DARK MATTER AND DARK ENERGY

THe CosMic ENIGMA: EXPLORING DARKk MATTER AND DARK ENERGY

DARK MATTER AND DARK ENERGY REPRESENT TWO OF THE MOST PROFOUND MYSTERIES IN MODERN COSMOLOGY, MAKING UP AN
ESTIMATED 950/0 OF THE UNIVERSE'S TOTAL MASS-ENERGY CONTENT, YET REMAINING INVISIBLE AND LARGELY UNCHARACTERISED.
W/HILE NORMAL MATTER — THE STUFF THAT FORMS STARS, PLANETS, AND US — CONSTITUTES A MERE 50/(), THESE ELUSIVE
COMPONENTS DICTATE THE UNIVERSE'S STRUCTURE, EVOLUTION, AND ULTIMATE FATE. THIS ARTICLE WILL DELVE INTO THE
COMPELLING EVIDENCE FOR THEIR EXISTENCE, EXPLORE THE LEADING THEORIES ATTEMPTING TO EXPLAIN THEIR NATURE, AND
DISCUSS THE ONGOING SCIENTIFIC ENDEAVORS TO UNLOCK THEIR SECRETS. WE WILL NAVIGATE THE FASCINATING LANDSCAPE OF
COSMIC EXPANSION AND GRAVITATIONAL ANOMALIES, SHEDDING LIGHT ON HOW THESE INVISIBLE FORCES SHAPE THE COSMOS WE
OBSERVE. PREPARE TO EMBARK ON A JOURNEY INTO THE UNKNOWN, WHERE THE FAMILIAR LAWS OF PHYSICS MEET THE
EXTRAORDINARY SCALE OF THE UNIVERSE.
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THe UNSeeN MAJORITY: WHAT ARE DARK MATTER AND DARK ENERGY?

IMAGINE THE UNIVERSE AS A GRAND COSMIC PIE. W/HEN ASTRONOMERS AND PHYSICISTS SLICE IT UP BASED ON WHAT WE CAN
OBSERVE — STARS, GALAXIES, GAS CLOUDS, PLANETS — THEY FIND THAT THESE FAMILIAR INGREDIENTS MAKE UP A SHOCKINGLY
SMALL PORTION, LESS THAN 5% OF THE WHOLE. THE REMAINING 959% IS DIVIDED BETWEEN TWO ENIGMATIC ENTITIES: DARK
MATTER AND DARK ENERGY. THESE AREN'T JUST THEORETICAL PLACEHOLDERS; THEIR EXISTENCE IS INFERRED FROM A MOUNTAIN OF
OBSERVATIONAL EVIDENCE THAT CANNOT BE EXPLAINED BY THE MATTER AND ENERGY WE CURRENTLY UNDERSTAND.

DARK MATTER, WHICH ACCOUNTS FOR ROUGHLY 270/0 OF THE UNIVERSE'S MASS-ENERGY, IS INFERRED FROM ITS GRAVITATIONAL
INFLUENCE. |T DOESN'T EMIT, ABSORB, OR REFLECT LIGHT, MAKING IT INVISIBLE TO OUR TELESCOPES ACROSS THE ENTIRE
ELECTROMAGNETIC SPECTRUM. YET, ITS GRAVITATIONAL PULL IS UNDENIABLE, SHAPING THE FORMATION AND DYNAMICS OF
GALAXIES AND GALAXY CLUSTERS. DARK ENERGY, ON THE OTHER HAND, IS EVEN MORE PERVASIVE AND MYSTERIOUS, COMPRISING
ABOUT ()80/0 OF THE UNIVERSE. |T’'S THOUGHT TO BE A FORM OF ENERGY INHERENT TO SPACE ITSELF, EXERTING A REPULSIVE
FORCE THAT IS CAUSING THE UNIVERSE TO EXPAND AT AN ACCELERATING RATE.

