DARK ENERGY DISCOVERING THE COSMOS

DARK ENERGY DISCOVERING THE COSMOS IS ONE OF THE MOST PROFOUND MYSTERIES CONFRONTING MODERN ASTROPHYSICS AND
COSMOLOGY. THIS ENIGMATIC FORCE, RESPONSIBLE FOR THE ACCELERATED EXPANSION OF THE UNIVERSE, CHALLENGES OUR
FUNDAMENTAL UNDERSTANDING OF PHYSICS. AS SCIENTISTS DELVE DEEPER INTO ITS NATURE, THEY ARE NOT ONLY UNRAVELING
THE SECRETS OF COSMIC EVOLUTION BUT ALSO REDEFINING THE VERY FABRIC OF REALITY. THIS EXPLORATION INTO DARK ENERGY
INVOLVES UNDERSTANDING ITS HISTORICAL DISCOVERY, ITS OBSERVABLE EFFECTS, THE THEORETICAL FRAMEWORKS ATTEMPTING
TO EXPLAIN IT, AND THE ONGOING OBSERVATIONAL MISSIONS DEDICATED TO ITS STUDY.JOIN US AS WE JOURNEY INTO THE
HEART OF THIS COSMIC ENIGMA, EXPLORING HOW ITS DISCOVERY IS FUNDAMENTALLY CHANGING OUR PERSPECTIVE ON THE
UNIVERSE.
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THe AcCCIDENTAL DiscoverY oF CosMIC ACCELERATION

For MUcH oF THE 20TH CENTURY, COSMOLOGISTS DEBATED THE ULTIMATE FATE OF THE UNIVERSE. \WOULD GRAVITY
EVENTUALLY HALT ITS EXPANSION AND CAUSE A COLLAPSE INTO A BIG CRUNCH, OR WOULD IT EXPAND FOREVER, ALBEIT AT A
DECELERATING RATE? THE PREVAILING VIEW WAS THAT THE UNIVERSE'S EXPANSION, INITIATED BY THE Bic BANG, WAS
GRADUALLY SLOWING DOWN DUE TO THE GRAVITATIONAL PULL OF ALL THE MATTER WITHIN IT. THIS PERSPECTIVE WAS DEEPLY
ROOTED IN OUR UNDERSTANDING OF GRAVITY AS AN ATTRACTIVE FORCE, A UNIVERSAL TUG-OF-WAR THAT SHOULD INEVITABLY
ACT TO DECELERATE COSMIC EXPANSION.

HO\WEVER, IN THE LATE | QQOS, TWO INDEPENDENT TEAMS OF ASTRONOMERS EMBARKED ON A QUEST TO MEASURE THIS
SUPPOSED DECELERATION WITH UNPRECEDENTED PRECISION. THEY FOCUSED ON T YPE |A SUPERNOVAE, OFTEN REFERRED TO AS
“STANDARD CANDLES” BECAUSE OF THEIR CONSISTENT PEAK LUMINOSITY. BY OBSERVING THESE DISTANT STELLAR EXPLOSIONS,
ASTRONOMERS COULD DETERMINE THEIR DISTANCE FROM EARTH AND, BY MEASURING THEIR REDSHIFT, THEIR RECESSION VELOCITY.
THE EXPECTATION WAS THAT THESE DISTANT SUPERNOVAE WOULD APPEAR BRIGHTER THAN PREDICTED IF THE UNIVERSE'S
EXPANSION WAS INDEED SLOWING DOWN, INDICATING THEY HAD MOVED FARTHER AWAY IN A LONGER TIMEFRAME.

THE RESULTS WERE ASTONISHING AND, FRANKLY, BAFFLING. BOTH THE SUPERNOVA COSMOLOGY PROJECT AND THE HIGH-Z
SUPERNOVA SEARCH TEAM FOUND THAT THESE DISTANT T YPE |A SUPERNOVAE WERE FAINTER THAN EXPECTED. THIS
OBSERVATION LED TO A REVOLUTIONARY CONCLUSION: THE UNIVERSE'S EXPANSION WAS NOT SLOWING DOWN; IT WAS
ACCELERATING. THIS GROUNDBREAKING DISCOVERY, ANNOUNCED IN 1998 EARNED THE NOBEL PRIZE IN PHYSICS IN 2011 AND
FUNDAMENTALLY ALTERED OUR COSMOLOGICAL MODEL, INTRODUCING THE CONCEPT OF A PERVASIVE, REPULSIVE FORCE
COUNTERACTING GRAVITY ON COSMIC SCALES.

