DARK MATTER THEORIES

THE UNSEEN UNIVERSE: EXPLORING THE ENIGMATIC W/ ORLD OF DARK MATTER THEORIES

DARK MATTER THEORIES REPRESENT ONE OF THE MOST PROFOUND AND PERSISTENT MYSTERIES IN MODERN COSMOLOGY,
ATTEMPTING TO EXPLAIN THE INVISIBLE SCAFFOLDING THAT GOVERNS THE UNIVERSE'S STRUCTURE AND EVOLUTION. FOR
DECADES, ASTRONOMERS AND PHYSICISTS HAVE GRAPPLED WITH OVERWHELMING EVIDENCE THAT THE ORDINARY MATTER WE CAN
SEE — STARS, PLANETS, GALAXIES — MAKES UP ONLY A FRACTION OF THE TOTAL MASS-ENERGY CONTENT OF THE COSMOS. THis
UNSEEN COMPONENT, DUBBED “DARK MATTER,H EXERTS A GRAVITATIONAL INFLUENCE THAT IS UNDENIABLE, SHAPING THE VERY
FABRIC OF THE UNIVERSE ON GRAND SCALES. THIS ARTICLE WILL DELVE INTO THE DIVERSE AND FASCINATING LANDSCAPE OF DARK
MATTER THEORIES, EXPLORING THE LEADING CANDIDATES, THE OBSERVATIONAL EVIDENCE SUPPORTING THEIR EXISTENCE, AND THE
ONGOING QUEST TO FINALLY UNVEIL THIS COSMIC ENIGMA. WE WILL JOURNEY THROUGH THE PRIMARY THEORETICAL
FRAMEWORKS, FROM WEAKLY INTERACTING MASSIVE PARTICLES (\X/|MPS) TO AXIONS AND STERILE NEUTRINOS, EXAMINING THE
STRENGTHS AND WEAKNESSES OF EACH.
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WHAT IS DARK MATTER AND WHY Do WE Neep IT?

IMAGINE LOOKING AT A BUSTLING CITY AT NIGHT FROM A GREAT DISTANCE. YOU SEE ALL THE BRIGHT LIGHTS — THE
SKYSCRAPERS, THE STREETLIGHTS, THE CAR HEADLIGHTS. THIS IS LIKE THE VISIBLE MATTER IN THE UNIVERSE. HO\)(/EVER, YOU
KNOW THAT THE CITY IS MUCH MORE THAN JUST THE LIGHTS. THERE ARE BUILDINGS, ROADS, AND PEOPLE WHOSE PRESENCE YOU
INFER FROM THE LIGHTS THEY ILLUMINATE OR THE STRUCTURE THEY FORM. DARK MATTER IS AKIN TO THE UNLIT INFRASTRUCTURE
OF THE UNIVERSE. |T DOESN'T EMIT, ABSORB, OR REFLECT LIGHT, MAKING IT INVISIBLE TO OUR TELESCOPES, YET ITS
GRAVITATIONAL PULL IS PROFOUNDLY EVIDENT.

THE NECESSITY FOR DARK MATTER ARISES FROM NUMEROUS ASTRONOMICAL OBSERVATIONS THAT CANNOT BE EXPLAINED BY THE
GRAVITATIONAL EFFECTS OF VISIBLE MATTER ALONE. W/ ITHOUT IT, OUR CURRENT UNDERSTANDING OF COSMOLOGY WOULD
CRUMBLE. THE DISTRIBUTION OF GALAXIES IN LARGE-SCALE STRUCTURES, THE ROTATION OF GALAXIES, AND THE COSMIC
MICROW AVE BACKGROUND RADIATION ALL POINT TOWARDS A SIGNIFICANT DEFICIT IN THE MASS WE CAN OBSERVE. THIS MISSING
MASS IS WHAT WE CALL DARK MATTER. |TS EXISTENCE IS NOT JUST A THEORETICAL QUIRK; IT'S A FUNDAMENTAL REQUIREMENT
TO MAKE OUR MODELS OF THE UNIVERSE CONSISTENT WITH WHAT WE SEE.

