer) has begun delivering its sky survey data to a public archive on a weekly basis, allowing anyone to use the data to probe the secrets of the cosmos.

      

      
        Dark Matter Particle Explorer obtains high-precision cosmic-ray boron spectrum
        The Dark Matter Particle Explorer (DAMPE, also known as "Wukong") Collaboration has obtained a high-precision cosmic-ray boron spectrum in the energy range of 10 GeV/n-8 TeV/n, and discovered a spectral "hardening" phenomenon around 182 GeV/n for the first time. The findings are published in Physical Review Letters.
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How NASA's SPHEREx mission will share its all-sky map with the world

										

    
        
            [image: How NASA's SPHEREx mission will share its all-sky map with the world]
             
                This image of the Vela Molecular Ridge was captured by SPHEREx and is part of the mission's first public data release. The yellow patch on the right side of the image is the emission nebula RCW 36, a cloud of interstellar gas and dust that glows in some infrared colors due to radiation from nearby stars. Credit: NASA/JPL-Caltech
            
        

    


NASA's newest astrophysics space telescope launched in March on a mission to create an all-sky map of the universe. Now settled into low-Earth orbit, SPHEREx (Spectro-Photometer for the History of the universe, Epoch of Reionization, and Ices Explorer) has begun delivering its sky survey data to a public archive on a weekly basis, allowing anyone to use the data to probe the secrets of the cosmos.



										    
																																	"Because we're looking at everything in the whole sky, almost every area of astronomy can be addressed by SPHEREx data," said Rachel Akeson, the lead for the SPHEREx Science Data Center at IPAC. IPAC is a science and data center for astrophysics and planetary science at Caltech in Pasadena, California.

Other missions, like NASA's now-retired WISE (Wide-field Infrared Survey Explorer), have also mapped the entire sky. SPHEREx builds on this legacy by observing in 102 infrared wavelengths, compared to WISE's four wavelength bands.

By putting the many wavelength bands of SPHEREx data together, scientists can identify the signatures of specific molecules with a technique known as spectroscopy. The mission's science team will use this method to study the distribution of frozen water and organic molecules--the "building blocks of life"--in the Milky Way.



    
    
    
        
        
    
         
             
         

          

The SPHEREx science team will also use the mission's data to study the physics that drove the universe's expansion following the big bang, and to measure the amount of light emitted by all the galaxies in the universe over time. Releasing SPHEREx data in a public archive encourages far more astronomical studies than the team could do on their own.


																																						
    
     




																																			"By making the data public, we enable the whole astronomy community to use SPHEREx data to work on all these other areas of science," Akeson said.

NASA is committed to the sharing of scientific data, promoting transparency and efficiency in scientific research. In line with this commitment, data from SPHEREx appears in the public archive within 60 days after the telescope collects each observation. The short delay allows the SPHEREx team to process the raw data to remove or flag artifacts, account for detector effects, and align the images to the correct astronomical coordinates.
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                    This image from NASA's SPHEREx shows the same region of space in a different infrared wavelength (0.98 microns), once again represented by a color that is visible to the human eye. The dust cloud has vanished because the molecules that make up the dust--polycyclic aromatic hydrocarbons--do not radiate light in this color. Credit: Credit: NASA/JPL-Caltech
                
            

        

            	
            
                [image: How NASA's SPHEREx mission will share its all-sky map with the world]
                 
                    One of the early test images captured by NASA's SPHEREx mission in April 2025. This image shows a section of sky in one infrared wavelength, or color, that is invisible to the human eye but is represented here in a visible color. This particular wavelength (3.29 microns) reveals a cloud of dust made of a molecule similar to soot or smoke. Credit: Credit: NASA/JPL-Caltech
                
            

        

            	
            
                [image: How NASA's SPHEREx mission will share its all-sky map with the world]
                 
                    The SPHEREx mission's all-sky survey will complement data from other NASA space telescopes. Illustrated here alongside SPHEREx, which is second from the right, are, from left: the Hubble Space Telescope, the retired Spitzer Space Telescope, the retired WISE/NEOWISE mission, the James Webb Space Telescope, and the upcoming Nancy Grace Roman Space Telescope. Credit: NASA/JPL-Caltech
                
            

        

    

The team publishes the procedures they used to process the data alongside the actual data products. "We want enough information in those files that people can do their own research," Akeson said.