WHAT WE OBSErRVE: THE EVIDENCE FOR DARK ENERGY

THE DISCOVERY OF DARK ENERGY WASN'T BASED ON DIRECT DETECTION BUT RATHER ON ITS OBSERVABLE EFFECTS ON THE
LARGE-SCALE STRUCTURE AND EXPANSION OF THE UNIVERSE. THE PRIMARY EVIDENCE CAME FROM THE STUDY OF T YPE |A
SUPERNOVAE, AS MENTIONED EARLIER. THESE STELLAR EXPLOSIONS ARE CRUCIAL BECAUSE THEY ARE BELIEVED TO HAVE A
REMARKABLY UNIFORM INTRINSIC BRIGHTNESS. \WHEN WE OBSERVE THEM, THEIR APPARENT BRIGHTNESS TELLS US HOW FAR AWAY
THEY ARE. BY COMPARING THEIR DISTANCE WITH THEIR REDSHIFT (\X/HICH INDICATES HOW FAST THEY ARE MOVING AWAY FROM
US DUE TO COSMIC EXPANSION), ASTRONOMERS CAN MAP OUT THE EXPANSION HISTORY OF THE UNIVERSE.



THE OBSERVATION THAT DISTANT SUPERNOVAE ARE FAINTER THAN THEY SHOULD BE IN A DECELERATING UNIVERSE STRONGLY
SUGGESTS THAT THE RATE OF EXPANSION HAS BEEN INCREASING OVER TIME. THIS IMPLIES THAT SOMETHING IS ACTIVELY PUSHING
GALAXIES APART, A MYSTERIOUS ENTITY NOW DUBBED “DARK ENERGY.” WITHOUT THIS REPULSIVE FORCE, GRAVITY WOULD
HAVE DICTATED A SLOWING EXPANSION.

Beyonp SUPERNOVAE, OTHER COSMOLOGICAL OBSERVATIONS CORROBORATE THE EXISTENCE OF DARK ENERGY. THE CosMIC
MICROW AVE BACKGROUND (CMB) RADIATION, THE AFTERGLOW OF THE Bic BANG, PROVIDES A SNAPSHOT OF THE EARLY
UNIVERSE. THE PRECISE PATTERNS OF TEMPERATURE FLUCTUATIONS IN THE CMB, AS MEASURED BY MISSIONS LIKE WMAP AND
PLANCK, ARE BEST EXPLAINED BY A COSMOLOGICAL MODEL THAT INCLUDES DARK ENERGY. THESE PATTERNS REVEAL
INFORMATION ABOUT THE UNIVERSE'S COMPOSITION, INCLUDING THE PROPORTIONS OF ORDINARY MATTER, DARK MATTER, AND
DARK ENERGY. THE CMB DATA CONSISTENTLY POINTS TO DARK ENERGY MAKING UP APPROXIMATELY ()80/0 OF THE TOTAL
ENERGY DENSITY OF THE UNIVERSE.

ANOTHER LINE OF EVIDENCE COMES FROM THE DISTRIBUTION OF LARGE-SCALE STRUCTURES, SUCH AS GALAXY CLUSTERS. THe
WAY GALAXIES AND CLUSTERS ARE DISTRIBUTED THROUGHOUT THE UNIVERSE IS ALSO INFLUENCED BY THE INTERPLAY BETWEEN
GRAVITY AND THE EXPANSION OF SPACE. ANALYZING THESE STRUCTURES, PARTICULARLY THROUGH TECHNIQUES LIKE BARYON
ACOQUSTIC OSCILLATIONS (BAO), PROVIDES AN INDEPENDENT CONFIRMATION OF THE ACCELERATED EXPANSION DRIVEN BY DARK
ENERGY. BAO ACTS LIKE A COSMIC RULER, PROVIDING A CHARACTERISTIC SCALE THAT CAN BE OBSERVED IN THE DISTRIBUTION
OF MATTER ACROSS VAST COSMIC DISTANCES, FURTHER SUPPORTING THE DARK ENERGY PARADIGM.