THE ASTRONOMICAL EVIDENCE FOR DARK MATTER

THE CASE FOR DARK MATTER ISN'T BUILT ON A SINGLE OBSERVATION BUT ON A CONVERGENCE OF COMPELLING EVIDENCE FROM
VARIOUS COSMOLOGICAL PHENOMENA. THESE INDEPENDENT LINES OF INQUIRY ALL POINT TO THE SAME CONCLUSION: THERE'S FAR
MORE GRAVITATIONAL INFLUENCE IN THE UNIVERSE THAN VISIBLE MATTER CAN ACCOUNT FOR. UNDERSTANDING THIS EVIDENCE IS



KEY TO APPRECIATING WHY SO MANY DARK MATTER THEORIES HAVE EMERGED.

GALAXY RoTATION CURVES

ONE OF THE EARLIEST AND MOST ROBUST PIECES OF EVIDENCE COMES FROM STUDYING HOW GALAXIES ROTATE. W/HEN
ASTRONOMERS MEASURE THE SPEED AT WHICH STARS AND GAS CLOUDS ORBIT THE CENTER OF A SPIRAL GALAXY, THEY FIND
SOMETHING PECULIAR. BASED ON THE VISIBLE MATTER ALONE, STARS FURTHER OUT FROM THE GALACTIC CENTER SHOULD ORBIT
MUCH SLOWER THAN THOSE CLOSER IN, MUCH LIKE PLANETS IN OUR SOLAR SYSTEM. HO\X/EVER, OBSERVATIONS SHOW THAT
STARS IN THE OUTER REGIONS OF GALAXIES ORBIT AT NEARLY THE SAME SPEED AS THOSE CLOSER TO THE CENTER. THIS IMPLIES
THAT THERE IS A SIGNIFICANT AMOUNT OF UNSEEN MASS DISTRIBUTED IN A HALO AROUND THE VISIBLE GALAXY, PROVIDING THE
EXTRA GRAVITATIONAL PULL TO KEEP THESE OUTER STARS MOVING SO QUICKLY. THIS “ELAT ROTATION CURVE” IS A
HALLMARK OF DARK MATTER HALOS.

GRAVITATIONAL LENSING

EINSTEIN'S THEORY OF GENERAL RELATIVITY PREDICTS THAT MASSIVE OBJECTS CAN BEND THE PATH OF LIGHT. THIS
PHENOMENON, KNOWN AS GRAVITATIONAL LENSING, ACTS LIKE A COSMIC MAGNIFYING GLASS. BY OBSERVING HOW LIGHT FROM
DISTANT GALAXIES IS DISTORTED AS IT PASSES BY CLOSER GALAXIES OR CLUSTERS OF GALAXIES, ASTRONOMERS CAN MAP THE
DISTRIBUTION OF MASS IN THE FOREGROUND OBJECTS. THESE LENSING STUDIES CONSISTENTLY REVEAL THAT THE TOTAL MASS IN
GALAXY CLUSTERS IS FAR GREATER THAN THE MASS OF ALL THE VISIBLE STARS AND GAS COMBINED. THE GRAVITATIONAL
LENSING EFFECT IS SO PRONOUNCED THAT IT STRONGLY SUGGESTS THE PRESENCE OF A SUBSTANTIAL AMOUNT OF DARK MATTER
WITHIN THESE STRUCTURES.