THe CASE FOr DARk MATTER: EVIDENCE FROM THE COSMos

THE SCIENTIFIC JOURNEY TO UNDERSTAND DARK MATTER BEGAN WITH PUZZLING OBSERVATIONS THAT COULDN'T BE RECONCILED
WITH THE VISIBLE MATTER ALONE. ONE OF THE EARLIEST AND MOST COMPELLING PIECES OF EVIDENCE CAME FROM ASTRONOMER
VERA RUBIN IN THE 1970s. SHE OBSERVED THAT STARS IN THE OUTER REGIONS OF SPIRAL GALAXIES WERE ORBITING THEIR
GALACTIC CENTERS MUCH FASTER THAN EXPECTED. ACCORDING TO NEWTONIAN PHYSICS, THESE STARS SHOULD HAVE BEEN
FLUNG OUT INTO INTERGALACTIC SPACE IF THE ONLY GRAVITATIONAL FORCE WAS FROM THE VISIBLE STARS AND GAS WITHIN
THE GALAXY.

THIS DISCREPANCY LED TO THE HYPOTHESIS THAT THERE MUST BE A SIGNIFICANT AMOUNT OF UNSEEN MASS — DARK MATTER —
PROVIDING THE EXTRA GRAVITATIONAL PULL NEEDED TO KEEP THESE FAST-MOVING STARS BOUND TO THEIR GALAXIES. IT'S LIKE
W ATCHING A MERRY~-GO~-ROUND SPIN INCREDIBLY FAST, IF THE CHILDREN ON THE EDGE AREN'T BEING THROWN OFF, THERE MUST BE
A VERY STRONG CENTRAL FORCE HOLDING THEM IN PLACE. THIS INVISIBLE MASS EXTENDS FAR BEYOND THE LUMINOUS DISK OF



GALAXIES, FORMING A "HALO” THAT ENVELOPS THEM.

GALACTIC RoTATION CURVES

THE MEASUREMENT OF GALACTIC ROTATION CURVES, WHICH PLOT THE ORBITAL SPEED OF STARS AND GAS AS A FUNCTION OF
THEIR DISTANCE FROM THE GALACTIC CENTER, HAS BEEN A CORNERSTONE IN THE ARGUMENT FOR DARK MATTER. INSTEAD OF THE
EXPECTED DROP-OFF IN SPEED AT LARGER RADII, THESE CURVES REMAIN RELATIVELY FLAT OR EVEN INCREASE SLIGHTLY,
INDICATING A CONSTANT OR INCREASING GRAVITATIONAL PULL FROM UNSEEN MATTER EXTENDING OUTWARDS. THIS
OBSERVATION HAS BEEN REPLICATED ACROSS THOUSANDS OF GALAXIES, SOLIDIFYING THE CONCEPT OF DARK MATTER HALOS.

GRAVITATIONAL LENSING

ANOTHER POWERFUL PIECE OF EVIDENCE COMES FROM GRAVITATIONAL LENSING. MASSIVE OBJECTS, LIKE GALAXIES AND GALAXY
CLUSTERS, WARP THE FABRIC OF SPACETIME AROUND THEM. LIGHT FROM MORE DISTANT OBJECTS PASSING THROUGH THIS

W ARPED SPACETIME IS BENT, MUCH LIKE LIGHT PASSING THROUGH A LENS. BY ANALYZING THE DISTORTION OF IMAGES OF
BACKGROUND GALAXIES, ASTRONOMERS CAN MAP THE DISTRIBUTION OF MASS IN THE FOREGROUND OBJECT. THESE MAPS
CONSISTENTLY SHOW A MUCH LARGER CONCENTRATION OF MASS THAN CAN BE ACCOUNTED FOR BY THE VISIBLE MATTER,
FURTHER SUPPORTING THE EXISTENCE OF DARK MATTER.