THe CosMoLoaGIcAL CONSTANT: EINSTEIN'S FORGOTTEN IDEA

ONE OF THE LEADING THEORETICAL CANDIDATES FOR DARK ENERGY IS THE COSMOLOGICAL CONSTANT, OFTEN DENOTED BY THE
Greek LETTER LaMBDA ($\LAMBDA$). THIS CONCEPT WAS ORIGINALLY INTRODUCED BY ALBERT EINSTEIN IN HIS THEORY OF
GENERAL RELATIVITY IN 1917, NOT TO EXPLAIN COSMIC ACCELERATION, BUT TO ALLOW FOR A STATIC UNIVERSE, WHICH WAS
THE PREVAILING VIEW AT THE TIME. EINSTEIN LATER FAMOUSLY CALLED IT HIS “BIGGEST BLUNDER” AFTER EDWIN HUBBLE'S
OBSERVATIONS CONFIRMED THAT THE UNIVERSE WAS INDEED EXPANDING. HOWEVER, WITH THE DISCOVERY OF COSMIC
ACCELERATION, THE COSMOLOGICAL CONSTANT HAS MADE A SURPRISING COMEBACK.

THE COSMOLOGICAL CONSTANT REPRESENTS A CONSTANT ENERGY DENSITY INHERENT TO SPACETIME ITSELF. IN THIS MODEL,
EMPTY SPACE IS NOT TRULY EMPTY BUT POSSESSES A SMALL, POSITIVE ENERGY. THIS ENERGY CREATES A NEGATIVE PRESSURE,
WHICH, ACCORDING TO GENERAL RELATIVITY, EXERTS A REPULSIVE GRAVITATIONAL EFFECT, DRIVING THE ACCELERATED
EXPANSION. |F DARK ENERGY IS INDEED THE COSMOLOGICAL CONSTANT, THEN THE DENSITY OF DARK ENERGY REMAINS CONSTANT
AS THE UNIVERSE EXPANDS. THIS WOULD IMPLY THAT AS THE UNIVERSE GROWS LARGER, THE TOTAL AMOUNT OF DARK ENERGY
INCREASES PROPORTIONALLY, LEADING TO AN EVER-ACCELERATING EXPANSION.

QUINTESSENCE: A DYNAMIC DARK ENERGY

W/HILE THE COSMOLOGICAL CONSTANT OFFERS A SIMPLE EXPLANATION, IT FACES CHALLENGES, PARTICULARLY CONCERNING ITS
INCREDIBLY SMALL BUT NON-ZERO VALUE. THIS HAS LED TO THE DEVELOPMENT OF ALTERNATIVE THEORIES, ONE OF THE MOST
PROMINENT BEING QUINTESSENCE. UNLIKE THE COSMOLOGICAL CONSTANT, QUINTESSENCE PROPOSES THAT DARK ENERGY IS NOT
A CONSTANT PROPERTY OF SPACETIME BUT RATHER A DYNAMIC, EVOLVING ENERGY FIELD THAT PERMEATES THE UNIVERSE.

THIS HYPOTHETICAL FIELD WOULD HAVE PROPERTIES SIMILAR TO THOSE OF MATTER OR RADIATION IN THE EARLY UNIVERSE, BUT
WITH A NEGATIVE PRESSURE THAT DRIVES ACCELERATION. THE KEY DIFFERENCE IS THAT THE ENERGY DENSITY OF QUINTESSENCE
CAN CHANGE OVER TIME AND SPACE. THIS DYNAMIC NATURE OFFERS MORE FLEXIBILITY IN EXPLAINING THE OBSERVED
ACCELERATION AND COULD POTENTIALLY ADDRESS SOME OF THE FINE-TUNING PROBLEMS ASSOCIATED WITH THE COSMOLOGICAL
CONSTANT. DIFFERENT MODELS OF QUINTESSENCE PREDICT VARIOUS EXPANSION HISTORIES FOR THE UNIVERSE, ALLOWING FOR A
BROADER RANGE OF OBSERVATIONAL TESTS.



