DARK MATTER AND ITS HALOS

UNVEILING THE INVISIBLE: DARK MATTER AND ITS ENIGMATIC
HaLoOS

DARK MATTER AND ITS HALOS REPRESENT ONE OF THE MOST PROFOUND MYSTERIES IN MODERN COSMOLOGY, SHAPING THE
STRUCTURE AND EVOLUTION OF THE UNIVERSE IN WAYS WE ARE ONLY BEGINNING TO COMPREHEND. W/HILE INVISIBLE TO OUR
TELESCOPES, ITS GRAVITATIONAL INFLUENCE IS UNDENIABLE, DICTATING THE FORMATION AND CLUSTERING OF GALAXIES. THis
ARTICLE WILL DELVE DEEP INTO THE NATURE OF DARK MATTER, EXPLORE THE EVIDENCE FOR ITS EXISTENCE, AND ILLUMINATE THE
CRUCIAL ROLE OF DARK MATTER HALOS IN COSMIC ARCHITECTURE. WE WILL UNRAVEL HOW THESE UNSEEN ENTITIES PROVIDE THE
SCAFFOLDING UPON WHICH VISIBLE STRUCTURES ARE BUILT, DISCUSS THE ONGOING QUEST TO DETECT DARK MATTER PARTICLES
DIRECTLY, AND CONSIDER THE IMPLICATIONS OF THESE FINDINGS FOR OUR UNDERSTANDING OF THE UNIVERSE'S PAST, PRESENT,
AND FUTURE.
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THE ENIGMA oF DARK MATTER: WHAT IT Is NoT

\W/HEN WE TALK ABOUT DARK MATTER, THE FIRST THING TO CLARIFY IS WHAT IT ISN'T. ITS NOT SIMPLY ORDINARY MATTER
THAT'S TOO FAINT TO SEE, LIKE BROWN DWARFS OR ROGUE PLANETS. THESE ARE BARYONIC OBJECTS, COMPOSED OF PROTONS
AND NEUTRONS, AND WHILE THEY CONTRIBUTE TO THE OVERALL MASS OF THE UNIVERSE, THEY FALL FAR SHORT OF EXPLAINING
THE GRAVITATIONAL DISCREPANCIES WE OBSERVE. DARK MATTER, BY DEFINITION, DOES NOT INTERACT WITH ELECTROMAGNETIC
RADIATION = T DOESN'T EMIT, ABSORB, OR REFLECT LIGHT. THIS IS WHY IT REMAINS INVISIBLE TO OUR MOST POWERFUL
TELESCOPES, RENDERING IT UNDETECTABLE THROUGH CONVENTIONAL ASTRONOMICAL MEANS. |TS PRESENCE IS INFERRED SOLELY
THROUGH ITS GRAVITATIONAL EFFECTS ON VISIBLE MATTER AND LIGHT.

FURTHERMOEE/ DARK MATTER IS DISTINCT FROM DARK ENERGY, ANOTHER ENIGMATIC COMPONENT OF THE UNIVERSE. \WHILE DARK
MATTER PROVIDES AN ATTRACTIVE GRAVITATIONAL FORCE THAT PULLS MATTER TOGETHER, DARK ENERGY EXERTS A REPULSIVE
FORCE, ACCELERATING THE EXPANSION OF THE COSMOS. TOGETHER, THEY CONSTITUTE THE VAST MAJORITY OF THE UNIVERSE'S
ENERGY DENSITY, WITH ORDINARY MATTER ACCOUNTING FOR A MERE FRACTION. (UNDERSTANDING THE FUNDAMENTAL DIFFERENCES
BETWEEN THESE TWO COSMIC PHENOMENA |S CRUCIAL FOR BUILDING A COMPLETE COSMOLOGICAL MODEL.



THe OBSERVATIONAL EVIDENCE FOR DARK MATTER

THE CASE FOR DARK MATTER ISN'T BUILT ON A SINGLE OBSERVATION, BUT RATHER ON A CONSTELLATION OF EVIDENCE THAT
HAS ACCUMULATED OVER DECADES, ALL POINTING TO THE SAME CONCLUSION: THERE'S MORE GRAVITY IN THE UNIVERSE THAN
VISIBLE MATTER CAN ACCOUNT FOR. ONE OF THE EARLIEST AND MOST COMPELLING PIECES OF EVIDENCE COMES FROM THE
ROTATION CURVES OF GALAXIES. ASTRONOMERS LIKE VERA RUBIN OBSERVED THAT STARS IN THE OUTER REGIONS OF SPIRAL
GALAXIES ORBIT THE GALACTIC CENTER MUCH FASTER THAN PREDICTED BY THE VISIBLE MASS OF THE GALAXY ALONE. |F ONLY
VISIBLE MATTER WERE PRESENT, THESE STARS SHOULD BE FLUNG OFF INTO INTERGALACTIC SPACE. THE FACT THAT THEY REMAIN
BOUND SUGGESTS THE PRESENCE OF A MASSIVE, UNSEEN HALO OF MATTER PROVIDING THE EXTRA GRAVITATIONAL PULL.