THE BULLET CLUSTER, A FAMOUS EXAMPLE OF TWO GALAXY CLUSTERS THAT HAVE COLLIDED, PROVIDES PARTICULARLY
STRIKING EVIDENCE. THE VISIBLE GAS, DETECTED THROUGH X‘RAYS, HAS BEEN SLOWED AND HEATED BY THE COLLISION,
CONGREGATING IN THE CENTER. HO\X/EVER, THE GRAVITATIONAL LENSING MAPS REVEAL THAT THE BULK OF THE MASS — THE DARK
MATTER — HAS PASSED THROUGH THE COLLISION LARGELY UNIMPEDED, SEPARATING FROM THE BARYONIC (NORMAL) MATTER.
THIS SEPARATION STRONGLY SUGGESTS THAT DARK MATTER INTERACTS VERY WEAKLY WITH ITSELF AND WITH NORMAL
MATTER, APART FROM GRAVITY.

CosMic MicrRowWAVE BACKGROUND RADIATION

THE COSMIC MICROWAVE BACKGROUND (CMB) RADIATION, THE FAINT AFTERGLOW OF THE BIG BANG, ALSO HOLDS CRUCIAL
CLUES ABOUT DARK MATTER. TINY FLUCTUATIONS IN THE TEMPERATURE OF THE CMB REVEAL THE DENSITY VARIATIONS IN THE
EARLY UNIVERSE, WHICH ACTED AS SEEDS FOR THE FORMATION OF LARGE-SCALE STRUCTURES LIKE GALAXIES AND GALAXY
CLUSTERS. COSMOLOGICAL MODELS THAT INCLUDE A SIGNIFICANT COMPONENT OF DARK MATTER ARE REMARKABLY SUCCESSFUL
AT EXPLAINING THE OBSERVED PATTERNS IN THE CMB. \W/ITHOUT DARK MATTER, THE UNIVERSE WOULDN'T HAVE HAD ENOUGH
GRAVITATIONAL PULL IN THE EARLY STAGES TO CLUMP TOGETHER INTO THE STRUCTURES WE SEE TODAY.

UNDERSTANDING DARK ENERGY: THE ACCELERATING UNIVERSE

W/HILE DARK MATTER PROVIDES THE GRAVITATIONAL SCAFFOLDING FOR COSMIC STRUCTURES, DARK ENERGY APPEARS TO BE
WORKING IN OPPOSITION, PUSHING THE UNIVERSE APART AT AN EVER-INCREASING PACE. THE DISCOVERY OF THE UNIVERSE'S
ACCELERATING EXPANSION IN THE LATE 1990S WAS A PARADIGM SHIFT IN COSMOLOGY, EARNING THE NoBEL PRIZE IN PHYSICS
IN 201 1. TwWO INDEPENDENT TEAMS OF ASTRONOMERS, STUDYING DISTANT TYPE |A SUPERNOVAE — POWERFUL STELLAR
EXPLOSIONS WITH A KNOWN INTRINSIC BRIGHTNESS — FOUND THAT THESE SUPERNOVAE WERE FAINTER THAN EXPECTED, IMPLYING
THEY WERE FARTHER AWAY THAN PREDICTED BY A CONSTANTLY EXPANDING OR DECELERATING UNIVERSE.

THIS OBSERVATION STRONGLY INDICATED THAT THE RATE OF COSMIC EXPANSION WAS NOT ONLY INCREASING BUT WAS DOING
SO AT AN ACCELERATING RATE. IT WAS AS IF THE UNIVERSE, AFTER AN INITIAL BURST OF EXPANSION FROM THE Bic BANG, HAD
SUDDENLY HIT THE GAS PEDAL. THIS ACCELERATION CANNOT BE EXPLAINED BY THE KNOWN FORCES OF GRAVITY FROM MATTER
(BOTH NORMAL AND DARK)I WHICH WOULD TEND TO SLOW DOWN EXPANSION DUE TO MUTUAL ATTRACTION.