MobIFIED GRAVITY: RETHINKING THE RULES

A THIRD AVENUE OF INVESTIGATION INVOLVES QUESTIONING OUR FUNDAMENTAL UNDERSTANDING OF GRAVITY ITSELF. INSTEAD
OF INVOKING A NEW , UNKNOWN SUBSTANCE OR FIELD LIKE DARK ENERGY, THEORIES OF MODIFIED GRAVITY SUGGEST THAT
EINSTEIN'S GENERAL RELATIVITY, WHICH HAS BEEN REMARKABLY SUCCESSFUL ON SMALLER SCALES, MIGHT NEED ADJUSTMENTS
WHEN APPLIED TO THE VASTNESS OF THE COSMOS. THESE MODIFICATIONS COULD LEAD TO A SCENARIO WHERE GRAVITY
BEHAVES DIFFERENTLY ON COSMIC SCALES, MIMICKING THE EFFECTS OF DARK ENERGY WITHOUT THE NEED FOR IT.

THESE THEORIES AIM TO EXPLAIN THE ACCELERATED EXPANSION BY ALTERING THE LAWS OF GRAVITY, PERHAPS BY INTRODUCING
ADDITIONAL TERMS TO EINSTEIN'S FIELD EQUATIONS OR BY PROPOSING GRAVITY AS A COLLECTIVE, EMERGENT PHENOMENON.
W/HILE CONCEPTUALLY APPEALING AS THEY AVOID INTRODUCING NEW, EXOTIC COMPONENTS INTO OUR UNIVERSE MODEL,
MODIFIED GRAVITY THEORIES ARE OFTEN COMPLEX AND MUST BE CAREFULLY CONSTRUCTED TO AVOID CONTRADICTING
ESTABLISHED GRAVITATIONAL PHENOMENA OBSERVED IN THE SOLAR SYSTEM AND ELSEWHERE. SUCCESSFULLY EXPLAINING
COSMIC ACCELERATION WHILE REMAINING CONSISTENT WITH ALL OTHER ASTRONOMICAL OBSERVATIONS IS A SIGNIFICANT
CHALLENGE FOR THESE MODELS.

THE HUNT FOR DARK ENERGY: OBSERVATIONAL MISSIONS

(UNDERSTANDING DARK ENERGY IS NOT MERELY AN ACADEMIC PURSUIT, IT'S A MONUMENTAL UNDERTAKING THAT REQUIRES
SOPHISTICATED OBSERVATIONAL EFFORTS. SCIENTISTS ARE EMPLOYING A VARIETY OF TECHNIQUES AND INSTRUMENTS TO
GATHER MORE PRECISE DATA, HOPING TO SHED LIGHT ON THE NATURE OF THIS ELUSIVE COSMIC COMPONENT. THESE MISSIONS ARE
DESIGNED TO MEASURE THE EXPANSION HISTORY OF THE UNIVERSE WITH UNPRECEDENTED ACCURACY , PROBE THE DISTRIBUTION
OF MATTER ON LARGE SCALES, AND TEST THE VALIDITY OF DIFFERENT COSMOLOGICAL MODELS.

ONE OF THE MOST CRUCIAL TOOLS IN THIS HUNT REMAINS THE STUDY OF SUPERNOVAE. MISSIONS LIKE THE DARK ENERGY
Survey (DES) HAVE BEEN INSTRUMENTAL IN OBSERVING MILLIONS OF GALAXIES AND THOUSANDS OF T YPE |A SUPERNOVAE.
DES SPECIFICALLY AIMED TO MAP THE EVOLUTION OF THE UNIVERSE OVER BILLIONS OF YEARS BY OBSERVING THE SUBTLE
CHANGES IN THE APPARENT BRIGHTNESS AND REDSHIFT OF THESE STANDARD CANDLES. THE DATA GATHERED HELPS CONSTRAIN
THE PROPERTIES OF DARK ENERGY AND ITS POTENTIAL EVOLUTION.