THe CosMic MicrowAVE Background (CMB)

THe CMB IS THE FAINT AFTERGLOW OF THE BIG BANG, A SNAPSHOT OF THE UNIVERSE WHEN IT WAS ONLY ABouT 380,000
YEARS OLD. TINY TEMPERATURE FLUCTUATIONS IN THE CMB REPRESENT THE SEEDS OF THE LARGE-SCALE STRUCTURES WE SEE
TODAY, LIKE GALAXIES AND GALAXY CLUSTERS. THE PATTERN OF THESE FLUCTUATIONS IS EXQUISITELY SENSITIVE TO THE
COMPOSITION OF THE EARLY UNIVERSE. COSMOLOGICAL MODELS THAT INCLUDE DARK MATTER ARE REMARKABLY SUCCESSFUL AT
EXPLAINING THE OBSERVED FEATURES OF THE CMB, PARTICULARLY THE RELATIVE HEIGHTS AND POSITIONS OF THE PEAKS IN ITS
POWER SPECTRUM. W/ITHOUT DARK MATTER, THE CMB ANISOTROPIES WOULD LOOK VERY DIFFERENT, AND THE FORMATION OF
STRUCTURES AS WE OBSERVE THEM WOULD BE HIGHLY IMPROBABLE.

LARGE-SCALE STRUCTURE FORMATION

THE UNIVERSE IS NOT UNIFORMLY FILLED WITH MATTER, IT'S ORGANIZED INTO A COSMIC WEB OF GALAXIES, CLUSTERS, AND
VOIDS. THE FORMATION OF THESE VAST STRUCTURES REQUIRES GRAVITY TO PULL MATTER TOGETHER OVER BILLIONS OF
YEARS. HO\X/EVER, IN THE EARLY UNIVERSE, MATTER WAS MUCH MORE SMOOTHLY DISTRIBUTED. IF ONLY ORDINARY MATTER
EXISTED, ITS INTERACTION WITH RADIATION WOULD HAVE SMOOTHED OUT INITIAL DENSITY FLUCTUATIONS, PREVENTING THE
FORMATION OF THE MASSIVE STRUCTURES WE SEE TODAY WITHIN THE AGE OF THE UNIVERSE. DARK MATTER, BEING NON-
INTERACTING WITH LIGHT, COULD BEGIN CLUMPING TOGETHER MUCH EARLIER, FORMING GRAVITATIONAL POTENTIAL WELLS THAT
THEN ATTRACTED ORDINARY MATTER, ACTING AS THE SCAFFOLDING FOR COSMIC STRUCTURE FORMATION. THUS, THE EXISTENCE
OF DARK MATTER IS CRUCIAL FOR EXPLAINING THE OBSERVED LARGE-SCALE STRUCTURE OF THE UNIVERSE.

LeADING DARK MATTER THEORIES EXPLAINED



THE STRONG OBSERVATIONAL EVIDENCE FOR DARK MATTER HAS SPURRED A WEALTH OF THEORETICAL PROPOSALS TO EXPLAIN
ITS NATURE. PHYSICISTS HAVE DEVISED NUMEROUS CANDIDATES, EACH WITH DISTINCT PROPERTIES AND IMPLICATIONS FOR
EXPERIMENTAL SEARCHES. THESE DARK MATTER THEORIES REPRESENT THE FOREFRONT OF PARTICLE PHYSICS AND COSMOLOGY,
PUSHING THE BOUNDARIES OF OUR UNDERSTANDING OF FUNDAMENTAL INTERACTIONS.

WEeAKLY INTERACTING MAssIVE PArTICLES (\WIMPs)

FOR A LONG TIME, WEAKLY INTERACTING MASSIVE PARTICLES (\WIMPS) HAVE BEEN THE LEADING CANDIDATES FOR DARK
MATTER. THE CONCEPT IS ELEGANT: THESE HYPOTHETICAL PARTICLES ARE MASSIVE, MEANING THEY HAVE A SIGNIFICANT REST
MASS, AND THEY INTERACT VERY WEAKLY WITH ORDINARY MATTER, PRIMARILY THROUGH GRAVITY AND POSSIBLY THE WEAK
NUCLEAR FORCE. THIS WEAK INTERACTION EXPLAINS WHY THEY ARE SO DIFFICULT TO DETECT. THE “\W/IMP MIRACLE” REFERS TO
THE REMARKABLE COINCIDENCE THAT IF SUCH PARTICLES EXIST WITH MASSES AROUND THE ELECTROWEAK SCALE (A
FUNDAMENTAL ENERGY SCALE IN PARTICLE PHYSICS), THEIR PREDICTED ABUNDANCE FROM THE EARLY UNIVERSE NATURALLY
MATCHES THE OBSERVED AMOUNT OF DARK MATTER. THIS HAS MADE W/IMPS THE FOCUS OF INTENSE EXPERIMENTAL
INVESTIGATION.