THe CosmoLoGIcAL CONSTANT

THE SIMPLEST EXPLANATION FOR DARK ENERGY IS THE COSMOLOGICAL CONSTANT, A CONCEPT FIRST INTRODUCED BY ALBERT
EINSTEIN IN HIS THEORY OF GENERAL RELATIVITY, THOUGH HE LATER FAMOUSLY CALLED IT HIS “BIGGEST BLUNDER" WHEN THE
UNIVERSE WAS THOUGHT TO BE STATIC. THE COSMOLOGICAL CONSTANT REPRESENTS A CONSTANT ENERGY DENSITY INHERENT
TO EMPTY SPACE ITSELF. AS THE UNIVERSE EXPANDS, MORE SPACE IS CREATED, AND WITH IT, MORE OF THIS CONSTANT ENERGY
DENSITY, LEADING TO A CONTINUOUS REPULSIVE FORCE. THIS MODEL, OFTEN REFERRED TO AS THE LAMBDA-CDM MODEL
(LAMBDA FOR THE COSMOLOGICAL CONSTANT, CDM For CoLb DARK MATTER), IS CURRENTLY THE MOST WIDELY ACCEPTED
FRAMEWORK FOR DESCRIBING THE UNIVERSE.

THE NATURE OF DARK ENERGY

HO\X/EVER, THE COSMOLOGICAL CONSTANT PRESENTS ITS OWN SET OF PROBLEMS. THEORETICAL CALCULATIONS OF ITS
EXPECTED VALUE BASED ON QUANTUM FIELD THEORY ARE VASTLY LARGER — BY ORDERS OF MAGNITUDE — THAN WHAT IS
OBSERVED. THIS “COSMOLOGICAL CONSTANT PROBLEM” IS ONE OF THE MOST SIGNIFICANT CHALLENGES IN THEORETICAL
PHYSICS. OTHER THEORIES PROPOSE THAT DARK ENERGY IS NOT CONSTANT BUT IS A DYNAMIC FIELD, SOMETIMES REFERRED TO
AS ”QUINTESSENCE,” WHICH CHANGES IN ENERGY DENSITY OVER TIME AND SPACE. T HESE DYNAMIC MODELS OFFER MORE
FLEXIBILITY BUT ALSO INTRODUCE NEW PARAMETERS AND COMPLEXITIES.

THE KEY CHARACTERISTIC OF DARK ENERGY IS ITS NEGATIVE PRESSURE, WHICH, ACCORDING TO EINSTEIN'S EQUATIONS,
GENERATES A REPULSIVE GRAVITATIONAL EFFECT, COUNTERACTING THE ATTRACTIVE FORCE OF MATTER. THIS NEGATIVE
PRESSURE IS WHAT DRIVES THE COSMIC ACCELERATION. UUNDERSTANDING THE EXACT NATURE OF THIS ENERGY IS CRUCIAL FOR
PREDICTING THE ULTIMATE FATE OF THE UNIVERSE.

THeories AND CANDIDATES: WHAT CouLbd THey Be?

THE MYSTERY OF DARK MATTER AND DARK ENERGY HAS SPURRED A VAST AMOUNT OF THEORETICAL WORK, WITH SCIENTISTS
PROPOSING VARIOUS CANDIDATES AND MODELS TO EXPLAIN THEIR EXISTENCE. FOR DARK MATTER, THE LEADING CANDIDATES FALL
INTO A FEW BROAD CATEGORIES.

¢ MACHOs (Massive AsTropPHYSICAL CoMPACT HALO OBJECTS): THESE ARE MADE OF ORDINARY BARYONIC MATTER
BUT ARE FAINT AND DIFFICULT TO DETECT, SUCH AS BROWN DWARFS, WHITE DWARFS, OR BLACK HOLES. HOWEVER,
MICROLENSING SURVEYS HAVE LARGELY RULED oUT MACHOS AS THE DOMINANT COMPONENT OF DARK MATTER.

o WIMPs (WEAKLY INTERACTING MASSIVE PARTICLES): THESE ARE HYPOTHETICAL NEW ELEMENTARY PARTICLES THAT
INTERACT ONLY THROUGH GRAVITY AND THE WEAK NUCLEAR FORCE. THEY ARE A PRIME TARGET FOR DIRECT DETECTION

EXPERIMENTS.

e AXIONS: THESE ARE ALSO HYPOTHETICAL ELEMENTARY PARTICLES, MUCH LIGHTER THAN W/IMPS, PREDICTED BY SOME
THEORIES AIMING TO SOLVE OTHER PROBLEMS IN PARTICLE PHYSICS, LIKE THE STRONG CP PROBLEM.