ANOTHER VITAL APPROACH INVOLVES STUDYING THE COSMIC MICROWAVE BACKGROUND (CMB). THE PLANCK SATELLITE, A
SUCCESSOR TO WMAP, PROVIDED THE MOST PRECISE MEASUREMENTS OF THE CMB TO DATE. BY ANALYZING THE SUBTLE
TEMPERATURE VARIATIONS WITHIN THIS ANCIENT LIGHT, COSMOLOGISTS CAN INFER CRITICAL PARAMETERS ABOUT THE
UNIVERSE'S COMPOSITION, GEOMETRY, AND EXPANSION RATE. THE EXQUISITE DETAIL OF THE PLANCK DATA HAS SIGNIFICANTLY
NARROWED DOWN THE POSSIBILITIES FOR DARK ENERGY AND HAS BEEN A CORNERSTONE IN ESTABLISHING THE STANDARD L AMBDA-
CDM cosMOLOGICAL MODEL.

FURTHERMORE, ASTRONOMERS ARE METICULOUSLY MAPPING THE LARGE-SCALE STRUCTURE OF THE UNIVERSE. THIS INVOLVES
CATALOGING THE POSITIONS OF MILLIONS OF GALAXIES AND QUASARS TO UNDERSTAND HOW THEY ARE DISTRIBUTED AND HOW
THIS DISTRIBUTION HAS CHANGED OVER COSMIC TIME. TECHNIQUES LIKE BARYON ACOUSTIC OSCILLATIONS (BAO) SERVE AS A
STANDARD RULER TO MEASURE DISTANCES AND MAP THE EXPANSION HISTORY. PROJECTS LIKE THE BARYON OSCILLATION
SPECTROSCOPIC SURVEY (BOSS) AND ITS SUCCESSOR, THE DARK ENERGY SPECTROSCOPIC INSTRUMENT (DESI), ARE AT THE
FOREFRONT OF THESE EFFORTS, CREATING THE LARGEST 3D MAPS OF THE UNIVERSE EVER CONCEIVED, PROVIDING CRUCIAL DATA
POINTS FOR DARK ENERGY RESEARCH.

FUTURE MISSIONS ARE ALREADY IN THE PIPELINE, PROMISING EVEN GREATER PRECISION. THe NANCY GRACE ROMAN SPACE
TELESCOPE, FOR INSTANCE, WILL HAVE A WIDE FIELD OF VIEW AND A LARGE MIRROR, ENABLING IT TO CONDUCT LARGE-SCALE
SURVEYS OF SUPERNOVAE AND TO MAP THE DISTRIBUTION OF DARK MATTER THROUGH GRAVITATIONAL LENSING. THESE NEXT-
GENERATION OBSERVATORIES ARE DESIGNED TO DISTINGUISH BETWEEN DIFFERENT DARK ENERGY MODELS AND POTENTIALLY REVEAL
WHETHER DARK ENERGY'S INFLUENCE HAS CHANGED OVER COSMIC HISTORY, A KEY FACTOR IN DETERMINING ITS TRUE NATURE.



IMPLICATIONS OF DARK ENERGY FOR THE FUTURE oF THE CosMos

THE EXISTENCE AND NATURE OF DARK ENERGY HAVE PROFOUND IMPLICATIONS FOR THE ULTIMATE FATE OF OUR UNIVERSE. |F DARK
ENERGY IS INDEED THE COSMOLOGICAL CONSTANT, THEN ITS UNCHANGING DENSITY IMPLIES THAT THE ACCELERATED EXPANSION
WILL CONTINUE INDEFINITELY. THIS SCENARIO LEADS TO A FUTURE OFTEN REFERRED TO AS THE “BiG Freeze” or "HeaT DeaTH.”
AS THE UNIVERSE EXPANDS AT AN EVER-INCREASING RATE, GALAXIES WILL RECEDE FROM EACH OTHER FASTER AND FASTER,
EVENTUALLY BECOMING SO DISTANT THAT THEIR LIGHT WILL NO LONGER BE ABLE TO REACH US. OUR OBSERVABLE UNIVERSE
WILL SHRINK, AND EVENTUALLY, ALL DISTANT GALAXIES WILL BE LOST BEYOND OUR COSMIC HORIZON.

