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For the ninety-five percent of the universe

we cannot see, taste, touch, or detect.





It is running things anyway.
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A Note from the Author



I want to begin with a confession. I am not an ecologist. I have never conducted fieldwork in a rainforest or counted nesting pairs of birds or measured population density in a tidal pool. My fieldwork, such as it is, involves staring at columns of numbers extracted from N-body simulations of the early universe, or scrutinizing the power spectra of large-scale structure surveys, or arguing with collaborators about the correct way to estimate the mass function of dark matter subhalos.

But I have spent twenty years thinking about dark matter structure, and somewhere around year twelve, I noticed something. The way I thought about dark matter halos, the way my colleagues thought about them, the language we used in seminars and papers and grant proposals, was ecological. We talked about halos competing for mass. We talked about satellites being consumed by their hosts. We talked about the survival of substructure. We described the cosmic web as a habitat. We worried about the population of halos going extinct below some mass threshold. We were doing ecology without saying so.

This book is the attempt to say so explicitly, to take the ecological vocabulary that physicists have been using implicitly for decades and deploy it deliberately, systematically, and rigorously to illuminate the physics of dark matter structure formation. The analogy is not perfect. No analogy ever is. But it is, I believe, unusually powerful, because the physics of dark matter structure formation involves genuine competition, genuine consumption, genuine environmental pressure, and genuine population dynamics. These are not mere metaphors. They are the actual organizing principles of how dark matter organizes itself across cosmic time.

The science in this book is real. Every claim about dark matter physics is based on published, peer-reviewed research, and I have cited the relevant papers throughout. The ecological framing is mine, and it is frankly speculative in places, in the sense that I am drawing an analogy rather than making a physical claim. I try always to be clear about when I am stating established physics and when I am offering an interpretation through the ecological lens.

The question I am ultimately asking is this: does the universe beyond the reach of light, the universe of dark matter halos and subhalos and the invisible cosmic web, behave like an ecosystem? Does it have something like food webs, something like predator-prey dynamics, something like niche partitioning and extinction and speciation? I think the answer is yes, in a functional and mathematically precise sense, and by the end of this book I hope you will think so too.

Whether or not you accept the ecological frame, you will come away from this book with a clear understanding of what dark matter actually is (or rather, what we know it to be and what we strongly suspect it to be), how it is distributed throughout the universe, how dark matter halos form and grow and interact, what happens to them in dense environments, and what the structure of the dark sector of the universe tells us about the fundamental physics of the cosmos. That understanding is worth having regardless of how you feel about the metaphors I use to convey it.

One last thing. Dark matter ecology is a book about a subject that has no direct observational access. We cannot see dark matter. We can only see its gravitational effects on things we can see. Everything we know about dark matter structure is inferred, modeled, and simulated. This makes the science both more uncertain and more interesting than most of what appears in popular science books about cosmology. The uncertainty is real and should be respected. The interest is, I hope, conveyed.

Let us go into the dark.

Prof. Casimir Onwe-Hartley

 


Preface: The Science That Ecology Built



In 1799, Alexander von Humboldt arrived in Venezuela and began what would become the most influential scientific expedition in the history of natural history. Over five years, traveling through the Amazon basin, the Andes, and the Caribbean, Humboldt collected, measured, catalogued, and connected. He measured altitude and temperature and magnetic declination. He catalogued species and soil types and river flow rates. He drew maps and wrote descriptions and filled 4,000 pages of notebooks. But the thing that made Humboldt revolutionary was not the collecting. It was the connecting.

Humboldt was the first scientist to see the living world as a system: a web of relationships between organisms and their environment, between climate and vegetation, between elevation and species distribution, between the ocean and the air and the soil and the life that inhabited all three. He invented, in effect, the modern discipline of ecology, the study of organisms in relation to their environments and to each other. And he did it not by cataloguing isolated facts but by insisting that the facts were interconnected, that understanding one required understanding all of them together.

