COSMIC AGE MEASUREMENT

THe STorY ofF TiMe: A Deep Dive INTo CosMIC AGE MEASUREMENT

COSMIC AGE MEASUREMENT IS ONE OF THE MOST FUNDAMENTAL QUESTIONS IN ASTROPHYSICS, A QUEST TO UNDERSTAND NOT
JUST HOW OLD THE UNIVERSE IS, BUT HOW WE ARRIVED AT THAT MONUMENTAL FIGURE. IT’S A STORY WOVEN FROM THREADS
OF OBSERVATION, THEORETICAL PHYSICS, AND INGENIOUS METHODS OF DEDUCTION. DETERMINING THE AGE OF THE COSMOS
INVOLVES A MULTI-FACETED APPROACH, RELYING ON PRECISE MEASUREMENTS OF THE UNIVERSE'S EXPANSION RATE, THE
CHARACTERISTICS OF ITS OLDEST STARS, AND THE ECHOES OF ITS FIERY BIRTH. \WE'LL EXPLORE THE KEY TECHNIQUES
ASTRONOMERS EMPLOY, FROM OBSERVING THE COSMIC MICROWAVE BACKGROUND RADIATION TO STUDYING GLOBULAR
CLUSTERS, AND UNDERSTAND THE INTRICATE PHYSICS THAT UNDERPINS THESE AGE ESTIMATES. PREPARE TO EMBARK ON A
JOURNEY THROUGH TIME, DELVING INTO THE METHODS THAT REVEAL THE VAST TIMESCALE OF OUR UNIVERSE.
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UNDERSTANDING THE EXPANDING UNIVERSE

THE UNIVERSE ISN'T STATIC, IT'S A DYNAMIC ENTITY THAT HAS BEEN EXPANDING FOR BILLIONS OF YEARS. THIS EXPANSION IS
THE CORNERSTONE OF OUR UNDERSTANDING OF COSMIC HISTORY AND A PRIMARY TOOL FOR DETERMINING ITS AGE. THE RATE AT
WHICH THIS EXPANSION IS OCCURRING, KNOWN AS THE HussLE CONSTANT, DIRECTLY RELATES TO HOW LONG IT HAS TAKEN FOR
THE UNIVERSE TO REACH ITS CURRENT SIZE. IMAGINE A BALLOON WITH DOTS DRAWN ON IT, AS YOU INFLATE THE BALLOON, THE
DOTS MOVE FURTHER APART, AND THE FASTER YOU INFLATE IT, THE MORE RECENTLY THEY STARTED TO SEPARATE FROM EACH
OTHER. SIMILARLY, BY MEASURING THE SPEED AT WHICH DISTANT GALAXIES ARE RECEDING FROM US AND THEIR DISTANCES,
ASTRONOMERS CAN CALCULATE THE HUBBLE CONSTANT. THIS CALCULATION THEN ALLOWS THEM TO REWIND THE COSMIC
CLOCK, SO TO SPEAK, AND ESTIMATE WHEN EVERYTHING WAS COMPRESSED INTO A SINGLE POINT — THE BiG BANG.

THe HuesLE ConsTANT: A MeEASURE oF CosMIC SPEED

THE HueBLE CONSTANT, DENOTED AS HO/ IS A CRITICAL PARAMETER IN COSMOLOGY. |T QUANTIFIES THE RELATIONSHIP BETWEEN
A GALAXY'S DISTANCE FROM EARTH AND ITS RECESSIONAL VELOCITY. FOR EVERY MEGAPARSEC (ABOUT 3.26 MILLION LIGHT-
YEARS) A GALAXY IS FARTHER AWAY, IT APPEARS TO BE MOVING AWAY FROM US FASTER BY A CERTAIN NUMBER OF
KILOMETERS PER SECOND. T HE CHALLENGE, HOWEVER, LIES IN ACCURATELY MEASURING BOTH THE DISTANCE TO GALAXIES AND
THEIR VELOCITIES. DISTANCES ARE PARTICULARLY TRICKY TO ASCERTAIN, OFTEN REQUIRING A SERIES OF " COSMIC DISTANCE
LADDERS,” WHERE MEASUREMENTS ARE CALIBRATED AGAINST PROGRESSIVELY MORE DISTANT OBJECTS. DIFFERENT METHODS,
FROM OBSERVING CEPHEID VARIABLE STARS TO SUPERNOVAE, ARE EMPLOYED TO ESTABLISH THESE DISTANCES, EACH WITH ITS
OWN UNCERTAINTIES.