THE THEORETICAL FRAMEWORK FOR W/ IMPS OFTEN ARISES FROM EXTENSIONS TO THE STANDARD MODEL OF PARTICLE PHYSICS,
SUCH AS SUPERSYMMETRY. IN SUPERSYMMETRIC THEORIES, FOR EVERY KNOWN PARTICLE, THERE EXISTS A HEAVIER
“SUPERPARTNER.” THE LIGHTEST SUPERSYMMETRIC PARTICLE (LSP) IS OFTEN A STABLE, WEAKLY INTERACTING, AND MASSIVE
PARTICLE THAT FITS THE PROFILE OF A W/IMP. EXAMPLES INCLUDE THE NEUTRALINO, A MIXTURE OF THE SUPERPARTNERS OF THE
PHOTON, Z BOSON, AND HIGGS BOSON.

AXxIONS: THE ULTRA-LIGHTWEIGHT CONTENDERS

WHILE WIMPS ARE MASSIVE, AXIONS ARE A DIFFERENT BREED ALTOGETHER — THEY ARE THEORIZED TO BE EXTREMELY LIGHT,
ALMOST MASSLESS PARTICLES. THE AXION WAS ORIGINALLY PROPOSED TO SOLVE A PROBLEM IN QUANTUM CHROMODYNAMICS
(QCD), THE THEORY OF THE STRONG NUCLEAR FORCE, KNOWN AS THE “STRONG CP PROBLEM.” THIS PROBLEM CONCERNS WHY
THE UNIVERSE DOESN'T SEEM TO EXHIBIT CERTAIN CHARGE-PARITY (CP) VIOLATIONS THAT ARE THEORETICALLY POSSIBLE. THE
AXION ARISES AS A BYPRODUCT OF A MECHANISM DESIGNED TO RESOLVE THIS ISSUE. IF AXIONS EXIST AND WERE PRODUCED IN
THE EARLY UNIVERSE, THEIR COLLECTIVE GRAVITATIONAL INFLUENCE COULD ALSO ACCOUNT FOR THE OBSERVED DARK MATTER
DENSITY.

THE PROPERTIES OF AXIONS MAKE THEM FUNDAMENTALLY DIFFERENT TARGETS FOR DETECTION COMPARED TO W IMPs. BECAUSE
THEY ARE SO LIGHT, THEY WOULD BEHAVE MORE LIKE A COHERENT WAVE OR FIELD THAN DISCRETE PARTICLES. THEIR
INTERACTION WITH ORDINARY MATTER IS PREDICTED TO BE EVEN WEAKER THAN THAT OF W/IMPS, MAKING THEIR DETECTION
EXCEPTIONALLY CHALLENGING. HOWEVER, THEIR UNIQUE PROPERTIES ALSO OPEN UP NEW AVENUES FOR EXPERIMENT AL SEARCHES,
OFTEN INVOLVING STRONG MAGNETIC FIELDS AND RESONANT CAVITIES TO TRY AND CONVERT AXIONS INTO DETECTABLE
PHOTONS.