Dark matter physics, in the year 2025, is roughly where natural history was in 1850. We have catalogued an enormous amount. We know the dark matter density of the universe to one percent precision. We know the distribution of dark matter halos across twelve orders of magnitude in mass. We have mapped the large-scale structure of dark matter across billions of light-years. We have simulated the formation of individual halos at the scale of dwarf galaxies. We have measured the properties of dark matter through gravitational lensing, galaxy rotation curves, cluster dynamics, and the cosmic microwave background. The catalogue is impressive.

What we are only beginning to do is what Humboldt did: to connect. To see the dark matter sector of the universe not as a collection of isolated objects with individual properties but as a system, a dark ecosystem in which halos interact with each other and with their environment in ways that produce emergent properties no single halo possesses. The ecology of dark matter is the study of that system.

The analogy between ecology and dark matter structure formation is grounded in several specific parallels that this book will develop in detail. Dark matter halos occupy distinct regions of mass-concentration space, analogous to ecological niches. They compete for infalling matter along cosmic web filaments, analogous to competition for resources. Larger halos consume smaller ones through tidal stripping and mergers, analogous to predation. Smaller halos survive by different strategies depending on their properties and environment, analogous to prey adaptation. The cosmic web functions as a habitat: the density of the web determines what kind of dark matter structures can form and survive. And the population of dark matter structures across all mass scales has a distribution, the halo mass function, that is analogous to the species abundance distribution in a biological ecosystem.

These parallels are not merely illustrative. They point toward a specific set of questions: What determines the dark matter equivalent of species richness? What are the dark matter analogs of trophic levels? Is there a dark matter equivalent of keystone species? Are there dark matter ecosystem services? How does the dark matter ecosystem respond to perturbations? Some of these questions have clear answers from simulations and observations. Others are genuinely open. And one or two of them, I will argue, are more interesting and more important than they might appear.

The ecology frame also helps clarify what we are ultimately trying to understand about dark matter. The goal is not merely to know the mass or concentration or spin of individual halos in isolation. The goal is to understand the dark sector as a living system, to map its food webs and population dynamics and evolutionary history, to understand how it got to be the way it is and where it is going. That is an ecological question, and it deserves an ecological answer.

The chapters that follow are organized as an ecologist might organize a study of an unknown ecosystem. We begin by establishing what dark matter is and what its basic properties are. We develop the ecological frame and justify it. We describe the habitats of the dark universe. We map the food web. We identify the predators and the prey. We analyze the symbiotic relationships between dark matter and the baryonic matter we can see. We examine the environmental pressures that shape the dark ecosystem. We characterize extinction and survival. We take stock of the biodiversity of the dark universe. We trace the evolutionary history of dark structure. And we consider the future.

By the end, I hope you will see the dark universe not as a cold, abstract realm of invisible matter described only in equations, but as one of the richest and most dynamic systems in nature. It is the largest ecosystem in the observable universe. It has been running for 13.8 billion years. And we are, in the most literal sense, embedded in it.

 


Chapter One

The Invisible Majority

What Dark Matter Actually Is, and What It Is Not


Start with what you know. You are made of atoms. The chair beneath you is made of atoms. The air around you is made of atoms. The planet you inhabit, the star it orbits, the galaxy that star is part of: all atoms. The observable universe, everything that has ever been photographed, measured, or touched, is made of the same basic stuff, electrons and quarks assembled into protons and neutrons assembled into nuclei assembled into atoms assembled into molecules assembled into everything you have ever encountered in your life.

All of that ordinary matter, every star, every planet, every ocean, every living thing, every photon of starlight that has ever reached a telescope, constitutes approximately 5% of the total energy content of the universe.

Ninety-five percent of what is out there is something else entirely.

About 27% of the total energy content of the universe is dark matter: matter that does not emit, absorb, or scatter electromagnetic radiation at any wavelength. It does not glow in visible light. It does not emit radio waves. It does not absorb ultraviolet photons. It does not interact with ordinary matter through the electromagnetic force at all, or if it does, the interaction is so weak that it has never been detected despite decades of extraordinarily sensitive experiments. Dark matter announces itself to us through one channel only: gravity. It has mass, and mass warps spacetime, and the warping of spacetime affects the motion of everything that passes through it, including the light we use to see the universe.