THE AGE-REDSHIFT RELATION

THE REDSHIFT OF LIGHT FROM DISTANT GALAXIES IS A DIRECT CONSEQUENCE OF THE EXPANSION OF THE UNIVERSE. AS SPACE
STRETCHES, THE WAVELENGTHS OF LIGHT TRAVELING THROUGH IT ARE STRETCHED AS WELL, SHIFTING THEM TOW ARDS THE RED
END OF THE SPECTRUM. THE GREATER THE REDSHIFT, THE FARTHER AWAY AND FASTER THE GALAXY IS RECEDING. BY COMBINING
REDSHIFT MEASUREMENTS WITH ACCURATE DISTANCE DETERMINATIONS, ASTRONOMERS CAN MAP OUT THE EXPANSION HISTORY
OF THE UNIVERSE. THIS INFORMATION IS THEN FED INTO COSMOLOGICAL MODELS TO ESTIMATE THE TIME ELAPSED SINCE THE BIG
BANG. IT’S LIKE LOOKING AT A SERIES OF SNAPSHOTS OF THE EXPANDING BALLOON AT DIFFERENT TIMES; BY UNDERSTANDING
HOW MUCH BIGGER THE BALLOON IS IN EACH SNAPSHOT AND HOW FAST IT'S EXPANDING, YOU CAN FIGURE OUT WHEN IT WAS



SMALL.

THe CosMic MicrowAVE BACKGROUND: A BaBY PicTure oF THE Cosmos

PERHAPS THE MOST POWERFUL TOOL WE HAVE FOR MEASURING THE AGE OF THE UNIVERSE IS THE CosMIC MICROWAVE
BackGROUND (CMB) RADIATION. THIS FAINT GLOW OF MICROWAVE RADIATION PERMEATES ALL OF SPACE AND IS THE
AFTERGLOW OF THE BIG BANG ITSELF. IT'S ESSENTIALLY A SNAPSHOT OF THE UNIVERSE WHEN IT WAS ONLY ABoUT 380,000
YEARS OLD, A TIME WHEN IT HAD COOLED ENOUGH FOR PROTONS AND ELECTRONS TO COMBINE INTO NEUTRAL ATOMS,
ALLOWING LIGHT TO TRAVEL FREELY FOR THE FIRST TIME. TINY TEMPERATURE FLUCTUATIONS, OR ANISOTROPIES, WITHIN THE
CMB ARE INCREDIBLY INFORMATIVE. THESE MINUSCULE VARIATIONS REPRESENT THE SEEDS OF STRUCTURE THAT WOULD
EVENTUALLY EVOLVE INTO GALAXIES AND CLUSTERS OF GALAXIES.

DecobiNng THE CMB ANISOTROPIES

THE PRECISE PATTERN AND MAGNITUDE OF THESE TEMPERATURE FLUCTUATIONS IN THE CMB ARE EXQUISITELY SENSITIVE TO THE
FUNDAMENTAL PARAMETERS OF THE UNIVERSE, INCLUDING ITS AGE. BY ANALYZING THE POWER SPECTRUM OF THESE
ANISOTROPIES — ESSENTIALLY, HOW MUCH VARIATION THERE IS AT DIFFERENT ANGULAR SCALES — COSMOLOGISTS CAN
CONSTRAIN THE VALUES OF VARIOUS COSMOLOGICAL CONSTANTS. THIS ANALYSIS REQUIRES SOPHISTICATED STATISTICAL
TECHNIQUES AND POWERFUL SUPERCOMPUTERS. THE DATA FROM MISSIONS LIKE THE W/ILKINSON MICROWAVE ANISOTROPY
Proge (\WMAP) AND THE PLANCK SATELLITE HAVE PROVIDED INCREDIBLY DETAILED MAPS OF THE CMB, ALLOWING FOR VERY
PRECISE MEASUREMENTS OF ITS PROPERTIES. |T’S LIKE ANALYZING THE RIPPLES ON THE SURFACE OF A POND CAUSED BY A PEBBLE
DROPPED IN THE WATER; THE CHARACTERISTICS OF THOSE RIPPLES TELL YOU ABOUT THE INITIAL DISTURBANCE AND THE
PROPERTIES OF THE WATER ITSELF.