® STERILE NEUTRINOS: THESE ARE HYPOTHETICAL HEAVIER COUSINS OF THE KNOWN NEUTRINOS, WHICH INTERACT EVEN
MORE WEAKLY WITH MATTER.

For DARK ENERGY, THE SITUATION IS EVEN MORE SPECULATIVE. W/HILE THE COSMOLOGICAL CONSTANT REMAINS THE SIMPLEST
EXPLANATION, THE THEORETICAL DIFFICULTIES ARE IMMENSE. ALTERNATIVE MODELS INCLUDE:

° QUINTESSENCEZ As MENTIONED, THIS PROPOSES A DYNAMIC SCALAR FIELD THAT PERMEATES SPACETIME AND \WHOSE



ENERGY DENSITY CHANGES OVER TIME.

* MoDIFIED GRAVITY: INSTEAD OF INTRODUCING NEW FORMS OF ENERGY, SOME THEORIES SUGGEST THAT OUR
UNDERSTANDING OF GRAVITY ITSELF MIGHT NEED REVISION ON COSMIC SCALES. THESE THEORIES ATTEMPT TO EXPLAIN
THE ACCELERATED EXPANSION WITHOUT INVOKING DARK ENERGY.

* VACUUM ENERGY: THIS REFERS TO THE ENERGY OF EMPTY SPACE PREDICTED BY QUANTUM FIELD THEORY, BUT ITS
THEORETICAL VALUE IS VASTLY DIFFERENT FROM THE OBSERVED COSMOLOGICAL CONSTANT.

THE ONGOING DEBATE AND THE MULTITUDE OF THEORIES HIGHLIGHT THE PROFOUND LACK OF UNDERSTANDING WE CURRENTLY
HAVE. |T'S LIKE FINDING A TREASURE MAP WITH MOST OF THE MAP OBSCURED BY FOG, WE KNOW THERE'S SOMETHING IMPORTANT
OUT THERE, AND WE HAVE SOME CLUES, BUT THE EXACT NATURE OF THE TREASURE REMAINS ELUSIVE.

THE QUEST FOR DETECTION: UNRAVELING THE MYSTERIES

THE SCIENTIFIC COMMUNITY IS ACTIVELY ENGAGED IN A GLOBAL EFFORT TO DIRECTLY DETECT DARK MATTER AND TO PROBE THE
NATURE OF DARK ENERGY. THESE ENDEAVORS SPAN A WIDE RANGE OF EXPERIMENTAL AND OBSERVATIONAL TECHNIQUES.

FOR DARK MATTER, DIRECT DETECTION EXPERIMENTS ARE DESIGNED TO OBSERVE THE FAINT INTERACTIONS OF W/IMPS OR OTHER
HYPOTHETICAL PARTICLES WITH ORDINARY MATTER. THESE EXPERIMENTS ARE TYPICALLY LOCATED DEEP UNDERGROUND TO
SHIELD THEM FROM COSMIC RAYS AND OTHER BACKGROUND RADIATION. THEY USE HIGHLY SENSITIVE DETECTORS FILLED WITH
MATERIALS LIKE LIQUID XENON, GERMANIUM CRYSTALS, OR SODIUM IODIDE, WAITING FOR A RARE “BUMP” AS A DARK MATTER
PARTICLE COLLIDES WITH AN ATOMIC NUCLEUS. SO FAR, NO DEFINITIVE DETECTION HAS BEEN MADE, PLACING EVER-TIGHTER
CONSTRAINTS ON THE PROPERTIES OF POTENTIAL WIMP CANDIDATES.