STERILE NEUTRINOS; A HEAVIER POSSIBILITY

NEUTRINOS ARE WELL-KNOWN FUNDAMENTAL PARTICLES THAT ARE PART OF THE STANDARD MODEL. THEY ARE VERY LIGHT AND
INTERACT ONLY VIA THE WEAK FORCE AND GRAVITY. HO\X/EVER, THE STANDARD MODEL ONLY INCLUDES THREE “ACTIVE”
NEUTRINO FLAVORS (ELECTRON, MUON, AND TAU NEUTRINOS). IT'S POSSIBLE THAT THERE EXIST “STERILE” NEUTRINOS, WHICH
DO NOT INTERACT VIA THE WEAK FORCE AND ONLY INTERACT GRAVITATIONALLY. THESE HYPOTHETICAL PARTICLES COULD
HAVE MASSES SIGNIFICANTLY HIGHER THAN THE ACTIVE NEUTRINOS, POTENTIALLY IN THE keV To MeV RANGE, MAKING THEM A
VIABLE DARK MATTER CANDIDATE.

THE ATTRACTIVENESS OF STERILE NEUTRINOS AS A DARK MATTER CANDIDATE LIES IN THEIR SIMPLICITY, THEY DON'T
NECESSARILY REQUIRE NEW , EXOTIC PHYSICS BEYOND EXTENSIONS OF THE STANDARD MODEL. IF STERILE NEUTRINOS EXIST WITH



THE RIGHT MASS AND ABUNDANCE, THEY COULD EXPLAIN BOTH DARK MATTER AND POTENTIALLY SOME ANOMALIES OBSERVED IN
NEUTRINO PHYSICS. HO\X/EVER, THEIR WEAK GRAVITATIONAL INTERACTION MAKES THEM DIFFICULT TO DETECT DIRECTLY, AND
THEIR EXISTENCE IS STILL PURELY THEORETICAL, AW AITING EXPERIMENTAL CONFIRMATION.

PrIMORDIAL BLACK HOLES: A STELLAR REMNANT THEORY

W/HILE MOST DARK MATTER THEORIES FOCUS ON EXOTIC NEW PARTICLES, ANOTHER INTRIGUING POSSIBILITY SUGGESTS THAT
DARK MATTER COULD BE MADE OF ORDINARY MATTER THAT HAS COLLAPSED INTO BLACK HOLES IN THE VERY EARLY UNIVERSE.
THESE ARE NOT THE BLACK HOLES FORMED FROM THE DEATH OF STARS, BUT RATHER “PRIMORDIAL BLACK HOLES" (PBHS) THAT
COULD HAVE FORMED FROM DENSITY FLUCTUATIONS IN THE EXTREMELY DENSE EARLY UNIVERSE. [F THEY EXIST AND HAVE MASSES
IN A SPECIFIC RANGE, THEY COULD BE NON-LUMINOUS AND COLLECTIVELY PROVIDE THE NECESSARY GRAVITATIONAL PULL TO
EXPLAIN DARK MATTER.

THE APPEAL OF PBHS IS THAT THEY WOULD BE COMPOSED OF BARYONIC MATTER (PROTONS AND NEUTRONS), WHICH IS
FAMILIAR TO US. HO\X/EVER, STRINGENT OBSERVATIONAL CONSTRAINTS FROM GRAVITATIONAL LENSING, THE COSMIC
MICROWAVE BACKGROUND, AND THE ABUNDANCE OF LIGHT ELEMENTS PRODUCED IN THE BiG BANG SEVERELY LIMIT THE POSSIBLE
MASS RANGES AND ABUNDANCES OF PBHS THAT COULD CONSTITUTE ALL OF DARK MATTER. W/HILE THEY MIGHT MAKE UP A
SMALL FRACTION OF DARK MATTER, IT'S UNLIKELY THEY ARE THE SOLE COMPONENT.

MoDIFIED GRAVITY THEORIES; AN ALTERNATIVE PERSPECTIVE

INSTEAD OF POSTULATING THE EXISTENCE OF UNSEEN MATTER, SOME THEORIES PROPOSE THAT OUR UNDERSTANDING OF GRAVITY
ITSELF MIGHT BE INCOMPLETE, PARTICULARLY ON COSMIC SCALES. MoDIFIED NEw TONIAN DYNAMICS (MOND) AND ITS
RELATIVISTIC EXTENSIONS ARE EXAMPLES OF SUCH THEORIES. MOND SUGGESTS THAT GRAVITY BEHAVES DIFFERENTLY AT VERY
LOW ACCELERATIONS, SUCH AS THOSE EXPERIENCED BY STARS IN THE OUTER REGIONS OF GALAXIES. THIS MODIFICATION COULD
EXPLAIN THE OBSERVED FLAT ROTATION CURVES WITHOUT INVOKING DARK MATTER.