During its two-year prime mission, SPHEREx will survey the entire sky twice a year, creating four all-sky maps. After the mission reaches the one-year mark, the team plans to release a map of the whole sky at all 102 wavelengths.

In addition to the science enabled by SPHEREx itself, the telescope unlocks an even greater range of astronomical studies when paired with other missions. Data from SPHEREx can be used to identify interesting targets for further study by NASA's James Webb Space Telescope, refine exoplanet parameters collected from NASA's TESS (Transiting Exoplanet Survey Satellite), and study the properties of dark matter and dark energy along with ESA's (European Space Agency's) Euclid mission and NASA's upcoming Nancy Grace Roman Space Telescope.

The IPAC archive that hosts SPHEREx data, IRSA (NASA/IPAC Infrared Science Archive), also hosts pointed observations and all-sky maps at a variety of wavelengths from previous missions. The large amount of data available through IRSA gives users a comprehensive view of the astronomical objects they want to study.

"SPHEREx is part of the entire legacy of NASA space surveys," said IRSA Science Lead Vandana Desai. "People are going to use the data in all kinds of ways that we can't imagine."
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Dark Matter Particle Explorer obtains high-precision cosmic-ray boron spectrum

										

    
        
            [image: DAMPE obtains high-precision cosmic-ray boron spectrum]
             
                The charge spectrum from DAMPE's PSD for particle identification of cosmic rays. Credit: Physical Review Letters (2025). DOI: 10.1103/PhysRevLett.134.191001
            
        

    


The Dark Matter Particle Explorer (DAMPE, also known as "Wukong") Collaboration has obtained a high-precision cosmic-ray boron spectrum in the energy range of 10 GeV/n-8 TeV/n, and discovered a spectral "hardening" phenomenon around 182 GeV/n for the first time. The findings are published in Physical Review Letters.



										    
																					DAMPE is a satellite mission equipped with the thickest calorimeter made of bismuth germanium oxide, providing an energy coverage range more than twice that of previous space experiments. The Plastic Scintillator Detector (PSD), developed by the Institute of Modern Physics (IMP) of the Chinese Academy of Sciences (CAS), is a core detector for identifying cosmic-ray nuclei due to its excellent charge measurement capabilities.

Using DAMPE data, researchers discovered a significant "hardening" feature in the boron spectrum around 182 GeV/n, with a confidence level of eight sigma. The study revealed that the secondary boron spectrum hardens roughly twice as much as that of primary cosmic rays (protons and helium nuclei), while remaining consistent with hardening in boron-to-carbon and boron-to-oxygen flux ratios.



    
        
            [image: DAMPE obtains high-precision cosmic-ray boron spectrum]
             
                The measurement results of the cosmic-ray boron spectrum by DAMPE. Credit: Physical Review Letters (2025). DOI: 10.1103/PhysRevLett.134.191001
            
        

    



These results align well with the theoretical prediction that cosmic-ray boron is produced through fragmentation reactions involving primary cosmic rays (e.g., carbon and oxygen) and interstellar matter.

This discovery not only provides crucial evidence for studying cosmic-ray propagation processes but also offers insights into refining existing theoretical models. DAMPE has set a new standard of precision in measuring cosmic-ray energy spectra at TeV energies.

Researchers from the Purple Mountain Observatory of CAS, the University of Science and Technology of China of CAS, the Gran Sasso Science Institute of Italy, and the University of Geneva of Switzerland collaborated on the study.


										
																														
																				
																						More information:
												F. Alemanno et al, Observation of a Spectral Hardening in Cosmic Ray Boron Spectrum with the DAMPE Space Mission, Physical Review Letters (2025). DOI: 10.1103/PhysRevLett.134.191001. On arXiv: DOI: 10.48550/arxiv.2412.11460
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