CosmoLoGICAL PARAMETERS AND AGE ESTIMATION

THE STANDARD COSMOLOGICAL MODEL, KNOWN AS THE L AMBDA-CDM MODEL, DESCRIBES A UNIVERSE COMPOSED OF DARK
ENERGY (LAMBDA), COLD DARK MATTER (CDM), AND ORDINARY MATTER. THE CMB DATA, WHEN FITTED TO THIS MODEL, YIELDS
HIGHLY ACCURATE VALUES FOR PARAMETERS SUCH AS THE DENSITY OF DARK MATTER AND DARK ENERGY, THE HUBBLE
CONSTANT, AND, CRUCIALLY, THE AGE OF THE UNIVERSE. THE REMARKABLE AGREEMENT BETWEEN THE PREDICTIONS OF THE
LAMBDA-CDM MODEL AND THE OBSERVED CMB ANISOTROPIES LENDS STRONG SUPPORT TO THIS MODEL AND THE RESULTING AGE
ESTIMATES DERIVED FROM IT. THE AGE OBTAINED FROM CMB MEASUREMENTS IS CURRENTLY CONSIDERED ONE OF THE MOST
RELIABLE FIGURES FOR THE AGE OF THE UNIVERSE.

STELLAR CLocks: DATING THE OLDEST STARS

WHILE THE CMB GIVES US A SNAPSHOT OF THE EARLY UNIVERSE, WE CAN ALSO ESTIMATE THE COSMIC AGE BY LOOKING AT THE
OLDEST OBJECTS WITHIN IT: STARS. STARS EVOLVE OVER TIME, AND THEIR LIFE CYCLES ARE GOVERNED BY WELL-UNDERSTOOD
PHYSICAL PROCESSES, PARTICULARLY NUCLEAR FUSION. BY STUDYING THE CHARACTERISTICS OF STARS, ESPECIALLY THOSE IN
ANCIENT STAR CLUSTERS, ASTRONOMERS CAN DETERMINE THEIR AGES. THIS METHOD PROVIDES AN INDEPENDENT CHECK ON THE
AGE DERIVED FROM THE CMB AND EXPANSION RATE.

GLOBULAR CLUSTERS: ANCIENT STELLAR NEIGHBORHOODS

GLOBULAR CLUSTERS ARE DENSE, SPHERICAL COLLECTIONS OF HUNDREDS OF THOUSANDS TO MILLIONS OF STARS, FORMED EARLY
IN THE HISTORY OF GALAXIES. BECAUSE THE STARS WITHIN A GLOBULAR CLUSTER ARE THOUGHT TO HAVE FORMED AT ROUGHLY
THE SAME TIME FROM THE SAME CLOUD OF GAS AND DUST, THEY REPRESENT A NATURAL LABORATORY FOR STELLAR EVOLUTION.
ASTRONOMERS CAN DETERMINE THE AGE OF A GLOBULAR CLUSTER BY OBSERVING THE “MAIN SEQUENCE TURNOFF POINT” IN ITS



HERTZSPRUNG-RUSSELL DIAGRAM. THIS IS THE POINT ON THE DIAGRAM WHERE STARS ARE JUST BEGINNING TO EXHAUST THEIR
CORE HYDROGEN FUEL AND EVOLVE OFF THE MAIN SEQUENCE. THE MORE MASSIVE STARS EVOLVE FASTER, SO THE LOCATION OF
THIS TURNOFF POINT DIRECTLY INDICATES THE AGE OF THE CLUSTER.