W/ HILE MOND HAS HAD SOME SUCCESS IN EXPLAINING GALACTIC DYNAMICS, IT FACES SIGNIFICANT CHALLENGES IN ACCOUNTING
FOR ALL THE COSMOLOGICAL EVIDENCE FOR DARK MATTER, ESPECIALLY PHENOMENA LIKE THE BULLET CLUSTER (\X/HERE
GRAVITATIONAL LENSING CLEARLY SHOWS MASS SEPARATED FROM VISIBLE MATTER) AND THE COSMIC MICROWAVE
BACKGROUND. MOST COSMOLOGISTS BELIEVE THAT DARK MATTER IS THE MORE PARSIMONIOUS EXPLANATION, AS IT ELEGANTLY
RESOLVES A WIDE RANGE OF OBSERVATIONS WITH A SINGLE HYPOTHESIS, BUT MODIFIED GRAVITY REMAINS AN ACTIVE AREA OF
RESEARCH.

EXPERIMENTAL SEARCHES FOR DARK MATTER

THE THEORETICAL LANDSCAPE OF DARK MATTER IS VAST, BUT THE ULTIMATE GOAL IS EMPIRICAL VERIFICATION. PHYsICISTS
\WORLDWIDE ARE ENGAGED IN AN AMBITIOUS, MULTI-PRONGED EFFORT TO DIRECTLY DETECT DARK MATTER PARTICLES OR THEIR
ANNIHILATION PRODUCTS. THESE EXPERIMENTS ARE AT THE CUTTING EDGE OF TECHNOLOGICAL INNOVATION AND PUSH THE LIMITS
OF SENSITIVITY.

DIrRecT DETECTION EXPERIMENTS

DIRECT DETECTION EXPERIMENTS AIM TO OBSERVE THE FAINT RECOIL OF AN ATOMIC NUCLEUS WHEN A DARK MATTER PARTICLE,
LIKE A W/IMP, COLLIDES WITH IT. THESE EXPERIMENTS TYPICALLY INVOLVE HIGHLY SENSITIVE DETECTORS LOCATED DEEP
UNDERGROUND TO SHIELD THEM FROM COSMIC RAYS AND OTHER BACKGROUND RADIATION. THE DETECTORS ARE FILLED WITH
MATERIALS LIKE XENON, GERMANIUM, OR ARGON, AND SCIENTISTS LOOK FOR THE TINY FLASHES OF LIGHT OR HEAT PRODUCED BY
SUCH A RARE COLLISION. EXAMPLES INCLUDE EXPERIMENTS LIkE LUX-ZEPLIN (LZ), XENONNT, aND SUPERCDMS. THe



CHALLENGE IS IMMENSE, AS THESE INTERACTIONS ARE EXCEEDINGLY RARE AND MIMIC THOSE OF KNOWN PARTICLES.

INDIRECT DETECTION EXPERIMENTS

INDIRECT DETECTION EXPERIMENTS SEARCH FOR THE PRODUCTS OF DARK MATTER ANNIHILATION OR DECAY. |F DARK MATTER
PARTICLES ARE THEIR OWN ANTIPARTICLES, THEY COULD ANNIHILATE WITH EACH OTHER, PRODUCING DETECTABLE PARTICLES
LIKE GAMMA RAYS, NEUTRINOS, OR ANTIMATTER (POSITRONS AND ANTIPROTONS). TELESCOPES LIKE THE FERMI GAMMA-RAY
SPACE TELESCOPE AND NEUTRINO OBSERVATORIES LIKE ICECUBE ARE USED TO SEARCH FOR EXCESSES OF THESE PARTICLES
COMING FROM REGIONS WHERE DARK MATTER IS EXPECTED TO BE ABUNDANT, SUCH AS THE GALACTIC CENTER OR DW ARF
GALAXIES. THESE EXPERIMENTS PROVIDE COMPLEMENTARY EVIDENCE TO DIRECT DETECTION AND CAN PROBE DIFFERENT TYPES OF
DARK MATTER CANDIDATES.

