CMB ASTRONOMY FUNDAMENTALS

THe CosMic MiIcRowAVE BACKGROUND: UNVEILING THE UNIVERSE'S INFANCY

CMB ASTRONOMY FUNDAMENTALS ARE CRUCIAL FOR UNDERSTANDING THE VERY ORIGINS OF OUR COSMOS, OFFERING A PROFOUND
GLIMPSE INTO THE UNIVERSE'S EARLIEST MOMENTS. THIS FAINT, PERVASIVE GLOW, KNOWN AS THE COSMIC MICROWAVE
BackGroUND (CMB) RADIATION, IS A RELIC OF THE BIG BANG, A SNAPSHOT OF THE UNIVERSE WHEN IT WAS ONLY ABOUT
380,000 YEARS OLD. BY STUDYING ITS SUBTLE VARIATIONS, ASTRONOMERS CAN DEDUCE FUNDAMENT AL COSMOLOGICAL
PARAMETERS, MAP THE DISTRIBUTION OF MATTER AND ENERGY, AND TEST THEORIES OF COSMIC EVOLUTION. THIS ARTICLE WILL
DELVE INTO THE ESSENTIAL ASPECTS OF CMB ASTRONOMY, FROM ITS DISCOVERY AND PHYSICAL ORIGINS TO ITS MEASUREMENT
AND PROFOUND IMPLICATIONS FOR OUR UNDERSTANDING OF THE UNIVERSE. WE WILL EXPLORE HOW THIS ANCIENT LIGHT ACTS
AS A COSMIC ROSETTA STONE, HELPING US DECIPHER THE SECRETS OF DARK MATTER, DARK ENERGY, AND THE INITIAL
CONDITIONS THAT SHAPED EVERYTHING WE OBSERVE TODAY.

T ABLE oF CONTENTS

e THe Discovery ofF THE CosMIC MICROWAVE BACKGROUND
® PHysicAL ORIGINS oF THE CMB: THE EARLY UNIVERSE

® MEASURING THE CMB: INSTRUMENTS AND T ECHNIQUES

o Kevy PropPERTIES OF THE CMB RADIATION

® ANISOTROPIES IN THE CMB: THE SEEDS OF STRUCTURE

o CosMOLOGICAL IMPLICATIONS oF CMB OBSERVATIONS

e THE CMB AND THE STANDARD COSMOLOGICAL MODEL

o FUTURE ProspPECTS IN CMB ASTRONOMY

THe DiscoVvery oF THE CosMIiC MICROWAVE BACKGROUND

ACCIDENTAL DETECTION AND EARLY INTERPRETATIONS

THE ACCIDENTAL DISCOVERY OF THE CoSMIC MICROWAVE BACKGROUND RADIATION IN 1964 BY ARNO PENZIAS AND ROBERT
WILSON AT BELL TELEPHONE L ABORATORIES MARKED A WATERSHED MOMENT IN COSMOLOGY. WHILE ATTEMPTING TO
ELIMINATE PERSISTENT, UNEXPLAINED NOISE IN THEIR SUPER-SENSITIVE HORN ANTENNA, THEY STUMBLED UPON A UNIFORM,
ISOTROPIC RADIO SIGNAL COMING FROM ALL DIRECTIONS IN THE SKY. THIS SIGNAL, WHICH THEY INITIALLY STRUGGLED TO
ACCOUNT FOR, WAS LATER IDENTIFIED AS THE AFTERGLOW OF THE BIG BANG BY ROBERT DICKE AND HIS COLLEAGUES AT
PRINCETON UNIVERSITY, WHO WERE INDEPENDENTLY SEARCHING FOR SUCH EVIDENCE.