INDIRECT DETECTION EXPERIMENTS LOOK FOR THE PRODUCTS OF DARK MATTER ANNIHILATION OR DECAY. |F DARK MATTER
PARTICLES INTERACT WITH EACH OTHER, THEY MIGHT PRODUCE DETECTABLE PARTICLES LIKE GAMMA RAYS, NEUTRINOS, OR
ANTIMATTER. TELESCOPES LIKE THE FERMI GAMMA-RAY SPACE TELESCOPE AND NEUTRINO OBSERVATORIES LIKE |CECUBE SEARCH
FOR THESE SIGNALS COMING FROM REGIONS WHERE DARK MATTER IS EXPECTED TO BE ABUNDANT, SUCH AS THE GALACTIC CENTER
OR DWARF GALAXIES.

ASTROPHYSICAL OBSERVATIONS ARE ALSO CRUCIAL FOR CONSTRAINING DARK MATTER PROPERTIES. STUDYING THE
DISTRIBUTION OF DARK MATTER IN GALAXIES AND CLUSTERS, THE SMALL-SCALE STRUCTURE FORMATION, AND THE CMB
PROVIDES INDIRECT BUT POWERFUL EVIDENCE AND HELPS REFINE THEORETICAL MODELS. THE DEVELOPMENT OF MORE POWERFUL
TELESCOPES, LIKE THEJAMES \WEBB SPACE TELESCOPE, AND UPCOMING LARGE-SCALE SURVEYS ARE EXPECTED TO PROVIDE EVEN
MORE PRECISE MEASUREMENTS OF COSMIC STRUCTURES.

UNRAVELING DARK ENERGY REQUIRES DIFFERENT APPROACHES. ASTRONOMERS ARE METICULOUSLY MAPPING THE UNIVERSE'S
EXPANSION HISTORY USING VARIOUS COSMOLOGICAL PROBES:

e TvpPE |A SUPERNOVAE: CONTINUING TO USE THESE “STANDARD CANDLES” TO MEASURE DISTANCES TO FARAWAY
GALAXIES.

o BARYON AcousTiC OscILLATIONS (BAO): THESE ARE CHARACTERISTIC PATTERNS IMPRINTED IN THE DISTRIBUTION OF
MATTER IN THE UNIVERSE, ACTING AS A “STANDARD RULER” TO MEASURE DISTANCES AT DIFFERENT EPOCHS.

* WEeAk GRAVITATIONAL LENSING: MEASURING THE SUBTLE DISTORTIONS OF DISTANT GALAXY IMAGES CAUSED BY THE
LARGE-SCALE DISTRIBUTION OF MATTER, WHICH IS INFLUENCED BY DARK ENERGY.

o GALAXY SURVEYS: MAPPING THE POSITIONS AND PROPERTIES OF MILLIONS OF GALAXIES TO UNDERSTAND HOW THE
UNIVERSE HAS EVOLVED OVER TIME.



UPCOMING MISSIONS LIKE THE NANCY GRACE ROMAN SPACE TELESCOPE AND THE EUCLID SPACE TELESCOPE ARE SPECIFICALLY
DESIGNED TO MAKE HIGHLY PRECISE MEASUREMENTS OF THESE PROBES, AIMING TO DETERMINE WHETHER DARK ENERGY IS TRULY A
COSMOLOGICAL CONSTANT OR SOMETHING MORE COMPLEX. | HE COMBINATION OF THESE DIVERSE EXPERIMENT AL AND
OBSERVATIONAL STRATEGIES IS OUR BEST HOPE FOR FINALLY UNDERSTANDING THESE ELUSIVE COSMIC COMPONENTS.