IN SUCH A SCENARIO, STARS WILL EVENTUALLY EXHAUST THEIR FUEL, AND STAR FORMATION WILL CEASE. BLACK HOLES WILL
EVAPORATE OVER IMMENSE TIMESCALES THROUGH HAWKING RADIATION. THE UNIVERSE WILL BECOME COLD, DARK, AND EMPTY, A
STARK CONTRAST TO ITS VIBRANT PAST. THIS IS A LONELY PROSPECT, WHERE EVEN THE LIGHT FROM NEIGHBORING GALAXIES
WILL EVENTUALLY BECOME INACCESSIBLE, ISOLATING EVERY REMAINING POCKET OF EXISTENCE.

HO\X/EVER, IF DARK ENERGY IS A DYNAMIC FIELD LIKE QUINTESSENCE, ITS FUTURE BEHAVIOR IS LESS CERTAIN. DEPENDING ON THE
SPECIFIC PROPERTIES OF THIS FIELD, THE ACCELERATION COULD CONTINUE, SLOW DOWN, OR EVEN REVERSE. A REVERSAL OF
ACCELERATION WOULD MEAN A RETURN TO A DECELERATING EXPANSION, POTENTIALLY LEADING TO A Bic CRUNCH, \WHERE THE
UNIVERSE COLLAPSES BACK IN ON ITSELF. ALTERNATIVELY, SOME QUINTESSENCE MODELS MIGHT LEAD TO A “Bic RIP,H A
SCENARIO WHERE THE ACCELERATING EXPANSION BECOMES SO POWERFUL THAT IT TEARS APART GALAXIES, STARS, PLANETS,
AND EVENTUALLY EVEN ATOMS THEMSEL VES.

THE PRECISE NATURE OF DARK ENERGY, WHETHER A CONSTANT OR A DYNAMIC ENTITY, WILL DETERMINE THE ULTIMATE DESTINY
OF THE COSMOS. THE ONGOING OBSERVATIONAL EFFORTS ARE CRUCIAL NOT JUST FOR UNDERSTANDING THE PRESENT STATE OF
THE UNIVERSE BUT ALSO FOR PREDICTING ITS LONG-TERM FUTURE, A FUTURE SHAPED BY THIS ENIGMATIC FORCE. OUR QUEST TO
UNDERSTAND DARK ENERGY IS INTRINSICALLY LINKED TO UNDERSTANDING OUR ULTIMATE COSMIC DESTINY.

THE ONGOING QUEST FOR UNDERST ANDING

THE JOURNEY TO COMPREHEND DARK ENERGY IS FAR FROM OVER. |T REPRESENTS ONE OF THE MOST SIGNIFICANT FRONTIERS IN
SCIENTIFIC EXPLORATION, PUSHING THE BOUNDARIES OF OUR KNOWLEDGE IN BOTH THEORETICAL PHYSICS AND OBSERVATIONAL
COSMOLOGY. THE DISCOVERY OF ACCELERATED COSMIC EXPANSION HAS OPENED UP A PANDORA’S Box OF QUESTIONS, EACH
DEMANDING METICULOUS INVESTIGATION. SCIENTISTS ARE ENGAGED IN A CONTINUOUS CYCLE OF HYPOTHESIS, OBSERVATION,
AND REFINEMENT, DRIVEN BY THE DESIRE TO SOLVE THIS COSMIC PUZZLE.

THE CURRENT STANDARD MODEL OF COSMOLOGY, THE L AMBDA-CDM MODEL, WHICH INCORPORATES DARK ENERGY (LAMBDA)
AND COLD DARK MATTER (CDM), HAS BEEN REMARKABLY SUCCESSFUL IN EXPLAINING A WIDE RANGE OF COSMOLOGICAL
OBSERVATIONS. HOWEVER, THE FUNDAMENT AL NATURE OF DARK ENERGY REMAINS UNKNOWN. IS IT AN INTRINSIC PROPERTY OF
SPACETIME, A NEW FIELD, OR AN INDICATION THAT OUR UNDERSTANDING OF GRAVITY NEEDS REVISION? ANSWERING THESE
QUESTIONS REQUIRES INNOVATIVE EXPERIMENTAL DESIGNS, ADVANCED COMPUTATIONAL TECHNIQUES, AND PERHAPS EVEN A
PARADIGM SHIFT IN OUR FUNDAMENTAL PHYSICAL THEORIES.