The remaining 68% of the universe's energy content is dark energy: the mysterious component responsible for the accelerating expansion of the universe. Dark energy is a separate story, and this book will not be principally about it, though it makes occasional appearances in the chapters that follow.

This chapter is about dark matter: what it is, how we know it exists, what its properties are, and why those properties make it capable of building the kind of ecosystem that the rest of this book will describe.

The Evidence: Why We Know Dark Matter Exists

Dark matter is not a theoretical convenience invented to make equations work. It is a physical reality demanded by multiple independent lines of observational evidence, each of which would be sufficient on its own to establish its existence, and whose convergence constitutes one of the most robust empirical cases in the history of physics.

The first line of evidence comes from galaxy rotation curves, the measurements that in the 1970s transformed dark matter from an obscure speculation into a central pillar of cosmological theory. Vera Rubin and her collaborators at the Carnegie Institution measured the orbital velocities of stars and gas at different radii within spiral galaxies, expecting to find a pattern similar to the solar system: rapid orbital velocities near the center, declining to slower velocities in the outer regions, as the gravitational influence of the central mass concentration diminished with distance.

What they found was the opposite. The orbital velocities remained approximately constant with radius, forming the flat rotation curves that we discussed in the context of galactic evolution earlier. Stars at the outer edges of spiral galaxies orbit with velocities comparable to those near the center. This is only possible if there is substantial mass at large radii, far beyond the visible stellar disk, mass that the optical and radio images of galaxies do not reveal. The flat rotation curves are not a marginal effect. They are a universal feature of spiral galaxies. And the amount of additional mass required to produce them is roughly five times the mass visible in stars and gas.

The second line of evidence comes from galaxy clusters. The velocity dispersions of galaxies within clusters (which Fritz Zwicky first measured in 1933 for the Coma Cluster, as we noted in the context of the dark matter chapters of previous books in this series) require total cluster masses far in excess of the visible galaxy and gas content. Modern measurements using gravitational lensing, which maps the total mass distribution of clusters by measuring how they bend the light of background galaxies, confirm this: the lensing mass of a typical galaxy cluster is roughly five to ten times the mass visible in the hot X-ray-emitting gas and the member galaxies.

The third line of evidence, and perhaps the most compelling for non-specialists, is the Bullet Cluster (1E 0657-558), which we described previously as a smoking gun for dark matter. In this system, two galaxy clusters have collided and passed through each other. The hot gas, the dominant baryonic component, was slowed by electromagnetic interactions during the collision and remains between the two groups of galaxies, visible in X-ray images from the Chandra Observatory. The gravitational lensing mass map shows the bulk of the mass in two concentrations centered on the galaxy groups, not on the gas. Only a non-electromagnetic matter component that passed through the collision without significant interaction, dark matter, can explain the observed separation between the gas (which interacted and was slowed) and the dominant mass (which did not interact and was not slowed).

The fourth line of evidence comes from the cosmic microwave background (CMB). The pattern of acoustic oscillations in the CMB temperature anisotropy, which we discussed in the context of baryon acoustic oscillations in the first book of this series, is sensitive to the ratio of baryonic matter to dark matter in the early universe. The heights of the acoustic peaks in the CMB power spectrum, measured with extraordinary precision by the Planck satellite, require a dark matter density of exactly the value inferred from galaxy rotation curves and cluster dynamics. The CMB acoustic peaks are sensitive to dark matter in the same way that the vibration of a drum membrane is sensitive to its mass: change the dark matter density and the acoustic peak pattern changes in a predictable and measurable way. The Planck-derived dark matter density (Planck Collaboration 2018, A&A 641, A6) is 0.120 plus or minus 0.001 in units of the critical density times the Hubble parameter squared, consistent with all other measurements.

The fifth line of evidence, and the one most directly relevant to dark matter ecology, is the structure of the cosmic web itself. The large-scale distribution of galaxies in the universe, mapped by surveys like the Sloan Digital Sky Survey and the 2dF Galaxy Redshift Survey, matches the predictions of cosmological simulations that include dark matter with the observed density, clustering properties, and initial conditions. A universe without dark matter would not produce the observed pattern of filaments, clusters, and voids. The cosmic web we inhabit is a product of dark matter structure formation. Without dark matter, there would be no cosmic web, no galaxy clusters, possibly no galaxies at all.