THe FUTURE oF CosMoLOGY: IMPLICATIONS oF DARK MATTER AND DARK
ENERGY

THE ONGOING QUEST TO UNDERSTAND DARK MATTER AND DARK ENERGY IS NOT JUST AN ACADEMIC EXERCISE, IT HAS PROFOUND
IMPLICATIONS FOR OUR UNDERSTANDING OF FUNDAMENTAL PHYSICS AND THE ULTIMATE DESTINY OF THE UNIVERSE. |F DARK
MATTER IS INDEED COMPOSED OF NEW , EXOTIC PARTICLES, THEIR DISCOVERY WOULD REVOLUTIONIZE PARTICLE PHYSICS,
POTENTIALLY EXTENDING THE STANDARD MODEL AND OPENING UP ENTIRELY NEW AVENUES OF RESEARCH.

SIMILARLY, UNDERSTANDING DARK ENERGY COULD LEAD TO A DEEPER COMPREHENSION OF QUANTUM GRAVITY, THE NATURE OF
SPACETIME, AND PERHAPS EVEN THE UNDERLYING PRINCIPLES THAT GOVERN THE UNIVERSE AT ITS MOST FUNDAMENTAL LEVEL.
THE EXISTENCE OF DARK ENERGY STRONGLY INFLUENCES OUR COSMOLOGICAL MODELS, SHAPING PREDICTIONS ABOUT THE
UNIVERSE'S FUTURE. DEPENDING ON ITS NATURE, THE UNIVERSE COULD CONTINUE EXPANDING FOREVER, LEADING TO A “BiG
FREEZE” WHERE ALL STRUCTURES EVENTUALLY DECAY AND THE UNIVERSE BECOMES COLD AND DESOLATE. ALTERNATIVELY, IF
DARK ENERGY'S REPULSIVE FORCE WERE TO INCREASE OVER TIME (A SCENARIO SOMETIMES CALLED “BiG RIP”), IT COULD
EVENTUALLY TEAR APART GALAXIES, STARS, PLANETS, AND EVEN ATOMS THEMSEL VES.

THE VERY FACT THAT WE ARE ACTIVELY SEARCHING FOR THESE INVISIBLE COMPONENTS UNDERSCORES THE DYNAMIC AND EVER-
EVOLVING NATURE OF SCIENTIFIC INQUIRY. |T IS A TESTAMENT TO HUMAN CURIOSITY AND OUR RELENTLESS DRIVE TO
COMPREHEND OUR PLACE IN THE COSMOS. THE JOURNEY INTO THE DARK UNIVERSE IS FAR FROM OVER, AND THE DISCOVERIES YET
TO BE MADE PROMISE TO RESHAPE OUR UNDERSTANDING OF REALITY IN WAYS WE CAN ONLY BEGIN TO IMAGINE.

FAQ

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

A: THE PRIMARY DIFFERENCE LIES IN THEIR EFFECTS ON THE UNIVERSE. DARK MATTER EXERTS A GRAVITATIONAL PULL, WHICH
HELPS TO CLUMP MATTER TOGETHER AND FORM STRUCTURES LIKE GALAXIES AND CLUSTERS. DARK ENERGY, ON THE OTHER HAND,
HAS A REPULSIVE EFFECT, CAUSING THE UNIVERSE TO EXPAND AT AN ACCELERATING RATE.

Q: WHY IS DARK MATTER CALLED “"DARK"?

A:|T 1S CALLED "DARK” BECAUSE IT DOES NOT INTERACT WITH ELECTROMAGNETIC RADIATION — MEANING IT DOESN'T ABSORSB,
EMIT, OR REFLECT LIGHT. THIS MAKES IT INVISIBLE TO ALL FORMS OF TELESCOPES, FROM OPTICAL TO RADIO. ITS PRESENCE IS
INFERRED SOLELY THROUGH ITS GRAVITATIONAL INFLUENCE ON VISIBLE MATTER.

QI How DO SCIENTISTS DETECT DARK MATTER IF IT'S INVISIBLE?