ANOTHER SIGNIFICANT LINE OF EVIDENCE COMES FROM GALAXY CLUSTERS. THESE ARE THE LARGEST GRAVITATIONALLY BOUND
STRUCTURES IN THE UNIVERSE, CONTAINING HUNDREDS OR EVEN THOUSANDS OF GALAXIES. OBSERVATIONS OF THE MOTION OF
GALAXIES WITHIN CLUSTERS, AS WELL AS THE TEMPERATURE AND DISTRIBUTION OF HOT GAS (\X/HICH EMITS X‘RAYS)I REVEAL
A MUCH LARGER TOTAL MASS THAN CAN BE ATTRIBUTED TO THE VISIBLE GALAXIES AND GAS. THIS “MISSING MASS” IS
ATTRIBUTED TO DARK MATTER. GRAVITATIONAL LENSING, THE BENDING OF LIGHT FROM DISTANT OBJECTS BY MASSIVE
FOREGROUND OBJECTS, PROVIDES FURTHER CORROBORATION. THE EXTENT TO WHICH LIGHT IS DISTORTED AROUND GALAXY
CLUSTERS AND GALAXIES IS FAR GREATER THAN WHAT THE VISIBLE MASS WOULD CAUSE, INDICATING A SUBSTANTIAL AMOUNT
OF DARK MATTER.

GALAXY RoTATION CURVES

THE CLASSIC OBSERVATION OF FLAT GALAXY ROTATION CURVES IS A CORNERSTONE OF DARK MATTER EVIDENCE. |F YOU
IMAGINE A SOLAR SYSTEM, PLANETS FARTHER FROM THE SUN ORBIT MORE SLOWLY. THIS IS BECAUSE THE SUN'S
GRAVITATIONAL PULL WEAKENS WITH DISTANCE. APPLYING THIS LOGIC TO GALAXIES, ONE WOULD EXPECT STARS IN THE
OUTER REGIONS TO ORBIT SLOWER THAN THOSE CLOSER TO THE CENTER, WHERE MOST OF THE VISIBLE MASS IS CONCENTRATED.
HO\X/EVER, WHEN ASTRONOMERS MEASURED THE VELOCITIES OF STARS AND GAS CLOUDS IN SPIRAL GALAXIES, THEY FOUND
THAT THE ROTATION SPEEDS REMAINED REMARKABLY CONSTANT, OR EVEN INCREASED, AT LARGE DISTANCES FROM THE GALACTIC
CENTER. THIS PLATEAU IN ROTATION CURVES IS A DIRECT INDICATOR THAT THERE IS A SIGNIFICANT AMOUNT OF UNSEEN MASS
EXTENDING FAR BEYOND THE VISIBLE DISK OF THE GALAXY, FORMING A DARK MATTER HALO.

GALAXY CLUSTERS AND HoT GAS

GALAXY CLUSTERS OFFER A MACROSCOPIC VIEW OF DARK MATTER'S INFLUENCE. THESE COLOSSAL COLLECTIONS OF GALAXIES
ARE BOUND TOGETHER BY GRAVITY. FRITZ ZWICKY FIRST NOTED IN THE 1930S THAT THE GALAXIES WITHIN THE COMA
CLUSTER WERE MOVING SO FAST THAT THE CLUSTER SHOULD HAVE DISPERSED LONG AGO IF ONLY THE VISIBLE MASS OF THE
GALAXIES WAS HOLDING IT TOGETHER. HE INVOKED THE CONCEPT OF “DUNKLE MATERIE” (DARK MATTER) TO EXPLAIN THIS
PHENOMENON. MODERN OBSERVATIONS OF GALAXY CLUSTERS, PARTICULARLY THE TEMPERATURE AND DISTRIBUTION OF THE
HOT, IONIZED GAS THAT PERMEATES THEM, CONFIRM THIS. THE HIGH TEMPERATURES OF THIS GAS, WHICH IS HELD IN PLACE BY THE
CLUSTER'S GRAVITY, IMPLY A GRAVITATIONAL POTENTIAL FAR DEEPER THAN CAN BE EXPLAINED BY VISIBLE MATTER ALONE. THIS
STRONGLY SUGGESTS THAT DARK MATTER DOMINATES THE MASS OF GALAXY CLUSTERS.