THE IMPLICATIONS OF UNLOCKING THE SECRETS OF DARK ENERGY EXTEND FAR BEYOND COSMOLOGY. A DEEPER UNDERSTANDING
OF THIS FORCE COULD REVOLUTIONIZE OUR CONCEPTS OF VACUUM ENERGY, QUANTUM FIELD THEORY, AND THE VERY
FOUNDATIONS OF PHYSICS. |T MIGHT PROVIDE CLUES TO UNIFYING FUNDAMENTAL FORCES OR REVEAL NEW PRINCIPLES GOVERNING
THE UNIVERSE AT ITS MOST FUNDAMENTAL LEVEL. THE ONGOING QUEST IS A TESTAMENT TO HUMAN CURIOSITY AND OUR
UNYIELDING DRIVE TO UNDERSTAND OUR PLACE WITHIN THE GRAND COSMIC TAPESTRY, A TAPESTRY INCREASINGLY DEFINED BY
THE PERVASIVE, MYSTERIOUS INFLUENCE OF DARK ENERGY.

FREQUENTLY AskeD QUESTIONS ABOUT DARK ENERGY DISCOVERING THE Cosmos



Q: WHAT EXACTLY IS DARK ENERGY AND WHY IS IT CONSIDERED “DARK"'?

A: DARK ENERGY IS A HYPOTHETICAL FORM OF ENERGY THAT IS THOUGHT TO PERMEATE ALL OF SPACE AND IS RESPONSIBLE FOR
THE OBSERVED ACCELERATED EXPANSION OF THE UNIVERSE. |T IS CALLED “DARK” BECAUSE, LIKE DARK MATTER, IT DOES NOT
INTERACT WITH ELECTROMAGNETIC RADIATION, MEANING IT DOES NOT ABSORB, REFLECT, OR EMIT LIGHT, MAKING IT INVISIBLE TO
DIRECT OBSERVATION THROUGH TELESCOPES. WE INFER ITS EXISTENCE SOLELY THROUGH ITS GRAVITATIONAL EFFECTS ON THE
LARGE-SCALE STRUCTURE AND EXPANSION OF THE UNIVERSE.

Q: \W/HEN WAS DARK ENERGY FIRST DISCOVERED , AND BY WHOM?

A: THE DISCOVERY OF DARK ENERGY STEMS FROM OBSERVATIONS MADE IN THE LATE 1990s. TWO INDEPENDENT RESEARCH
TEAMS, THE SUPERNOVA COSMOLOGY PROJECT AND THE HiGH-Z SUPERNOVA SEARCH TEAM, OBSERVED DISTANT TYPE |A
SUPERNOVAE AND CONCLUDED THAT THE EXPANSION OF THE UNIVERSE WAS ACCELERATING, NOT DECELERATING AS PREVIOUSLY
EXPECTED. THIS GROUNDBREAKING FINDING, ANNOUNCED IN 1998, WAS LATER RECOGNIZED WITH THE NOBEL PRIZE IN PHYSICS IN
20711 AwWARDED TO SAUL PERLMUTTER, BrIAN P. ScHMIDT, AND ADAM G. RIESS.

Q: WHAT ARE THE MAIN PIECES OF EVIDENCE SUPPORTING THE EXISTENCE OF DARK
ENERGY?

A: THE PRIMARY EVIDENCE FOR DARK ENERGY COMES FROM SEVERAL INDEPENDENT COSMOLOGICAL OBSERVATIONS. THESE
INCLUDE!:

e OBSERVATIONS OF TYPE |A SUPERNOVAE, WHICH ACT AS “STANDARD CANDLES” AND REVEAL THAT DISTANT
SUPERNOVAE ARE FAINTER THAN EXPECTED, INDICATING A FASTER EXPANSION RATE IN THE PAST.