A: SCIENTISTS DETECT DARK MATTER INDIRECTLY BY OBSERVING ITS GRAVITATIONAL EFFECTS. THIS INCLUDES ANALYZING THE
ROTATION SPEEDS OF GALAXIES, THE WAY LIGHT BENDS AROUND MASSIVE OBJECTS (GRAVITATIONAL LENSING), AND THE
PATTERNS IN THE COSMIC MICROW AVE BACKGROUND RADIATION. DIRECT DETECTION EXPERIMENTS ARE ALSO UNDERWAY,
ATTEMPTING TO OBSERVE RARE INTERACTIONS BETWEEN HYPOTHETICAL DARK MATTER PARTICLES AND DETECTORS.



Q: WHAT EVIDENCE DO WE HAVE FOR THE EXISTENCE OF DARK ENERGY?

A: THE MOST COMPELLING EVIDENCE FOR DARK ENERGY COMES FROM THE OBSERVATION THAT THE EXPANSION OF THE UNIVERSE
IS ACCELERATING. THIS WAS FIRST DISCOVERED BY STUDYING DISTANT TYPE |A SUPERNOVAE, WHICH APPEARED FAINTER THAN
EXPECTED, INDICATING THEY WERE FARTHER AWAY DUE TO ACCELERATING EXPANSION.

Q: IS DARK ENERGY RELATED TO THE BIG BANG?

A: DARK ENERGY IS BELIEVED TO BE A COMPONENT OF THE UNIVERSE THAT BECAME DOMINANT MUCH LATER THAN THE INITIAL
EXPANSION DRIVEN BY THE BIG BANG. WHILE THE BIG BANG SET THE UNIVERSE IN MOTION, DARK ENERGY IS THOUGHT TO BE
RESPONSIBLE FOR THE RECENT ACCELERATION OF THAT EXPANSION.

QI CouLD DARK MATTER AND DARK ENERGY BE THE SAME THING?

A: BASED ON CURRENT OBSERVATIONS AND THEORIES, DARK MATTER AND DARK ENERGY ARE CONSIDERED TO BE DISTINCT
PHENOMENA. DARK MATTER CLUMPS AND HAS ATTRACTIVE GRAVITATIONAL EFFECTS, WHILE DARK ENERGY DRIVES EXPANSION
AND HAS REPULSIVE EFFECTS.

QZ \WHAT ARE SOME OF THE LEADING THEORETICAL CANDIDATES FOR DARK MATTER?

A: LEADING THEORETICAL CANDIDATES FOR DARK MATTER INCLUDE WEAKLY INTERACTING MASSIVE PArTICLES (W IMPS),
AXIONS, AND STERILE NEUTRINOS. THESE ARE HYPOTHETICAL ELEMENTARY PARTICLES THAT INTERACT VERY WEAKLY WITH
NORMAL MATTER.

Q: WHAT ARE THE POTENTIAL IMPLICATIONS OF DARK ENERGY FOR THE FUTURE OF THE
UNIVERSE?

A: THE NATURE OF DARK ENERGY HAS SIGNIFICANT IMPLICATIONS FOR THE UNIVERSE'S FATE. IF IT REMAINS CONSTANT, THE
UNIVERSE WILL LIKELY EXPAND FOREVER, LEADING TO A COLD, EMPTY STATE (BIG FREEZE). IF ITS REPULSIVE FORCE INCREASES,
IT COULD LEAD TO A “BIG RIP” WHERE ALL STRUCTURES ARE TORN APART.

QI ARE THERE ANY ALTERNATIVE THEORIES TO DARK MATTER AND DARK ENERGY?

A: YES, SOME SCIENTISTS EXPLORE THEORIES OF MODIFIED GRAVITY, WHICH PROPOSE THAT OUR UNDERSTANDING OF GRAVITY
ITSELF MIGHT BE INCOMPLETE ON COSMIC SCALES, POTENTIALLY EXPLAINING COSMIC ACCELERATION OR GALAXY DYNAMICS
WITHOUT INVOKING DARK MATTER OR DARK ENERGY. HO\X/EVER, THESE THEORIES FACE THEIR OWN CHALLENGES.
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