GRAVITATIONAL LENSING

ALBERT EINSTEIN'S THEORY OF GENERAL RELATIVITY PREDICTS THAT MASS WARPS SPACETIME, CAUSING LIGHT TO BEND AS IT
PASSES BY. THIS PHENOMENON, KNOWN AS GRAVITATIONAL LENSING, ACTS LIKE A COSMIC MAGNIFYING GLASS. ASTRONOMERS
OBSERVE THAT THE LIGHT FROM DISTANT GALAXIES AND QUASARS IS OFTEN DISTORTED, BENT, AND EVEN MAGNIFIED AS IT
TRAVELS TOWARDS US, PASSING THROUGH FOREGROUND GALAXIES AND CLUSTERS. THE DEGREE OF THIS DISTORTION IS
DIRECTLY PROPORTIONAL TO THE MASS OF THE INTERVENING OBJECT. BY ANALYZING THE PATTERNS OF THESE LENSED IMAGES,
SCIENTISTS CAN MAP THE DISTRIBUTION OF MASS. THESE MAPS CONSISTENTLY REVEAL THAT THE MASS CAUSING THE LENSING IS
SIGNIFICANTLY GREATER THAN THE MASS OF VISIBLE STARS AND GAS, WITH THE EXCESS MASS CORRELATING PRECISELY WITH



THE EXPECTED DISTRIBUTION OF DARK MATTER HALOS.

UNDERSTANDING DARK MATTER HALOS: THE CosSMIC SCAFFOLDING

DARK MATTER HALOS ARE NOT DISCRETE OBJECTS LIKE PLANETS OR STARS, THEY ARE VAST, DIFFUSE, AND ROUGHLY SPHERICAL
DISTRIBUTIONS OF DARK MATTER THAT PERMEATE THE UNIVERSE. THEY ARE THE INVISIBLE SCAFFOLDING UPON WHICH GALAXIES
AND GALAXY CLUSTERS ARE BUILT. THINK OF THEM AS IMMENSE GRAVITATIONAL WELLS, PROVIDING THE NECESSARY PULL TO
ASSEMBLE AND HOLD TOGETHER THE LUMINOUS MATTER WE OBSERVE. WITHOUT THESE HALOS, THE UNIVERSE WOULD LIKELY BE
A FAR MORE DIFFUSE AND LESS STRUCTURED PLACE, WITH GALAXIES STRUGGLING TO FORM AND COALESCE.

THESE HALOS ARE THOUGHT TO BE MUCH LARGER THAN THE VISIBLE GALAXIES THEY HOST. A TYPICAL SPIRAL GALAXY LIKE
OUR OWN MILKkY W/ AY IS EMBEDDED WITHIN A DARK MATTER HALO THAT EXTENDS HUNDREDS OF THOUSANDS OF LIGHT-YEARS
INTO SPACE, FAR BEYOND THE STARS AND GAS CLOUDS WE CAN SEE. THE DENSITY OF DARK MATTER WITHIN THESE HALOS IS
NOT UNIFORM; IT IS GENERALLY DENSEST AT THE CENTER AND DECREASES WITH INCREASING RADIUS. THIS COMPLEX STRUCTURE
PLAYS A VITAL ROLE IN THE HIERARCHICAL FORMATION OF COSMIC STRUCTURES, WHERE SMALLER DARK MATTER HALOS MERGE
TO FORM LARGER ONES, CARRYING THEIR EMBEDDED GALAXIES ALONG WITH THEM.