COLLIDER SEARCHES

PARTICLE COLLIDERS, SUCH AS THE LARGE HADRON CoLLiDErR (LHC) AT CERN, OFFER ANOTHER WAY TO SEARCH FOR DARK
MATTER. |F DARK MATTER PARTICLES ARE PRODUCED IN HIGH-ENERGY COLLISIONS, THEY WOULD BE INVISIBLE TO THE DETECTORS.
HoWEVER, THEIR PRESENCE COULD BE INFERRED BY OBSERVING AN IMBALANCE IN MOMENTUM AND ENERGY CARRIED AWAY BY
UNSEEN PARTICLES. SCIENTISTS LOOK FOR EVENTS WITH “MISSING ENERGY,” WHICH COULD BE A SIGNATURE OF DARK MATTER
PARTICLES BEING PRODUCED AND ESCAPING THE DETECTOR. COLLIDER SEARCHES ARE PARTICULARLY WELL-SUITED FOR FINDING
NEW PARTICLES WITHIN A CERTAIN MASS RANGE, SUCH AS W/ IMPs.

THE QUEST FOR DARK MATTER IS A TESTAMENT TO HUMANITY'S CURIOSITY AND OUR DRIVE TO UNDERSTAND THE FUNDAMENTAL
NATURE OF REALITY. W/HILE NO DEFINITIVE DETECTION HAS BEEN MADE YET, THE ONGOING RESEARCH ACROSS THEORETICAL AND
EXPERIMENTAL FRONTIERS IS CONTINUOUSLY REFINING OUR UNDERSTANDING AND NARROWING DOWN THE POSSIBILITIES. THE
UNIVERSE IS A GRAND COSMIC PUZZLE, AND DARK MATTER IS ONE OF ITS MOST COMPELLING, ALBEIT ELUSIVE, PIECES.

QZ \WHAT IS THE PRIMARY EVIDENCE FOR THE EXISTENCE OF DARK MATTER?

A: THE PRIMARY EVIDENCE FOR DARK MATTER COMES FROM SEVERAL INDEPENDENT ASTROPHYSICAL OBSERVATIONS, INCLUDING
THE ANOMALOUS ROTATION SPEEDS OF STARS IN GALAXIES, THE GRAVITATIONAL LENSING EFFECTS AROUND GALAXY CLUSTERS,
THE PATTERNS OBSERVED IN THE COSMIC MICROWAVE BACKGROUND RADIATION, AND THE FORMATION OF LARGE-SCALE COSMIC
STRUCTURES. ALL THESE PHENOMENA SUGGEST THAT THERE IS FAR MORE MASS IN THE UNIVERSE THAN CAN BE ACCOUNTED FOR
BY VISIBLE MATTER ALONE.

Q: ARe WIMPS STILL CONSIDERED THE LEADING DARK MATTER CANDIDATE?

A: WIMPS WERE HISTORICALLY THE LEADING CANDIDATE DUE TO THE “\WIMP MIRACLE,” WHICH PREDICTED THEIR ABUNDANCE
WOULD NATURALLY MATCH THAT OF DARK MATTER IF THEY EXIST AROUND THE ELECTROWEAK SCALE. HOWEVER, DESPITE
EXTENSIVE SEARCHES, DIRECT AND INDIRECT DETECTION EXPERIMENTS HAVE NOT YET YIELDED A DEFINITIVE W IMP SIGNAL,
LEADING TO INCREASED INTEREST IN OTHER THEORETICAL CANDIDATES LIKE AXIONS.