CoNFIRMATION AND NOBEL PRrIZE RECOGNITION

THE SIGNIFICANCE OF PENZIAS AND W/ILSON'S OBSERVATION WAS QUICKLY RECOGNIZED BY THE SCIENTIFIC COMMUNITY. THEIR



DISCOVERY PROVIDED STRONG, INDEPENDENT EVIDENCE SUPPORTING THE BIG BANG THEORY, WHICH POSITS THAT THE UNIVERSE
BEGAN IN AN EXTREMELY HOT AND DENSE STATE AND HAS BEEN EXPANDING EVER SINCE. THIS GROUNDBREAKING FINDING EARNED
PeNzIAS AND W/ILSON THE NOBEL PRIZE IN PHYSICS IN 1978, CEMENTING THE CMB’S STATUS AS A CORNERSTONE OF MODERN
COSMOLOGY.

PHYsICAL ORIGINS oF THE CMB: THe EARLY UNIVERSE

THe PRIMORDIAL PLASMA

IN THE UNIVERSE'S FIRST FEW HUNDRED THOUSAND YEARS, IT WAS A SCORCHING HOT, OPAQUE PLASMA. PHOTONS/ THE
PARTICLES OF LIGHT, WERE CONSTANTLY SCATTERING OFF FREE ELECTRONS AND PROTONS. THiS DENSE, IONIZED SOUP MEANT
THAT LIGHT COULD NOT TRAVEL FREELY, AKIN TO TRYING TO SEE THROUGH A THICK FOG. THE UNIVERSE WAS IN THERMAL
EQUILIBRIUM, WITH MATTER AND RADIATION SHARING THE SAME TEMPERATURE.

RecoMBINATION AND DECOUPLING

AS THE UNIVERSE EXPANDED, IT COOLED. APPROXIMATELY 380,000 YEARS AFTER THE BIG BANG, THE TEMPERATURE DROPPED
To AROUND 3,000 KELVIN. AT THIS POINT, ELECTRONS AND PROTONS BEGAN TO COMBINE, FORMING NEUTRAL HYDROGEN AND
HELIUM ATOMS. THIS CRUCIAL EVENT IS KNOWN AS RECOMBINATION. W/ ITH FEWER FREE ELECTRONS TO SCATTER THEM, PHOTONS
WERE FINALLY ABLE TO TRAVEL UNIMPEDED THROUGH SPACE. THIS PROCESS IS CALLED PHOTON DECOUPLING, AND THE LIGHT
THAT WAS RELEASED AT THIS EPOCH HAS BEEN TRAVELING ACROSS THE COSMOS EVER SINCE, REDSHIFTING INTO THE
MICROWAVE PART OF THE ELECTROMAGNETIC SPECTRUM DUE TO THE UNIVERSE'S ONGOING EXPANSION. THIS ANCIENT LIGHT IS
WHAT WE NOW DETECT AS THE CMB.

MEASURING THE CMB: INSTRUMENTS AND T ECHNIQUES

EARLY GROUND-BASED OBSERVATIONS

FOLLOWING ITS DISCOVERY, EARLY ATTEMPTS TO MEASURE THE CMB WERE LARGELY CONFINED TO GROUND-BASED RADIO
TELESCOPES. HO\X/EVER/ THESE OBSERVATIONS WERE SIGNIFICANTLY HAMPERED BY ATMOSPHERIC INTERFERENCE, PARTICULARLY
FROM WATER VAPOR AND OTHER MOLECULES, AS WELL AS UNWANTED RADIO EMISSIONS FROM EARTH ITSELF. DESPITE THESE
LIMITATIONS, EARLY EXPERIMENTS PROVIDED CRUCIAL MEASUREMENTS OF THE CMB'’s TEMPERATURE AND ITS APPROXIMATE
UNIFORMITY ACROSS THE SKY.

Space-Basep OsservAaTOoRIES: COBE, WMAP, AND PLANCK

ToO OVERCOME THE CHALLENGES OF ATMOSPHERIC OBSERVATION, ASTRONOMERS TURNED TO SPACE-BASED MISSIONS. THE
CosMic BACKGROUND ExpLORER (COBE) SATELLITE, LAUNCHED IN 1989, WAS THE FIRST TO PROVIDE HIGHLY PRECISE
MEASUREMENTS OF THE CMB SPECTRUM, CONFIRMING ITS BLACKBODY NATURE WITH REMARKABLE ACCURACY. THE W/ ILKINSON
MicRowAVE ANISOTROPY Prose (W/MAP), LAUNCHED IN 2001, WENT FURTHER, METICULOUSLY MAPPING THE TEMPERATURE
FLUCTUATIONS ACROSS THE ENTIRE SKY WITH UNPRECEDENTED DETAIL. MOST RECENTLY, THE PLANCK SATELLITE, OPERATIONAL
FRoM 2009 To 2013, DELIVERED THE MOST PRECISE AND COMPREHENSIVE CMB MAPS TO DATE, REVEALING EVEN FINER DETAILS
OF THESE PRIMORDIAL VARIATIONS.