THe HIERARCHICAL FORMATION OF STRUCTURE

THE PREVAILING COSMOLOGICAL MODEL, kNOWN AS LAaMBDA-CDM (LAaMBDA-CoLD DARK MATTER), POSITS THAT THE
UNIVERSE'S LARGE-SCALE STRUCTURE FORMED HIERARCHICALLY. IN THIS SCENARIO, TINY QUANTUM FLUCTUATIONS IN THE EARLY
UNIVERSE, AMPLIFIED BY COSMIC INFLATION, SERVED AS SEEDS FOR GRAVITATIONAL COLLAPSE. DARK MATTER, BEING NON-
BARYONIC AND WEAKLY INTERACTING, BEGAN TO CLUMP TOGETHER UNDER ITS OWN GRAVITY MUCH EARLIER THAN ORDINARY
MATTER, WHICH WAS STILL COUPLED TO RADIATION. THESE INITIAL CLUMPS OF DARK MATTER GREW INTO SMALL DARK MATTER
HALOS. OVER COSMIC TIME, THESE SMALLER HALOS MERGED WITH EACH OTHER, DRIVEN BY GRAVITY, TO FORM PROGRESSIVELY
LARGER AND MORE MASSIVE HALOS. GALAXIES THEN FORMED WITHIN THESE GROWING DARK MATTER HALOS AS ORDINARY
MATTER, ATTRACTED BY THE HALO'S GRAVITY, COOLED, CONDENSED, AND BEGAN TO FORM STARS.

SUBHALOS AND GALAXY FORMATION

W/ITHIN THE VAST EXPANSE OF A LARGE DARK MATTER HALO, SMALLER SUBSTRUCTURES KNOWN AS SUBHALOS ARE ALSO
EXPECTED TO EXIST. THESE SUBHALOS CAN HOST SMALLER GALAXIES OR EVEN SATELLITE GALAXIES THAT ORBIT A LARGER
HOST GALAXY. THE GRAVITATIONAL INTERACTION BETWEEN THE HOST HALO AND ITS SUBHALOS, AS WELL AS THE INTERPLAY
BETWEEN DIFFERENT SUBHALOS, PLAYS A SIGNIFICANT ROLE IN GALAXY EVOLUTION. For INSTANCE, TIDAL STRIPPING, WHERE A
LARGER HALO'S GRAVITY TEARS APART SMALLER ONES, IS A COMMON PROCESS. THE DISTRIBUTION AND PROPERTIES OF THESE
SUBHALOS ARE A CRUCIAL TEST FOR DIFFERENT DARK MATTER MODELS, AS THEIR PRESENCE AND DENSITY CAN BE INDIRECTLY
INFERRED FROM OBSERVATIONS OF SATELLITE GALAXIES AND THE DISTRIBUTION OF STARS WITHIN GALAXIES.

THE SEARCH FOR DARKk MATTER PARTICLES

\WHILE THE GRAVITATIONAL EVIDENCE FOR DARK MATTER IS OVERWHELMING, THE FUNDAMENT AL NATURE OF ITS CONSTITUENT
PARTICLES REMAINS UNKNOWN. THIS HAS SPURRED A GLOBAL EFFORT TO DIRECTLY DETECT THESE ELUSIVE PARTICLES. THE
LEADING CANDIDATES FOR DARK MATTER PARTICLES FALL INTO A CATEGORY CALLED W/EAKLY INTERACTING MASSIVE
PARTICLES, OR WIMPS. THESE HYPOTHETICAL PARTICLES ARE THOUGHT TO BE MASSIVE, HENCE THE “MASSIVE” PART, AND
THEY INTERACT VERY WEAKLY WITH ORDINARY MATTER, EXPLAINING THEIR INVISIBILITY AND THE DIFFICULTY IN DETECTING THEM.

THE SEARCH FOR W/IMPS IS BEING PURSUED THROUGH THREE MAIN AVENUES: DIRECT DETECTION EXPERIMENTS, INDIRECT
DETECTION EXPERIMENTS, AND COLLIDER SEARCHES. DIRECT DETECTION EXPERIMENTS AIM TO OBSERVE THE RARE OCCASIONS



WHEN A DARK MATTER PARTICLE COLLIDES WITH AN ATOMIC NUCLEUS IN A HIGHLY SENSITIVE DETECTOR, PRODUCING A TINY
RECOIL THAT CAN BE MEASURED. INDIRECT DETECTION EXPERIMENTS LOOK FOR THE BYPRODUCTS OF DARK MATTER ANNIHILATION

OR DECAY, SUCH AS GAMMA RAYS, NEUTRINOS, OR ANTIMATTER PARTICLES, WHICH MIGHT BE PRODUCED IN REGIONS WHERE DARK
MATTER IS CONCENTRATED, LIKE THE GALACTIC CENTER OR DWARF GALAXIES. FINALLY, PARTICLE ACCELERATORS LIKE THE

L ARGE HADRON CoLLIDER (LHC) ARE USED TO TRY AND CREATE DARK MATTER PARTICLES IN HIGH-ENERGY COLLISIONS, HOPING

TO OBSERVE THEM INDIRECTLY THROUGH MISSING ENERGY IN THE COLLISION DEBRIS.