What Dark Matter Is Not

As important as knowing what dark matter is (a non-baryonic, gravitationally interacting substance constituting 27% of the universe's energy) is knowing what it is not. Many alternatives to particle dark matter have been proposed, and the process of ruling them out has been scientifically important.

Dark matter is not ordinary matter in some non-luminous form. The possibility that dark matter is simply baryonic matter in the form of brown dwarf stars, black holes, cold gas clouds, or other non-luminous configurations was taken seriously in the 1990s and has been definitively ruled out. Big Bang nucleosynthesis constrains the total density of baryons in the universe with extraordinary precision, and that density is far too low to account for dark matter. Microlensing surveys of the Milky Way halo by EROS, MACHO, and OGLE have ruled out compact baryonic objects (MACHOs: MAssive Compact Halo Objects) with masses from roughly 10 to the negative 7 solar masses to around 30 solar masses as the dominant component of the dark matter halo. The CMB acoustic peaks independently confirm the low baryon density. Baryonic dark matter has been comprehensively ruled out.

Dark matter is not hot dark matter. Hot dark matter would consist of particles moving at relativistic speeds, like neutrinos, which were in thermal equilibrium in the early universe and decoupled when they were still relativistic. Hot dark matter does not clump on small scales (it free-streams out of density perturbations, erasing them) and would produce a universe in which large-scale structure formed first and fragmented into smaller structures, the top-down formation scenario. This is inconsistent with observations: the universe shows bottom-up structure formation, with small halos forming first and merging into larger ones. Neutrinos exist and contribute a small but measurable fraction to the dark matter density, but they cannot be the dominant component.

Dark matter is not, as far as the most comprehensive evidence indicates, modified gravity in the sense of MOND (Modified Newtonian Dynamics). MOND, proposed by Milgrom in 1983, modifies the gravitational law at low accelerations to reproduce galaxy rotation curves without dark matter. While MOND can reproduce individual rotation curves, it fails to explain the Bullet Cluster (which shows dark matter and baryons spatially separated, impossible without a distinct non-baryonic dark matter component), the acoustic peaks in the CMB, and the large-scale structure of the cosmic web. Relativistic extensions of MOND face additional difficulties with gravitational lensing data.

What Dark Matter Is: The Leading Candidates

If dark matter is not baryonic matter, not hot dark matter, and not modified gravity, what is it? The honest answer is that we do not know. No dark matter particle has been directly detected despite decades of extraordinarily sensitive experiments. The Large Hadron Collider at CERN has found no evidence for the supersymmetric particles that were for many years the most theoretically favored dark matter candidates. The direct detection experiments including LUX-ZEPLIN, XENON nT, and PandaX-4T have pushed the sensitivity of WIMP searches to cross-sections of 10 to the negative 47 square centimeters without a confirmed detection. The indirect detection experiments searching for dark matter annihilation products in gamma rays, cosmic rays, and neutrinos have found suggestive signals but no confirmed discoveries.

The most extensively studied class of dark matter candidates remains WIMPs (Weakly Interacting Massive Particles): hypothetical particles with masses in the range of 10 to 10,000 GeV that interact with ordinary matter through the weak nuclear force and gravity. WIMPs arise naturally in supersymmetric extensions of the Standard Model and have the remarkable property that their predicted relic density from thermal production in the early universe is automatically close to the observed dark matter density. This WIMP miracle has motivated enormous experimental effort, but the lack of detection is beginning to constrain the parameter space severely.

A second major class of candidates is axions: very light particles (masses of 10 to the negative 22 to 10 to the negative 3 electron volts) originally proposed to solve the strong CP problem in quantum chromodynamics. Axions couple very weakly to photons and could have been produced in large quantities in the early universe without ever reaching thermal equilibrium. The ADMX (Axion Dark Matter Experiment) and a growing suite of axion detection experiments are probing axion masses and couplings across an expanding range. No confirmed detection has been made, but significant parameter space remains unexplored.