Key PropPerTIES OF THE CMB RADIATION

THe CMB SpecTrRUM: A NEAR-PERFECT BLACKBODY

ONE OF THE MOST SIGNIFICANT PROPERTIES OF THE CMB IS ITS SPECTRUM. |T CLOSELY APPROXIMATES A PERFECT BLACKBODY
SPECTRUM, WHICH IS THE CHARACTERISTIC THERMAL RADIATION EMITTED BY AN OBJECT AT A SPECIFIC TEMPERATURE. THE
CMB’s BLACKBODY SPECTRUM AT A TEMPERATURE OF APPROXIMATELY 2.7 25 KELVIN PROVIDES ROBUST EVIDENCE THAT IT
ORIGINATED FROM A HOT, DENSE EARLY UNIVERSE THAT WAS IN THERMAL EQUILIBRIUM. DEVIATIONS FROM A PERFECT BLACKBODY
SPECTRUM WOULD INDICATE THE PRESENCE OF EXOTIC PHYSICS OR ENERGY INJECTIONS IN THE EARLY UNIVERSE.

IsoTROPY AND ITS LIMITS

THe CMB IS REMARKABLY ISOTROPIC, MEANING IT APPEARS ALMOST THE SAME IN ALL DIRECTIONS. THIS UNIFORMITY SUGGESTS
THAT THE EARLY UNIVERSE WAS INCREDIBLY HOMOGENEOUS ON LARGE SCALES, A KEY PREDICTION OF THE Bic BANG MODEL.
HO\WEVER/ THIS ISOTROPY IS NOT PERFECT. TINY TEMPERATURE VARIATIONS, KNOWN AS ANISOTROPIES, EXIST, AND THEIR
STUDY IS CENTRAL TO MODERN COSMOLOGY.

ANISOTROPIES IN THE CMB: THE SEEDS OF STRUCTURE

ORIGIN OF ANISOTROPIES

THE MINUTE TEMPERATURE FLUCTUATIONS IN THE CMB, TYPICALLY ON THE ORDER OF ONE PART IN 100,000, ARE NOT
RANDOM NOISE. THEY REPRESENT QUANTUM FLUCTUATIONS IN THE INCREDIBLY DENSE EARLY UNIVERSE THAT WERE STRETCHED
TO COSMOLOGICAL SCALES DURING THE INFLATIONARY EPOCH, A PERIOD OF EXTREMELY RAPID EXPANSION SHORTLY AFTER THE
BIG BANG. THESE DENSITY VARIATIONS IN THE PRIMORDIAL PLASMA ARE THE SEEDS FROM WHICH ALL THE LARGE-SCALE
STRUCTURES IN THE UNIVERSE — GALAXIES, CLUSTERS OF GALAXIES, AND SUPERCLUSTERS — EVENTUALLY FORMED THROUGH
GRAVITATIONAL ATTRACTION OVER BILLIONS OF YEARS.

THE ANGULAR POWER SPECTRUM

TO QUANTIFY AND ANALYZE THESE ANISOTROPIES, COSMOLOGISTS USE A STATISTICAL TOOL CALLED THE ANGULAR POWER
SPECTRUM. THIS PLOT SHOWS THE AMPLITUDE OF TEMPERATURE FLUCTUATIONS AS A FUNCTION OF THEIR ANGULAR SCALE ON
THE SkY. THE PATTERN OF PEAKS AND TROUGHS IN THE CMB POWER SPECTRUM IS HIGHLY SENSITIVE TO THE UNIVERSE'S
COMPOSITION AND GEOMETRY, ALLOWING SCIENTISTS TO PRECISELY DETERMINE COSMOLOGICAL PARAMETERS.