Q: How Do AXIONS DIFFER FROM WIMPSs AS DARK MATTER CANDIDATES?

A: AXIONS ARE THEORIZED TO BE EXTREMELY LIGHT PARTICLES, WHEREAS W/ IMPs ARE MASSIVE. AXIONS WERE ORIGINALLY
PROPOSED TO SOLVE A PROBLEM IN QUANTUM CHROMODYNAMICS (THE sTRoNG CP PROBLEM) AND ARE MUCH WEAKER
INTERACTORS WITH ORDINARY MATTER THAN W/ IMPS. THEIR DETECTION METHODS ARE THEREFORE QUITE DIFFERENT, OFTEN
INVOLVING STRONG MAGNETIC FIELDS.



QZ CAN DARK MATTER BE MADE OF ORDINARY MATTER , LIKE BLACK HOLES?

A: ONE THEORY PROPOSES THAT DARK MATTER COULD CONSIST OF PRIMORDIAL BLACK HOLES (PBHS) FORMED IN THE EARLY
UNIVERSE. WHILE THESE WOULD BE MADE OF ORDINARY BARYONIC MATTER, STRONG OBSERVATIONAL CONSTRAINTS FROM
GRAVITATIONAL LENSING AND OTHER COSMOLOGICAL OBSERVATIONS LIMIT THE MASS RANGES AND ABUNDANCE OF PBHS THAT
COULD ACCOUNT FOR ALL DARK MATTER. THEY MIGHT CONTRIBUTE A SMALL FRACTION, BUT ARE UNLIKELY TO BE THE SOLE
COMPONENT.

Q: WHAT IS THE ROLE OF MODIFIED GRAVITY THEORIES IN THE DARK MATTER
DISCUSSION?

A: MODIFIED GRAVITY THEORIES, SUCH AS MOND, PROPOSE THAT OUR UNDERSTANDING OF GRAVITY ITSELF IS INCOMPLETE ON
LARGE SCALES OR AT LOW ACCELERATIONS, RATHER THAN POSTULATING UNSEEN MATTER. THESE THEORIES AIM TO EXPLAIN
PHENOMENA LIKE GALAXY ROTATION CURVES WITHOUT INVOKING DARK MATTER. HO\X/EVER, THEY STRUGGLE TO CONSISTENTLY
EXPLAIN ALL COSMOLOGICAL OBSERVATIONS, PARTICULARLY THOSE RELATED TO GALAXY CLUSTERS AND THE COSMIC
MICROW AVE BACKGROUND, LEADING MOST COSMOLOGISTS TO FAVOR DARK MATTER.

QI WHAT ARE THE MAIN STRATEGIES USED TO SEARCH FOR DARK MATTER PARTICLES?

A: THE PRIMARY STRATEGIES ARE DIRECT DETECTION (LOOKING FOR DARK MATTER PARTICLES COLLIDING WITH ATOMIC NUCLEI),
INDIRECT DETECTION (SEARCHING FOR ANNIHILATION OR DECAY PRODUCTS OF DARK MATTER LIKE GAMMA RAYS OR NEUTRINOS),
AND COLLIDER SEARCHES (TRYING TO PRODUCE DARK MATTER PARTICLES IN HIGH-ENERGY PARTICLE COLLISIONS).

Q: WHY ARE DARK MATTER DETECTION EXPERIMENTS OFTEN LOCATED DEEP
UNDERGROUND?

A: LOCATING DARK MATTER DETECTORS DEEP UNDERGROUND IS CRUCIAL TO SHIELD THEM FROM COSMIC RAYS AND OTHER
SOURCES OF BACKGROUND RADIATION THAT COULD MIMIC A DARK MATTER SIGNAL. THIS SIGNIFICANTLY REDUCES THE NOISE,
ALLOWING SCIENTISTS TO DETECT THE EXTREMELY FAINT SIGNALS EXPECTED FROM INTERACTIONS WITH DARK MATTER
PARTICLES.
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