DIRecT DETECTION EXPERIMENTS

IMAGINE TRYING TO CATCH A GHOST WITH A NET — THAT'S A BIT LIKE THE CHALLENGE FACED BY DIRECT DETECTION EXPERIMENTS
FOR DARK MATTER. THESE EXPERIMENTS TYPICALLY INVOLVE PLACING INCREDIBLY SENSITIVE DETECTORS DEEP UNDERGROUND,
SHIELDED FROM COSMIC RAYS AND OTHER BACKGROUND RADIATION. THE DETECTORS ARE FILLED WITH A TARGET MATERIAL,
OFTEN A NOBLE LIQUID LIKE XENON OR ARGON, OR A CRYSTAL LIKE GERMANIUM. THE HOPE IS THAT A WIMP, PASSING THROUGH
THE EARTH AND THE DETECTOR, WILL OCCASIONALLY COLLIDE WITH AN ATOMIC NUCLEUS WITHIN THE TARGET MATERIAL. THIS
COLLISION WOULD IMPART A TINY RECOIL TO THE NUCLEUS, WHICH THE DETECTOR IS DESIGNED TO REGISTER AS A FAINT FLASH
OF LIGHT, A TINY ELECTRICAL SIGNAL, OR A VIBRATION. PROJECTS LikE LUX-ZEPLIN (LZ) N THE UNITED STATES AND
XENONNT IN ITALY ARE AT THE FOREFRONT OF THIS EFFORT, PUSHING THE BOUNDARIES OF SENSITIVITY IN THE QUEST TO
CATCH THAT ELUSIVE COSMIC PARTICLE.

INDIRECT DETECTION EXPERIMENTS

IF DARK MATTER PARTICLES AREN'T DIRECTLY INTERACTING WITH OUR DETECTORS, PERHAPS THEY ARE INTERACTING WITH EACH
OTHER. INDIRECT DETECTION EXPERIMENTS OPERATE ON THE PRINCIPLE THAT IF DARK MATTER PARTICLES COLLIDE AND ANNIHILATE
EACH OTHER, OR IF THEY DECAY, THEY MIGHT PRODUCE DETECTABLE STANDARD MODEL PARTICLES. THESE BYPRODUCTS COULD
INCLUDE HIGH-ENERGY PHOTONS (GAMMA RAYS), NEUTRINOS, OR EVEN ANTIMATTER PARTICLES LIKE POSITRONS AND
ANTIPROTONS. TELESCOPES LIKE THE FERMI GAMMA-RAY SPACE TELESCOPE AND THE ALPHA MAGNETIC SPECTROMETER
(AMS-02) ON THE INTERNATIONAL SPACE STATION ARE CRUCIAL FOR THESE SEARCHES. THEY SCAN THE SKY FOR EXCESS
SIGNALS OF THESE PARTICLES COMING FROM REGIONS WHERE DARK MATTER IS EXPECTED TO BE ABUNDANT, SUCH AS THE CENTER
OF OUR MILKY W AY GALAXY OR IN DWARF SPHEROIDAL GALAXIES THAT ARE THOUGHT TO BE DOMINATED BY DARK MATTER.

COLLIDER SEARCHES

PARTICLE ACCELERATORS, MOST NOTABLY THE LARGE HADRON CoLLIDER (LHC) AT CERN, OFFER ANOTHER WAY TO PROBE
THE DARK MATTER MYSTERY. THE IDEA HERE IS TO RECREATE THE CONDITIONS OF THE VERY EARLY UNIVERSE BY SMASHING
PARTICLES TOGETHER AT EXTREMELY HIGH ENERGIES. |F DARK MATTER PARTICLES EXIST AND CAN BE PRODUCED IN THESE
COLLISIONS, THEY WOULD LIKELY ESCAPE THE DETECTOR WITHOUT INTERACTING. THEIR PRESENCE WOULD THEN BE INFERRED
FROM A “MISSING ENERGY"” SIGNATURE — A DISCREPANCY BETWEEN THE ENERGY AND MOMENTUM OF THE PARTICLES THAT ARE
DETECTED AND THE INITIAL ENERGY AND MOMENTUM OF THE COLLIDING PARTICLES. W/HILE NO DEFINITIVE DARK MATTER PARTICLES
HAVE BEEN PRODUCED AT THE LHC YET, THESE EXPERIMENTS CONTINUE TO SET STRINGENT LIMITS ON THE PROPERTIES OF
POTENTIAL DARK MATTER CANDIDATES.