MuLTIPOLE MOMENTS AND THEIR SIGNIFICANCE

THE ANGULAR POWER SPECTRUM IS OFTEN DESCRIBED IN TERMS OF MULTIPOLE MOMENTS, DENOTED BY THE GREEK LETTER L.
LOWER VALUES OF ‘L’ CORRESPOND TO LARGER ANGULAR SCALES ON THE SKY, WHILE HIGHER VALUES REPRESENT SMALLER
SCALES. THE POSITION AND HEIGHT OF THE PEAKS IN THE POWER SPECTRUM AT DIFFERENT MULTIPOLES PROVIDE CRITICAL
INFORMATION. FOR INSTANCE, THE LOCATION OF THE FIRST ACOUSTIC PEAK IS STRONGLY RELATED TO THE CURVATURE OF THE
UNIVERSE, WHILE THE RELATIVE HEIGHTS OF THE PEAKS REVEAL THE PROPORTIONS OF ORDINARY MATTER, DARK MATTER, AND
DARK ENERGY.



CosMoLoalicAL IMPLICATIONS oF CMB OBSERVATIONS

DETERMINING THE AGE OF THE UNIVERSE

By ANALYZING THE CMB ANISOTROPIES AND APPLYING COSMOLOGICAL MODELS, SCIENTISTS CAN ACCURATELY ESTIMATE THE
AGE OF THE UNIVERSE. THE PRECISE MEASUREMENTS FROM MISSIONS LIKE PLANCK HAVE REFINED THIS AGE TO APPROXIMATELY
13.8 BILLION YEARS, A FIGURE DERIVED FROM UNDERSTANDING THE EXPANSION RATE AND THE COMPOSITION OF THE UNIVERSE AS
IMPRINTED ON THE CMB.

MEeASURING THE COMPOSITION OF THE UNIVERSE

THe CMB IS A POWERFUL TOOL FOR UNDERSTANDING THE UNIVERSE'S FUNDAMENTAL CONSTITUENTS. THE POWER SPECTRUM
ALLOWS COSMOLOGISTS TO DETERMINE THE RELATIVE PROPORTIONS OF BARYONIC MATTER (ORDINARY MATTER), COLD DARK
MATTER (CDM), AND DARK ENERGY. CURRENT MEASUREMENTS INDICATE THAT ORDINARY MATTER MAKES UP ONLY ABOUT 5%
OF THE UNIVERSE'S TOTAL MASS-ENERGY CONTENT, WHILE DARK MATTER ACCOUNTS FOR ABOUT 279, AND DARK ENERGY
DOMINATES AT AROUND 689%,.

TESTING INFLATIONARY THEORY

THE EXISTENCE OF VERY LARGE-SCALE HOMOGENEITY AND THE SPECIFIC PATTERN OF ANISOTROPIES OBSERVED IN THE CMB ARE
STRONG PIECES OF EVIDENCE SUPPORTING THE THEORY OF COSMIC INFLATION. INFLATION PROPOSES A PERIOD OF EXPONENTIAL
EXPANSION IN THE UNIVERSE'S FIRST FRACTION OF A SECOND. STUDYING THE POLARIZATION OF THE CMB ALSO OFFERS
POTENTIAL SIGNATURES OF PRIMORDIAL GRAVITATIONAL WAVES GENERATED DURING INFLATION, WHICH WOULD PROVIDE EVEN
MORE DIRECT EVIDENCE FOR THIS PIVOTAL PERIOD.