WHITE DWARF CooLING: A FAINT BUT PERSISTENT GLOW

ANOTHER METHOD FOR DATING OLD STARS INVOLVES STUDYING WHITE DWARFS. THESE ARE THE DENSE REMNANTS OF STARS
LIKE OUR SUN AFTER THEY HAVE EXHAUSTED THEIR NUCLEAR FUEL. WHITE DWARFS SLOWLY COOL DOWN OVER BILLIONS OF
YEARS, EMITTING A PREDICTABLE AMOUNT OF HEAT. BY MEASURING THE TEMPERATURE OF THE COOLEST, FAINTEST WHITE
DWARFS IN A STELLAR POPULATION, ASTRONOMERS CAN ESTIMATE HOW LONG THEY HAVE BEEN COOLING, AND THUS INFER THE
AGE OF THAT POPULATION. THIS TECHNIQUE IS PARTICULARLY USEFUL FOR DATING THE OLDEST STELLAR POPULATIONS IN OUR
OWN MILkY W AY GALAXY.

OTHER CosMIC AGE INDICATORS

Bevyonp THE CMB AND STELLAR EVOLUTION, SEVERAL OTHER ASTROPHYSICAL PHENOMENA AND OBSERVATIONS CONTRIBUTE TO
OUR UNDERSTANDING OF THE COSMIC AGE. | HESE INDEPENDENT METHODS, WHILE SOMETIMES CARRYING LARGER UNCERTAINTIES,
OFFER VALUABLE CROSS-CHECKS AND DEEPEN OUR CONFIDENCE IN THE OVERALL PICTURE. THEY HELP PAINT A MORE COMPLETE
PORTRAIT OF THE UNIVERSE'S LONG AND COMPLEX HISTORY.

RADIOACTIVE DATING OF STELLAR NUCLEOSYNTHESIS

JUST AS RADIOACTIVE ISOTOPES ARE USED TO DATE ROCKS ON EARTH, THEY CAN BE USED TO DATE THE OLDEST STARS AND
ELEMENTS IN THE UNIVERSE. CERTAIN LONG-LIVED RADIOACTIVE ISOTOPES, SUCH AS THORIUM-232 AND URANIUM-238, ARE
PRODUCED DURING STELLAR NUCLEOSYNTHESIS (THE FORMATION OF ATOMIC NUCLEI IN STARS). BY MEASURING THE ABUNDANCE
OF THESE RADIOACTIVE ISOTOPES AND THEIR STABLE DECAY PRODUCTS IN THE ATMOSPHERES OF VERY OLD, METAL-POOR
STARS, ASTRONOMERS CAN ESTIMATE HOW LONG AGO THESE ELEMENTS WERE SYNTHESIZED. THIS PROVIDES A LOWER LIMIT ON
THE AGE OF THE UNIVERSE, AS THESE STARS MUST HAVE EXISTED FOR SOME TIME AFTER THE ELEMENTS WERE CREATED.

THE AGES ofF THE OLDEST QUASARS

QUASARS ARE EXTREMELY LUMINOUS ACTIVE GALACTIC NUCLEI POWERED BY SUPERMASSIVE BLACK HOLES AT THE CENTERS OF
GALAXIES. THE LIGHT FROM DISTANT QUASARS HAS TRAVELED FOR BILLIONS OF YEARS TO REACH US, OFFERING A GLIMPSE INTO
THE EARLY UNIVERSE. STUDYING THE PROPERTIES AND EVOLUTION OF THE EARLIEST QUASARS CAN PROVIDE CLUES ABOUT THE
EPOCH OF THEIR FORMATION, WHICH IN TURN CONSTRAINS THE AGE OF THE UNIVERSE. THEIR EXISTENCE SUGGESTS THAT
SUPERMASSIVE BLACK HOLES HAD ALREADY FORMED AND BECOME ACTIVE RELATIVELY EARLY ON, GIVING US ANOTHER PIECE OF
THE COSMIC TIMELINE PUZZLE.

CHALLENGES AND REFINEMENTS IN CoSMIC AGE MEASUREMENT

W/HILE OUR METHODS FOR COSMIC AGE MEASUREMENT HAVE BECOME INCREDIBLY SOPHISTICATED, THE QUEST FOR EVER GREATER
PRECISION IS ONGOING. THERE ARE INHERENT CHALLENGES AND AREAS WHERE ONGOING RESEARCH AIMS TO REFINE OUR
UNDERSTANDING AND REDUCE UNCERTAINTIES. THE UNIVERSE IS A VAST AND COMPLEX LABORATORY, AND THERE'S ALWAYS
MORE TO LEARN AND MEASURE.