THE FUTURE oF DARKk MATTER RESEARCH

THE QUEST TO UNDERSTAND DARK MATTER AND ITS HALOS IS FAR FROM OVER; IN FACT, IT'S ENTERING AN EXCITING NEW PHASE.
FUTURE EXPERIMENTS AIM TO INCREASE SENSITIVITY DRAMATICALLY, PUSHING FURTHER INTO UNEXPLORED PARAMETER SPACES
FOR DARK MATTER CANDIDATES. LARGER AND MORE SOPHISTICATED DIRECT DETECTION EXPERIMENTS ARE PLANNED, UTILIZING
EVEN PURER MATERIALS AND MORE ADVANCED TECHNOLOGIES TO MINIMIZE BACKGROUND NOISE. SIMILARLY, NEXT-GENERATION
TELESCOPES WILL OFFER UNPRECEDENTED RESOLUTION AND SENSITIVITY FOR INDIRECT DETECTION EFFORTS, POTENTIALLY
ALLOWING US TO PINPOINT THE SOURCES OF DARK MATTER ANNIHILATION SIGNALS.



FURTHERMORE/ ADVANCEMENTS IN ASTROPHYSICAL OBSERVATIONS ARE PROVIDING INCREASINGLY DETAILED MAPS OF DARK
MATTER DISTRIBUTION THROUGH IMPROVED GRAVITATIONAL LENSING TECHNIQUES AND SIMULATIONS OF STRUCTURE FORMATION.
THESE OBSERVATIONS WILL NOT ONLY HELP US UNDERSTAND THE STRUCTURE AND EVOLUTION OF DARK MATTER HALOS BETTER
BUT ALSO PROVIDE CRUCIAL TARGETS AND CONSTRAINTS FOR DARK MATTER PARTICLE SEARCHES. THE SYNERGISTIC INTERPLAY
BETWEEN ASTROPHYSICS AND PARTICLE PHYSICS IS LIKELY TO BE THE KEY TO UNLOCKING THE SECRETS OF DARK MATTER,
ULTIMATELY REVEALING ITS TRUE IDENTITY AND ITS PROFOUND IMPACT ON THE COSMOS.

NexT-GENERATION DETECTORS AND TELESCOPES

THE ONGOING TECHNOLOGICAL ADVANCEMENTS IN DETECTOR DESIGN AND FABRICATION ARE CONTINUOUSLY IMPROVING THE
SENSITIVITY OF DARK MATTER EXPERIMENTS. NEW MATERIALS WITH LOWER INTRINSIC RADIOACTIVITY AND INNOVATIVE WAYS
TO AMPLIFY FAINT SIGNALS ARE BEING DEVELOPED. FOR DIRECT DETECTION, EXPERIMENTS ARE MOVING TOWARDS LARGER TARGET
MASSES AND IMPROVED DISCRIMINATION CAPABILITIES TO DISTINGUISH POTENTIAL DARK MATTER SIGNALS FROM BACKGROUND
EVENTS. IN THE REALM OF INDIRECT DETECTION, FUTURE GAMMA-RAY TELESCOPES WILL POSSESS HIGHER ENERGY RESOLUTION
AND LARGER FIELDS OF VIEW , ENABLING A MORE PRECISE CHARACTERIZATION OF POTENTIAL DARK MATTER SIGNALS AND THEIR
ORIGINS. THE SYNERGY BETWEEN THESE IMPROVED EXPERIMENTAL CAPARBILITIES AND OUR EVOLVING THEORETICAL
UNDERSTANDING WILL UNDOUBTEDLY PROPEL DARK MATTER RESEARCH FORW ARD.