® PRECISE MEASUREMENTS OF THE COSMIC MICROW AVE BACKGROUND (CMB) RADIATION, THE AFTERGLOW OF THE Big
BANG/ WHICH CONSTRAIN THE UNIVERSE'S COMPOSITION AND EXPANSION HISTORY.

e THE STUDY OF LARGE-SCALE STRUCTURES IN THE UNIVERSE, SUCH AS THE DISTRIBUTION OF GALAXIES AND GALAXY
CLUSTERS, AND THE PHENOMENON OF BARYON ACOUSTIC OSCILLATIONS (BAO), WHICH ACT AS A COSMIC RULER.

Q: WHAT PERCENTAGE OF THE UNIVERSE'S TOTAL ENERGY DENSITY IS ATTRIBUTED TO
DARK ENERGY?

A: ACCORDING TO THE CURRENT STANDARD MODEL OF COSMOLOGY, KNOWN AS THE L AMBDA-CDM MODEL, DARK ENERGY
CONSTITUTES APPROXIMATELY 68% OF THE TOTAL ENERGY DENSITY OF THE UNIVERSE. THIS IS A SIGNIFICANT MAJORITY,
DW ARFING THE CONTRIBUTIONS OF ORDINARY MATTER (ABOUT 5%) AND DARK MATTER (ABOUT 27%).

QI \WHAT ARE THE LEADING THEORETICAL EXPLANATIONS FOR DARK ENERGY?

A: THE LEADING THEORETICAL EXPLANATIONS FOR DARK ENERGY INCLUDE:

® THE COSMOLOGICAL CONSTANT ($\LAMBDA$), WHICH REPRESENTS A CONSTANT ENERGY DENSITY INHERENT TO
SPACETIME ITSELF, AS ORIGINALLY PROPOSED BY EINSTEIN.

L4 QUINTESSENCE/ A DYNAMIC, EVOLVING ENERGY FIELD THAT PERMEATES THE UNIVERSE.

* MODIFIED GRAVITY THEORIES, WHICH SUGGEST THAT EINSTEIN'S THEORY OF GENERAL RELATIVITY MAY NEED TO BE
ADJUSTED ON COSMIC SCALES, MIMICKING THE EFFECTS OF DARK ENERGY WITHOUT ITS EXISTENCE.



QI How WILL DARK ENERGY AFFECT THE FUTURE OF THE UNIVERSE?

A: THE FUTURE OF THE UNIVERSE DEPENDS HEAVILY ON THE NATURE OF DARK ENERGY. IF IT IS THE COSMOLOGICAL CONSTANT,
THE UNIVERSE WILL CONTINUE TO EXPAND AT AN ACCELERATING RATE, LEADING TO A “BIG FREEZE” SCENARIO WHERE GALAXIES
RECEDE FROM EACH OTHER, EVENTUALLY BECOMING ISOLATED AND LEADING TO A COLD, DARK, AND EMPTY UNIVERSE. IF DARK
ENERGY IS DYNAMIC, ITS FUTURE BEHAVIOR IS LESS CERTAIN AND COULD POTENTIALLY LEAD TO A REVERSAL OF ACCELERATION
OR EVEN A "BIG RIP” WHERE THE EXPANSION TEARS APART ALL STRUCTURES.

Q: ARE THERE ANY ONGOING OR PLANNED MISSIONS TO STUDY DARK ENERGY IN MORE
DETAIL?

A: YES, THERE ARE NUMEROUS ONGOING AND PLANNED MISSIONS DEDICATED TO STUDYING DARK ENERGY. THESE INCLUDE:
e THe DARk ENERGY SURVEY (DES) AND ITS SUCCESSORS.
o THe Dark ENErGY SPECTROSCOPIC INSTRUMENT (DESI).
e THe NANCY GRACE RoMAN SpAce TeLescope (FOrRMERLY WFIRST).

o ONGOING ANALYSIS OF DATA FROM THE PLANCK SATELLITE AND FUTURE CMB MISSIONS.

THESE MISSIONS EMPLOY VARIOUS TECHNIQUES, INCLUDING OBSERVING SUPERNOVAE, MAPPING LARGE-SCALE STRUCTURE, AND
STUDYING GRAVITATIONAL LENSING TO GATHER MORE PRECISE DATA ON THE EXPANSION HISTORY AND COMPOSITION OF THE
UNIVERSE.
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