THe CMB AND THE STANDARD CosMoLoGICAL MODEL

LAMBDA-CDM MoDEL VALIDATION

THE PRECISE MEASUREMENTS OF THE CMB HAVE BEEN INSTRUMENTAL IN ESTABLISHING AND VALIDATING THE LAMBDA-CDM
(ACDM) MODEL AS THE STANDARD MODEL OF COSMOLOGY. THIS MODEL DESCRIBES A UNIVERSE DOMINATED BY DARK ENERGY
(REPRESENTED BY LAMBDA, /A) AND COLD DARK MATTER, ALONG WITH A SMALL FRACTION OF BARYONIC MATTER, THAT HAS
BEEN EXPANDING AND EVOLVING ACCORDING TO GENERAL RELATIVITY. THE CMB DATA PROVIDES EXCELLENT AGREEMENT WITH
THE PREDICTIONS OF THE ACDM MODEL, MAKING IT THE MOST SUCCESSFUL FRAMEWORK FOR UNDERSTANDING THE COSMOS TO
DATE.

PARAMETER PrECISION AND COSMOLOGICAL PuzzLES

CMB OBSERVATIONS HAVE ALLOWED COSMOLOGISTS TO CONSTRAIN NUMEROUS FUNDAMENTAL COSMOLOGICAL PARAMETERS
TO REMARKABLE PRECISION. THESE INCLUDE THE HUBBLE CONSTANT (THE RATE OF COSMIC EXPANSION), THE DENSITY OF MATTER
AND ENERGY, AND THE SPECTRAL INDEX OF PRIMORDIAL DENSITY FLUCTUATIONS. DESPITE ITS SUCCESSES, THE ACDM MODEL,
INFORMED BY CMB DATA, ALSO HIGHLIGHTS LINGERING COSMOLOGICAL PUZZLES, SUCH AS THE HuesLE TENSION, A DISCREPANCY
BETWEEN THE EXPANSION RATE MEASURED FROM THE CMB AND LOCAL UNIVERSE MEASUREMENTS.



FUTURE ProsPeECTs IN CMB ASTRONOMY

HIGHER PRECISION MEASUREMENTS

FUTURE CMB EXPERIMENTS AIM TO ACHIEVE EVEN HIGHER PRECISION IN MEASURING THE CMB. THIS INCLUDES SEARCHING FOR
FAINT POLARIZATION PATTERNS KNOWN AS B-MODES, WHICH COULD PROVIDE DEFINITIVE EVIDENCE FOR PRIMORDIAL
GRAVITATIONAL WAVES FROM INFLATION, AND LOOKING FOR SUBTLE DEVIATIONS FROM THE STANDARD ACDM MODEL THAT
MIGHT POINT TO NEW PHYSICS. GROUND-BASED TELESCOPES AND NEXT-GENERATION SPACE MISSIONS ARE BEING DEVELOPED WITH
ENHANCED SENSITIVITY AND ANGULAR RESOLUTION.

SEARCHING FOR NON-GAUSSIANITY AND OTHER PHENOMENA

BEYOND SIMPLE TEMPERATURE FLUCTUATIONS, SCIENTISTS ARE ALSO SEARCHING FOR SUBTLE DEVIATIONS FROM GAUSSIAN
STATISTICS IN THE CMB ANISOTROPIES, WHICH COULD OFFER INSIGHTS INTO THE VERY EARLIEST MOMENTS OF THE UNIVERSE
AND THE PHYSICS OF INFLATION. THE STUDY OF THE CMB CONTINUES TO EVOLVE, PROMISING TO UNLOCK FURTHER SECRETS
ABOUT THE UNIVERSE'S PAST, PRESENT, AND FUTURE, MAKING CMB ASTRONOMY A VIBRANT AND ESSENTIAL FIELD OF SCIENTIFIC
INQUIRY.

FAQ

Q: WHAT IS THE PRIMARY SIGNIFICANCE OF THE COosMIC MICROWAVE BACKGROUND
(CMB) IN ASTRONOMY?

A: THe CMB IS THE OLDEST LIGHT IN THE UNIVERSE, A REMNANT RADIATION FROM THE BIG BANG. ITS STUDY PROVIDES A DIRECT
WINDOW INTO THE UNIVERSE WHEN IT WAS ONLY ABOUT 380,000 YEARS OLD, ALLOWING US TO UNDERSTAND ITS EARLY
CONDITIONS, COMPOSITION, AND EVOLUTION.