At the ultra-light end of the axion mass range sits fuzzy dark matter (also called ultra-light axions or wave dark matter), with particle masses near 10 to the negative 22 electron volts. Fuzzy dark matter has a de Broglie wavelength comparable to the size of a dwarf galaxy, which means that quantum pressure prevents dark matter from clustering on scales smaller than the dwarf galaxy scale. This natural suppression of small-scale structure has been proposed as a solution to the small-scale structure problems of cold dark matter (discussed in Chapters Nine and Ten). The observational constraints on fuzzy dark matter from Lyman-alpha forest data and dwarf galaxy observations are increasingly tight, but the scenario remains viable over a range of particle masses.

Sterile neutrinos, primordial black holes, and exotic candidates including strongly interacting massive particles, WIMPzillas (very heavy dark matter particles), and dark sector particles that interact within a hidden sector of forces invisible to ordinary matter have all received theoretical attention. The diversity of candidates reflects the depth of our ignorance about the underlying particle physics.

The Properties That Matter for Ecology

From the perspective of dark matter ecology, the detailed particle physics of dark matter candidates is less important than the macroscopic properties that those candidates imply for dark matter structure formation. The properties that matter most for the ecology of dark matter halos are collisionlessness, cold kinematics, hierarchical clustering, and gravitational self-interaction.

Cold dark matter (CDM) is collisionless to an excellent approximation: dark matter particles interact with each other almost exclusively through gravity. They do not scatter electromagnetically, they do not lose energy through radiation, and they do not form shocks. This collisionlessness has profound implications for how dark matter halos form and behave. When two dark matter halos collide, they do not bounce off each other or merge explosively the way two gas clouds would. Instead, the individual particles follow independent gravitational orbits through each other. The halos interact only through their collective gravitational field. This is why the dark matter components of the merging galaxy clusters in the Bullet Cluster system passed through each other with minimal disruption while the gas (which is collisional) was shocked and slowed.

Cold dark matter kinematics mean that the velocity dispersion of dark matter particles in the early universe was negligibly small: dark matter particles moved slowly enough that they could cluster on very small scales. This is in contrast to hot dark matter, whose relativistic velocities erased small-scale structure through free-streaming. Cold dark matter retains structure down to scales determined by the damping of perturbations in the early universe, which for standard CDM candidates is at sub-solar-mass scales, far below the scale of any observable structure. This means that dark matter halos can, in principle, form at essentially any mass above a minimum scale determined by the free-streaming length of the dark matter particle.

Hierarchical clustering is the structural consequence of cold kinematics: small halos form first, then merge into progressively larger ones. The first dark matter halos to form in the universe had masses comparable to Earth or less, depending on the dark matter particle properties, and they formed at redshifts of hundreds. These first halos have merged and been subsumed into successively larger structures over the 13.8-billion-year history of the universe. The result is the hierarchical structure of dark matter: every galaxy-scale halo contains thousands of smaller subhalos, each of which contains smaller sub-subhalos, in a nested hierarchy that extends down to the free-streaming scale of the dark matter particle.

This hierarchical structure is the foundation of dark matter ecology. It is the equivalent of the nested habitat structure of biological ecosystems: the ocean contains seas contains bays contains inlets contains tidal pools, each level of habitat supporting a characteristic population of organisms. Dark matter halos are nested habitats, and the species that inhabit them, the subhalos, satellite galaxies, stellar streams, and diffuse dark matter populations, are the organisms of the dark ecosystem.

The Cosmic Dark Matter Distribution

Before we can describe the ecology of dark matter, we need a map of the habitat. The distribution of dark matter in the universe is not random. It has structure at every scale, from the nanoparsec scales of first halos to the gigaparsec scales of the cosmic web, and that structure was produced by the same physical processes that produced the structure of the baryonic universe.