THE HuBBLE TENSION: A PERSISTENT DISCREPANCY

ONE OF THE MOST SIGNIFICANT ONGOING CHALLENGES IN COSMIC AGE MEASUREMENT IS THE “HUBBLE TENSION.” THIS REFERS TO
A PERSISTENT DISCREPANCY BETWEEN THE VALUE OF THE HUBBLE CONSTANT DERIVED FROM EARLY-UNIVERSE MEASUREMENTS
(LIKE THE CMB) AND THAT DERIVED FROM LATE-UNIVERSE MEASUREMENTS (LIKE SUPERNOVAE AND CEPHEID VARIABLES). THiS
DIFFERENCE, WHILE NOT ENORMOUS, IS STATISTICALLY SIGNIFICANT AND SUGGESTS THAT EITHER OUR UNDERSTANDING OF THE
UNIVERSE'S EXPANSION HISTORY NEEDS REVISION, OR THERE ARE SYSTEMATIC ERRORS IN ONE OR BOTH SETS OF MEASUREMENTS.
RESOLVING THIS TENSION IS A MAJOR FOCUS OF CURRENT COSMOLOGICAL RESEARCH AND COULD LEAD TO NEW DISCOVERIES
ABOUT THE FUNDAMENTAL NATURE OF THE UNIVERSE.

IMPROVING OBSERVATIONAL T ECHNIQUES AND MODELS

THE PURSUIT OF A MORE ACCURATE COSMIC AGE IS A CONTINUOUS PROCESS OF REFINING OBSERVATIONAL TECHNIQUES AND
THEORETICAL MODELS. ASTRONOMERS ARE CONSTANTLY DEVELOPING NEW INSTRUMENTS AND METHODS TO MEASURE DISTANCES
MORE PRECISELY, ANALYZE CMB DATA WITH GREATER FIDELITY, AND BETTER UNDERSTAND STELLAR EVOLUTION. LIKE\X/ISE,
THEORETICAL COSMOLOGISTS ARE WORKING TO IMPROVE THE LAMBDA-CDM MODEL AND EXPLORE ALTERNATIVE COSMOLOGICAL
FRAMEWORKS THAT MIGHT BETTER EXPLAIN OBSERVED PHENOMENA. EACH NEW PIECE OF DATA AND EVERY REFINEMENT IN OUR
MODELS BRINGS US CLOSER TO A DEFINITIVE ANSWER ABOUT HOW OLD OUR UNIVERSE TRULY IS.

FREQUENTLY ASkeD QUESTIONS

Q: WHAT IS THE MOST WIDELY ACCEPTED AGE OF THE UNIVERSE?

A: THE MOST WIDELY ACCEPTED AGE OF THE UNIVERSE, BASED ON DATA FROM THE PLANCK SATELLITE AND THE STANDARD
LamMeDA-CDM COSMOLOGICAL MODEL, IS APPROXIMATELY 13.8 BILLION YEARS. THIS FIGURE IS DERIVED FROM METICULOUS
ANALYSIS OF THE COSMIC MICROWAVE BACKGROUND RADIATION.

Q: How DOES THE EXPANSION RATE OF THE UNIVERSE RELATE TO ITS AGE?

A: THE EXPANSION RATE, QUANTIFIED BY THE HUBBLE CONSTANT, DIRECTLY INFLUENCES THE ESTIMATED AGE OF THE UNIVERSE.
A FASTER EXPANSION RATE IMPLIES THE UNIVERSE REACHED ITS CURRENT SIZE IN A SHORTER AMOUNT OF TIME, THUS A YOUNGER
AGE, AND VICE-VERSA. BY KNOWING HOW FAST THE UNIVERSE IS EXPANDING TODAY AND UNDERSTANDING HOW THAT EXPANSION
RATE HAS CHANGED OVER TIME, WE CAN ESSENTIALLY “RUN THE TAPE BACKWARD” TO THE BIG BANG.

Q: WHAT ARe CEPHEID VARIABLE STARS, AND HOW DO THEY HELP MEASURE COSMIC
DISTANCES?