RerINING CosMOLOGICAL MODELS

AS OUR OBSERVATIONAL CAPABILITIES IMPROVE, SO DOES OUR ABILITY TO REFINE COSMOLOGICAL MODELS THAT INCORPORATE
DARK MATTER. PRECISION MEASUREMENTS OF THE COSMIC MICROW AVE BACKGROUND, LARGE-SCALE STRUCTURE SURVEYS, AND
THE STUDY OF GRAVITATIONAL WAVES ARE PROVIDING INCREASINGLY PRECISE CONSTRAINTS ON THE PARAMETERS OF THE
LAMBDA-CDM MODEL. FUTURE SURVEYS, SUCH AS THE VERA C. RUBIN OBSERVATORY, WILL MAP BILLIONS OF GALAXIES AND
DETECT MILLIONS OF GRAVITATIONAL LENSES, PROVIDING AN UNPRECEDENTED VIEW OF THE DARK MATTER DISTRIBUTION ACROSS
COSMIC TIME. THIS DETAILED MAPPING WILL ALLOW US TO TEST THE PREDICTIONS OF DIFFERENT DARK MATTER MODELS WITH
GREATER RIGOR AND POTENTIALLY UNCOVER DEVIATIONS THAT HINT AT NEW PHYSICS BEYOND THE STANDARD MODEL.

THE INTERPLAY BETWEEN THEORY AND OBSERVATION

THE FUTURE OF DARK MATTER RESEARCH HINGES ON A CONTINUOUS DIALOGUE BETWEEN THEORETICAL PHYSICISTS AND
OBSERVATIONAL ASTRONOMERS. AS NEW THEORETICAL CANDIDATES FOR DARK MATTER PARTICLES EMERGE, EXPERIMENTALISTS
DEVISE STRATEGIES TO DETECT THEM. CONVERSELY, COMPELLING OBSERVATIONAL ANOMALIES OR NULL RESULTS FROM
EXPERIMENTS CAN INSPIRE NEW THEORETICAL DIRECTIONS. THIS ITERATIVE PROCESS, DRIVEN BY BOTH CURIOSITY AND RIGOROUS
SCIENTIFIC INQUIRY, IS WHAT WILL ULTIMATELY LEAD US TO A COMPREHENSIVE UNDERSTANDING OF DARK MATTER, ITS ELUSIVE
PARTICLES, AND THE COLOSSAL HALOS THAT SHAPE OUR UNIVERSE.

FAQ

QI \WHAT IS THE PRIMARY REASON SCIENTISTS BELIEVE DARK MATTER EXISTS , EVEN
THOUGH WE CAN'T SEE IT?

A: THE PRIMARY REASON IS ITS UNDENIABLE GRAVITATIONAL INFLUENCE. OBSERVATIONS OF GALAXY ROTATION CURVES, THE
DYNAMICS OF GALAXY CLUSTERS, AND GRAVITATIONAL LENSING EFFECTS ALL INDICATE THAT THERE IS FAR MORE MASS PRESENT
IN THE UNIVERSE THAN CAN BE ACCOUNTED FOR BY VISIBLE MATTER ALONE. THIS “MISSING MASS” IS ATTRIBUTED TO DARK
MATTER.



Q: ARE DARK MATTER HALOS EMPTY OR DO THEY CONTAIN OTHER MATTER BESIDES
DARK MATTER?

A: DARK MATTER HALOS ARE PRIMARILY COMPOSED OF DARK MATTER, BUT THEY ARE NOT ENTIRELY EMPTY. THEY ALSO
CONTAIN THE VISIBLE GALAXIES, GAS, AND DUST THAT ARE GRAVITATIONALLY BOUND WITHIN THEM. IN FACT, THE VISIBLE
MATTER IS THOUGHT TO HAVE CONDENSED WITHIN THE GRAVITATIONAL WELLS PROVIDED BY THE MUCH LARGER DARK MATTER
HALOS.

Q: How DOES THE FORMATION OF DARK MATTER HALOS INFLUENCE THE FORMATION OF
GALAXIES?

A: DARK MATTER HALOS ACT AS THE GRAVITATIONAL SCAFFOLDING FOR GALAXY FORMATION. IN THE EARLY UNIVERSE, SMALL
DENSITY FLUCTUATIONS IN DARK MATTER BEGAN TO COLLAPSE UNDER GRAVITY, FORMING HALOS. ORDINARY BARYONIC MATTER,
ATTRACTED BY THE GRAVITATIONAL PULL OF THESE HALOS, THEN FELL INTO THEM, COOLED, AND BEGAN TO FORM STARS AND
EVENTUALLY GALAXIES. LARGER GALAXIES ARE TYPICALLY FOUND AT THE CENTERS OF MORE MASSIVE DARK MATTER HALOS.

QI \WHAT IS THE DIFFERENCE BETWEEN DARK MATTER AND DARK ENERGY?