On the largest scales, dark matter is organized into the cosmic web: the network of filaments, sheets, and nodes separated by vast underdense voids. The cosmic web is the largest habitat in the universe. The filaments, the one-dimensional concentrations of dark matter that connect the cluster nodes, carry the majority of the mass flow between halos and are the highways along which matter accretes onto growing structures. The sheets (sometimes called walls) are two-dimensional concentrations that bound the voids. The nodes, where filaments intersect, are the locations of galaxy clusters, the most massive dark matter halos in the universe.

On intermediate scales, the dark matter is organized into halos: roughly spherical, gravitationally bound concentrations that form at the peaks of the initial density field and grow by accreting surrounding mass and by merging with other halos. Halo masses span roughly twelve orders of magnitude in the standard CDM framework, from the minimum mass set by the free-streaming length of the dark matter particle (perhaps 10 to the negative 6 solar masses for a typical WIMP) to the masses of the largest galaxy clusters (up to 10 to the power of 15 solar masses). Galaxies form and reside within halos: the Milky Way sits in a halo of approximately 10 to the power of 12 solar masses, while a dwarf spheroidal galaxy might sit in a halo of 10 to the power of 9 solar masses.

On small scales, halos contain subhalos: dark matter concentrations that were once independent halos but have since been captured by a larger host through the process of accretion. The subhalo population of a galaxy-scale halo like the Milky Way contains thousands of subhalos above a mass of 10 to the power of 6 solar masses, and potentially billions of subhalos above the minimum mass set by the free-streaming length. Most of these subhalos do not contain visible galaxies. They are dark: pure concentrations of dark matter with no stars or gas to reveal their presence. They constitute the largest unseen population of objects in the observable universe.

This is the habitat in which the dark matter ecosystem operates. It is vast, it is hierarchical, it is dynamically active, and it is almost entirely invisible to conventional astronomical observation. Understanding it requires a combination of gravitational lensing, galaxy kinematics, large-scale structure measurements, and above all, cosmological simulations that can trace the full dynamical history of dark matter from the Big Bang to the present day.

Simulating the Dark Ecosystem

The primary tool for studying dark matter structure is numerical simulation. N-body simulations track the gravitational evolution of large numbers of dark matter particles (each representing a much larger mass of actual dark matter) from initial conditions set by the early universe to the present day. The most powerful simulations of dark matter structure are among the largest computational projects in the history of science.

The Millennium Simulation (Springel et al. 2005, Nature 435, 629), run at the Virgo Consortium using supercomputers at the Max Planck Computing and Data Facility in Garching, followed 10 billion dark matter particles in a cube of side 500 megaparsecs per h from redshift 127 to the present. At the time of its publication, the Millennium Simulation was the largest cosmological N-body simulation ever run, and it remains a landmark dataset that has been analyzed in hundreds of scientific papers. The simulation resolved halos down to masses of approximately 10 to the power of 10 solar masses, sufficient to study the environments of galaxy-scale halos and the large-scale cosmic web.

The Bolshoi Simulation (Klypin, Trujillo-Gomez, and Primack 2011, Astrophys. J. 740, 102), run at the NASA Advanced Supercomputing facility at Ames Research Center, followed 8.6 billion dark matter particles in a cube of 250 megaparsecs per h, with much better mass resolution than the Millennium: individual particles had masses of approximately 1.35 times 10 to the power of 8 solar masses, sufficient to resolve halos down to masses of roughly 10 to the power of 10 solar masses with several hundred particles. The Bolshoi simulations have been extensively used to calibrate the dark matter halo mass function and to study halo substructure.

The AbacusSummit suite (Maksimova et al. 2021, Mon. Not. R. Astron. Soc. 508, 4017), run at the Summit supercomputer at Oak Ridge National Laboratory, comprises more than 150 simulations tracking roughly 60 trillion particles across multiple boxes of varying size and resolution. AbacusSummit was specifically designed to support the analysis of current and future large-scale structure surveys including DESI, Euclid, and the Vera Rubin Observatory LSST. The total computational effort represents the equivalent of millions of CPU-hours.