A: CEPHEID VARIABLE STARS ARE PULSATING STARS WHOSE LUMINOSITY IS DIRECTLY RELATED TO THEIR PULSATION PERIOD.
THIS PREDICTABLE RELATIONSHIP ALLOWS ASTRONOMERS TO DETERMINE THEIR INTRINSIC BRIGHTNESS. BY COMPARING THEIR
INTRINSIC BRIGHTNESS TO THEIR APPARENT BRIGHTNESS AS SEEN FROM EARTH, ASTRONOMERS CAN CALCULATE THEIR DISTANCE.
THEY ARE A CRUCIAL “STANDARD CANDLE” FOR MEASURING DISTANCES TO RELATIVELY NEARBY GALAXIES.

Q: WHy 1s THe Cosmic MicRowAVE BACkGROUND (CMB) So IMPORTANT FOR
DETERMINING THE UNIVERSE'S AGE?

A: THe CMB IS THE RESIDUAL HEAT FROM THE BIG BANG, A SNAPSHOT OF THE UNIVERSE WHEN IT WAS ABouT 380,000
YEARS OLD. TINY VARIATIONS IN THE TEMPERATURE OF THE CMB, KNOWN AS ANISOTROPIES, CONTAIN A WEALTH OF
INFORMATION ABOUT THE EARLY UNIVERSE'S COMPOSITION, GEOMETRY, AND EXPANSION RATE. ANALYZING THESE PATTERNS
ALLOWS COSMOLOGISTS TO PRECISELY CONSTRAIN THE PARAMETERS OF THE STANDARD COSMOLOGICAL MODEL, INCLUDING THE
AGE OF THE UNIVERSE.



Q: WHAT IS THE “MAIN SEQUENCE TURNOFF POINT” IN STELLAR EVOLUTION?

A: THE MAIN SEQUENCE TURNOFF POINT IS A FEATURE ON THE HERTZSPRUNG-RUSSELL DIAGRAM THAT INDICATES THE AGE OF A
STAR CLUSTER. |T REPRESENTS THE POINT WHERE STARS OF A PARTICULAR MASS ARE EXHAUSTING THEIR CORE HYDROGEN FUEL
AND BEGINNING TO EVOLVE OFF THE MAIN SEQUENCE TOWARDS RED GIANTS. BY OBSERVING THE MASS (AND THUS LUMINOSITY)
OF STARS AT THIS TURNOFF POINT, ASTRONOMERS CAN INFER HOW LONG THE CLUSTER HAS EXISTED.

Q: WHAT I1s THE “HUBBLE TENSION,” AND WHY IS IT A SIGNIFICANT PROBLEM FOR
COSMIC AGE MEASUREMENT?

A: THE HUBBLE TENSION REFERS TO A PERSISTENT DISCREPANCY BETWEEN THE VALUE OF THE HUBBLE CONSTANT (THE
UNIVERSE'S EXPANSION RATE) MEASURED FROM EARLY UNIVERSE OBSERVATIONS (LIKE THE CMB) AND LATE UNIVERSE
OBSERVATIONS (LIKE SUPERNOVAE). THIS INCONSISTENCY SUGGESTS A POTENTIAL ISSUE WITH OUR CURRENT COSMOLOGICAL
MODELS OR MEASUREMENT TECHNIQUES, AND RESOLVING IT IS CRUCIAL FOR REFINING OUR UNDERSTANDING OF THE UNIVERSE'S
AGE AND EVOLUTION.

QZ CAN RADIOACTIVE DATING BE USED TO DETERMINE THE AGE OF THE UNIVERSE?

A: YES/ RADIOACTIVE DATING OF LONG-LIVED ISOTOPES LIKE THORIUM AND URANIUM FOUND IN THE OLDEST STARS CAN
PROVIDE A LOWER LIMIT FOR THE AGE OF THE UNIVERSE. BY MEASURING THE RATIO OF THESE RADIOACTIVE ELEMENTS TO THEIR
STABLE DECAY PRODUCTS, ASTRONOMERS CAN ESTIMATE HOW LONG AGO THESE ELEMENTS WERE SYNTHESIZED IN STARS, THUS
DATING THE STELLAR POPULATIONS THAT CONTAIN THEM.
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