A: DARK MATTER IS A FORM OF MATTER THAT INTERACTS GRAVITATIONALLY BUT DOES NOT EMIT, ABSORB, OR REFLECT LIGHT,
MAKING IT INVISIBLE. |T EXERTS AN ATTRACTIVE GRAVITATIONAL FORCE, PULLING MATTER TOGETHER. DARK ENERGY, ON THE
OTHER HAND, IS A MYSTERIOUS FORCE THAT IS CAUSING THE EXPANSION OF THE UNIVERSE TO ACCELERATE. IT EXERTS A
REPULSIVE FORCE, PUSHING MATTER APART.

Q: WHAT ARE THE LEADING CANDIDATES FOR DARK MATTER PARTICLES?

A: THE LEADING CANDIDATES FOR DARK MATTER PARTICLES ARE WEAKLY INTERACTING MASsIVE ParTICLES (\W/IMPS). THeSE
ARE HYPOTHETICAL PARTICLES THAT ARE THOUGHT TO BE MASSIVE AND INTERACT VERY WEAKLY WITH ORDINARY MATTER.
OTHER CANDIDATES INCLUDE AXIONS AND STERILE NEUTRINOS, BUT W/ IMPS REMAIN A PRIMARY FOCUS OF RESEARCH.

Q: How DO SCIENTISTS TRY TO DETECT DARK MATTER PARTICLES DIRECTLY?

A: DIRECT DETECTION EXPERIMENTS AIM TO OBSERVE THE RARE EVENT OF A DARK MATTER PARTICLE COLLIDING WITH AN ATOMIC
NUCLEUS IN A HIGHLY SENSITIVE DETECTOR. THESE DETECTORS ARE TYPICALLY PLACED DEEP UNDERGROUND TO SHIELD THEM
FROM BACKGROUND RADIATION. W/HEN A COLLISION OCCURS, IT PRODUCES A TINY RECOIL THAT THE DETECTOR CAN REGISTER
AS A FAINT SIGNAL OF LIGHT, CHARGE, OR HEAT.

Q: WHAT IS GRAVITATIONAL LENSING AND HOW DOES IT PROVIDE EVIDENCE FOR DARK
MATTER?

A: GRAVITATIONAL LENSING IS THE BENDING OF LIGHT FROM DISTANT OBJECTS AS IT PASSES BY MASSIVE OBJECTS, LIKE
GALAXIES AND GALAXY CLUSTERS. THIS BENDING IS PREDICTED BY EINSTEIN'S THEORY OF GENERAL RELATIVITY. BY OBSERVING
HOW MUCH THE LIGHT IS BENT, SCIENTISTS CAN MAP THE DISTRIBUTION OF MASS. THE OBSERVED LENSING EFFECTS ARE OFTEN
MUCH STRONGER THAN CAN BE EXPLAINED BY THE VISIBLE MATTER ALONE, INDICATING THE PRESENCE OF A SIGNIFICANT AMOUNT
OF DARK MATTER.

Q: WILL WE EVER BE ABLE TO “SEE” DARK MATTER DIRECTLY WITH TELESCOPES?

A: TS HIGHLY UNLIKELY THAT WE WILL EVER “SEE” DARK MATTER DIRECTLY WITH TELESCOPES IN THE SAME WAY WE SEE
STARS OR GALAXIES, BECAUSE IT DOES NOT INTERACT WITH LIGHT. HO\X/EVER, FUTURE TELESCOPES MIGHT DETECT THE
BYPRODUCTS OF DARK MATTER ANNIHILATION OR DECAY, PROVIDING INDIRECT EVIDENCE AND HELPING US TO UNDERSTAND ITS
PROPERTIES. THE PRIMARY GOAL IS TO DETECT ITS CONSTITUENT PARTICLES.



Q: WHAT ARE SUBHALOS WITHIN DARK MATTER HALOS?

A: SUBHALOS ARE SMALLER CLUMPS OF DARK MATTER THAT EXIST WITHIN LARGER DARK MATTER HALOS. THEY ARE THOUGHT
TO HOST SMALLER SATELLITE GALAXIES OR BE REMNANTS OF SMALLER HALOS THAT HAVE MERGED INTO A LARGER ONE.
STUDYING THE DISTRIBUTION AND PROPERTIES OF SUBHALOS CAN PROVIDE VALUABLE INSIGHTS INTO THE NATURE OF DARK
MATTER AND THE PROCESS OF COSMIC STRUCTURE FORMATION.
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