Q: How wAs THe CMB DISCOVERED?

A: THe CMB WAS ACCIDENTALLY DISCOVERED IN 1964 BY ARNO PENZIAS AND ROBERT WILSON, WHO WERE TRYING TO
ELIMINATE PERSISTENT NOISE IN THEIR RADIO ANTENNA. THEY FOUND A UNIFORM MICROWAVE SIGNAL COMING FROM ALL
DIRECTIONS, WHICH WAS LATER IDENTIFIED AS THE AFTERGLOW OF THE BIG BANG.

Q: WHAT IS RECOMBINATION IN THE CONTEXT OF THE CMB?

A: RECOMBINATION IS THE EPOCH IN THE EARLY UNIVERSE, ABOUT 380,000 YEARS AFTER THE BIG BANG, WHEN THE UNIVERSE
COOLED ENOUGH FOR ELECTRONS AND PROTONS TO COMBINE AND FORM NEUTRAL ATOMS. THIS EVENT ALLOWED PHOTONS TO
TRAVEL FREELY, THUS DECOUPLING FROM MATTER.

Q: WHAT ARE ANISOTROPIES IN THE CMB, AND WHY ARE THEY IMPORTANT?

A: ANISOTROPIES ARE TINY TEMPERATURE FLUCTUATIONS IN THE CMB, ABouUT ONE PART IN 100,000. THESE VARIATIONS
REPRESENT DENSITY DIFFERENCES IN THE EARLY UNIVERSE THAT ACTED AS SEEDS FOR THE FORMATION OF GALAXIES AND OTHER
LARGE-SCALE STRUCTURES WE OBSERVE TODAY.

Q: WHICH SPACE MISSIONS HAVE BEEN CRUCIAL FOR CMB RESEARCH?

A: KEY SPACE MISSIONS INCLUDE THE CosMIC BACKGROUND ExpLorer (COBE), THE WILKINSON MICROWAVE ANISOTROPY



Proge (\W/MAP), AND THE PLANCK SATELLITE, WHICH HAVE PROVIDED INCREASINGLY DETAILED MAPS AND MEASUREMENTS OF
THE CMB.

Q: WHAT Does THE CMB TELL US ABOUT THE COMPOSITION OF THE UNIVERSE?

A: CMB OBSERVATIONS HAVE BEEN VITAL IN DETERMINING THAT THE UNIVERSE IS COMPOSED OF ABOUT 5%, ORDINARY MATTER,
27% DARK MATTER, AND 68% DARK ENERGY.

Q: CAN THE CMB HELP US UNDERSTAND THE THEORY OF COSMIC INFLATION?

A: YES, THE NEAR-UNIFORMITY OF THE CMB ON LARGE SCALES AND THE SPECIFIC PATTERN OF ITS ANISOTROPIES ARE STRONG
EVIDENCE SUPPORTING THE THEORY OF COSMIC INFLATION, A PERIOD OF RAPID EXPANSION IN THE VERY EARLY UNIVERSE.

Q: WHAT IS THE ANGULAR POWER SPECTRUM IN CMB ASTRONOMY?

A: THE ANGULAR POWER SPECTRUM IS A STATISTICAL TOOL USED TO ANALYZE THE ANISOTROPIES IN THE CMB. IT PLOTS THE
AMPLITUDE OF TEMPERATURE FLUCTUATIONS AGAINST THEIR ANGULAR SCALE, PROVIDING CRUCIAL INFORMATION ABOUT
COSMOLOGICAL PARAMETERS.

Q: WHAT ARE SOME OF THE ONGOING CHALLENGES OR PUZZLES IN CMB COSMOLOGY?

A: A NOTABLE PUZZLE IS THE “HuBBLE TENSION,” A DISCREPANCY BETWEEN THE EXPANSION RATE OF THE UNIVERSE MEASURED
FROM THE CMB AND FROM LOCAL ASTRONOMICAL OBSERVATIONS. THERE IS ALSO ONGOING RESEARCH INTO SUBTLE DEVIATIONS
FROM STANDARD COSMOLOGICAL MODELS.
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