These simulations reveal the full ecology of the dark universe in statistical detail. They show how halos form, how they grow through accretion and mergers, how subhalos are captured and processed within their hosts, how the cosmic web channels matter from voids into filaments into clusters. They are the field notebooks of dark matter ecology, recording the behavior of the dark ecosystem across the full range of scales and environments. We will draw on them throughout this book.

But before we can use the simulations as ecological data, we need to establish the ecological framework itself. What does it mean to call a dark matter halo a habitat? What does it mean to say that subhalos are prey? What is the dark matter food web, and how does energy flow through it? These are the questions of the next chapter.

The Dark Matter Detection Landscape: Where We Are Now

The direct detection of dark matter, the search for the rare events in which a dark matter particle collides with an atomic nucleus in an underground detector, has been the primary experimental strategy for identifying the dark matter particle over the past three decades. The history of this experimental program is a story of extraordinary technological achievement combined with escalating scientific frustration: each generation of experiments has improved sensitivity by orders of magnitude, and each has found nothing.

The XENON experiment series, operated in the Gran Sasso National Laboratory beneath the Apennine Mountains in Italy, has been the most sensitive WIMP search for much of the past decade. XENON1T, with its 3.5-tonne liquid xenon target, published results in 2018 (Aprile et al. 2018 Phys. Rev. Lett. 121, 111302) showing no evidence for WIMP interactions above the 1.8 times 10 to the negative 46 square centimeter cross-section for a 30 GeV WIMP. This limit is eight orders of magnitude below the weak interaction cross-section that originally motivated WIMP searches. XENONnT, the successor experiment with a 8.5-tonne target, has improved this limit further.

The LUX-ZEPLIN experiment at the Sanford Underground Research Facility in South Dakota, with a 10-tonne liquid xenon target, published its first results in 2022 (Aalbers et al. 2022 Phys. Rev. Lett. 131, 041002), achieving a sensitivity of 9.2 times 10 to the negative 48 square centimeters for a 36 GeV WIMP. This represents the world-leading sensitivity for WIMP masses above about 10 GeV. The PandaX-4T experiment in the China Jinping Underground Laboratory, with a 3.7-tonne liquid xenon target, achieved comparable sensitivity in its first science run published in 2021 (Meng et al. 2021 Phys. Rev. Lett. 127, 261802).

The null results from these experiments do not prove that WIMPs do not exist. They prove that WIMPs, if they exist, do not interact with nucleons through the spin-independent cross-section with the strength originally expected from the simplest supersymmetric models. A large parameter space of WIMP models remains viable, particularly at very low masses (below about 5 GeV, where xenon experiments lose sensitivity) and at very high masses (above about 10 TeV, where the relic density arguments require different production mechanisms). The experimental community is actively developing new technologies to probe these remaining regions.

The next generation of direct detection experiments, including LZ phase 2 and XLZD (a proposed European WIMP detector with 60 to 80 tonnes of liquid xenon), will push the sensitivity of WIMP searches to the neutrino fog: the irreducible background from coherent scattering of solar, atmospheric, and diffuse supernova neutrinos that mimics the expected WIMP signal. At this level of sensitivity, further improvement requires either new detection techniques that can distinguish neutrino backgrounds from WIMP signals or a fundamental change in experimental strategy.

The axion detection program has also matured significantly in recent years. The ADMX experiment at the University of Washington, using a microwave cavity immersed in a powerful magnetic field to search for the conversion of axions to photons, has published results excluding axions with masses between about 2.6 and 3.3 microelectronvolts at the coupling strength predicted by the Kim-Shifman-Vainshtein-Zakharov (KSVZ) model (Braine et al. 2020 Phys. Rev. Lett. 124, 101303). The HAYSTAC experiment at Yale University has developed quantum-limited readout electronics that approach the quantum noise limit, a prerequisite for reaching the DFSZ model coupling. CASPEr (Cosmic Axion Spin Precession Experiment) is being developed to search for axions through their coupling to nuclear spins, covering a different mass range.

The indirect detection program searches for the products of dark matter annihilation or decay in astrophysical environments. The most sensitive indirect detection constraints come from dwarf spheroidal galaxies: these objects have high dark matter densities, low baryonic backgrounds, and simple gravitational structures that allow
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