COSMOLOGICAL REDSHIFT AND REDSHIFT SPACE

CoSMOLOGICAL REDSHIFT AND REDSHIFT SPACE: UNRAVELING THE EXPANDING UNIVERSE

COSMOLOGICAL REDSHIFT AND REDSHIFT SPACE ARE FUNDAMENTAL CONCEPTS IN MODERN COSMOLOGY, PROVIDING US WITH A
POWERFUL LENS THROUGH WHICH TO OBSERVE AND UNDERSTAND THE VASTNESS OF THE UNIVERSE. THESE PHENOMENA ARE NOT
MERELY CURIOSITIES, THEY ARE THE OBSERVATIONAL PILLARS THAT SUPPORT OUR CURRENT UNDERSTANDING OF COSMIC
EXPANSION, THE DISTANCES TO CELESTIAL OBJECTS, AND THE VERY FABRIC OF SPACETIME. BY STUDYING THE LIGHT FROM
DISTANT GALAXIES AND QUASARS, ASTRONOMERS CAN DECODE THE SECRETS OF THEIR MOTION AND THEIR POSITION WITHIN THE
GRAND COSMIC BALLET. THIS ARTICLE WILL DELVE INTO THE INTRICACIES OF COSMOLOGICAL REDSHIFT, ITS RELATIONSHIP TO
THE DOPPLER EFFECT, AND HOW IT ALLOWS US TO MAP THE UNIVERSE IN THREE DIMENSIONS USING REDSHIFT SPACE. WE wiLL
EXPLORE THE IMPLICATIONS OF THIS SPECTRAL SHIFT FOR UNDERSTANDING COSMIC DISTANCES, THE EXPANSION RATE, AND THE
LARGE-SCALE STRUCTURE OF THE COSMOS.
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WHAT IS COSMOLOGICAL REDSHIFT?

COSMOLOGICAL REDSHIFT IS THE PHENOMENON WHERE ELECTROMAGNETIC RADIATION FROM DISTANT ASTRONOMICAL OBJECTS IS
SHIFTED TOWARDS LONGER WAVELENGTHS, MEANING IT APPEARS REDDER THAN IT WOULD IF IT WERE AT REST RELATIVE TO THE
OBSERVER. THIS SHIFT IS NOT DUE TO THE OB_JECTIS MOTION THROUGH SPACE (LIKE THE DOPPLER EFFECT), BUT RATHER DUE TO
THE EXPANSION OF SPACE ITSELF BETWEEN THE SOURCE OF THE LIGHT AND THE OBSERVER. IMAGINE A UNIVERSE WHERE THE VERY
FABRIC OF SPACETIME IS STRETCHING LIKE A RUBBER BAND. AS LIGHT TRAVELS ACROSS THIS EXPANDING FABRIC, ITS

W AVELENGTHS GET STRETCHED ALONG WITH IT, CAUSING THE OBSERVED REDSHIFT.

THIS STRETCHING OF LIGHT IS A DIRECT CONSEQUENCE OF THE EXPANSION OF THE UNIVERSE, A CORNERSTONE OF THE BiG BANG
MODEL. THE FURTHER AWAY AN OBJECT IS, THE MORE SPACE HAS EXPANDED BETWEEN US AND IT SINCE THE LIGHT WAS EMITTED.
CONSEQUENTLY, THE LIGHT FROM MORE DISTANT OBJECTS WILL HAVE EXPERIENCED A GREATER DEGREE OF STRETCHING,
RESULTING IN A LARGER COSMOLOGICAL REDSHIFT. THIS RELATIONSHIP BETWEEN DISTANCE AND REDSHIFT IS A KEY TOOL FOR
ASTRONOMERS TO GAUGE HOW FAR AWAY GALAXIES AND OTHER COSMIC ENTITIES ARE LOCATED.

THEe PHYsIcs BeHIND CoSMOLOGICAL REDSHIFT

AT ITS CORE, COSMOLOGICAL REDSHIFT IS A RELATIVISTIC EFFECT GOVERNED BY THE PRINCIPLES OF GENERAL RELATIVITY. AS
THE UNIVERSE EXPANDS, THE METRIC OF SPACETIME CHANGES OVER TIME. THIS EXPANSION CAUSES THE WAVELENGTHS OF
PHOTONS TRAVELING THROUGH THIS EXPANDING SPACETIME TO INCREASE. IF A PHOTON IS EMITTED WITH A WAVELENGTH
$\LAMBDA_{EMIT}$ AND OBSERVED WITH A WAVELENGTH $\LAMBDA_{OBS}$, THE REDSHIFT, DENOTED BY $2$, IS DEFINED AS:

$z = (\Lamepa_{oBs} - \Lameoa_{emiT}) / \LAMBDA_{EMIT}$

ALTERNATIVELY, THIS CAN BE EXPRESSED IN TERMS OF FREQUENCY: $7 = (F_{emiT} - F_{oes}) / F_{oBs}$, WHERE $F$ IS THE
FREQUENCY. FOR SMALL REDSHIFTS, THE RELATIONSHIP BETWEEN REDSHIFT AND THE EXPANSION FACTOR OF THE UNIVERSE IS
STRAIGHTFORW ARD. |F THE UNIVERSE HAS EXPANDED BY A FACTOR OF $( 1+2)$ SINCE THE LIGHT WAS EMITTED, THEN THE
OBSERVED WAVELENGTH IS $(1+2)$ TIMES THE EMITTED WAVELENGTH.



THIS STRETCHING OF LIGHT IS OFTEN VISUALIZED USING THE ANALOGY OF DOTS ON AN INFLATING BALLOON. AS THE BALLOON
INFLATES, THE DOTS MOVE FURTHER APART, AND ANY WAVE DRAWN ON THE SURFACE OF THE BALLOON WOULD ALSO STRETCH.
SIMILARLY, LIGHT WAVES TRAVELING THROUGH EXPANDING SPACE ARE STRETCHED.

DISTINGUISHING COSMOLOGICAL REDSHIFT FROM OTHER REDSHIFTS

[T IS CRUCIAL TO DIFFERENTIATE COSMOLOGICAL REDSHIFT FROM OTHER FORMS OF REDSHIFT THAT ASTRONOMERS ENCOUNTER.
THE MOST COMMON IS THE DOPPLER REDSHIFT, WHICH OCCURS WHEN AN OBJECT IS MOVING TOWARDS OR AWAY FROM THE
OBSERVER THROUGH STATIC SPACE. |F AN OBJECT IS MOVING AWAY , ITS LIGHT IS REDSHIFTED, IF IT'S MOVING TOWARDS Us, ITS
LIGHT IS BLUESHIFTED. THIS IS THE SAME PRINCIPLE THAT CAUSES THE PITCH OF A SIREN TO CHANGE AS AN AMBULANCE
APPROACHES AND THEN RECEDES.

ANOTHER TYPE IS GRAVITATIONAL REDSHIFT, PREDICTED BY EINSTEIN'S THEORY OF GENERAL RELATIVITY. LIGHT LOSES ENERGY
(AND THUS IS REDSHIFTED) AS IT CLIMBS OUT OF A STRONG GRAVITATIONAL POTENTIAL WELL. HO\X/EVER, COSMOLOGICAL
REDSHIFT IS DISTINCT BECAUSE IT ARISES FROM THE EXPANSION OF SPACE ITSELF, NOT FROM THE MOTION OF THE SOURCE OR
GRAVITATIONAL EFFECTS WITHIN A LOCAL REGION OF SPACETIME.

W/HILE DOPPLER AND GRAVITATIONAL REDSHIFTS ARE SIGNIFICANT IN ASTROPHYSICS, COSMOLOGICAL REDSHIFT DOMINATES THE
OBSERVED SPECTRA OF DISTANT GALAXIES. THE VAST MAJORITY OF THE REDSHIFT OBSERVED FROM EXTRAGALACTIC OBJECTS IS
ATTRIBUTED TO THE EXPANSION OF THE UNIVERSE, MAKING IT THE PRIMARY INDICATOR OF THEIR DISTANCE AND THE HISTORY OF

COSMIC EXPANSION.

ReDSHIFT SPACE: MAPPING THE UNIVERSE

REDSHIFT SPACE IS A CONCEPTUAL THREE-DIMENSIONAL SPACE WHERE THE POSITION OF AN ASTRONOMICAL OBJECT IS
DETERMINED BY ITS CELESTIAL COORDINATES (RIGHT ASCENSION AND DECLINATION, DEFINING ITS DIRECTION) AND ITS REDSHIFT,
WHICH IS USED AS A PROXY FOR ITS DISTANCE. IN THIS MAPPING, WE PLOT GALAXIES NOT BY THEIR TRUE DISTANCES, BUT BY
THE DISTANCES INFERRED FROM THEIR MEASURED REDSHIFTS. THIS CREATES A “REDSHIFT-SPACE” REPRESENTATION OF THE
UNIVERSE, ALLOWING ASTRONOMERS TO VISUALIZE THE DISTRIBUTION OF MATTER ON LARGE SCALES.

THE CONCEPT IS ELEGANTLY SIMPLE: IF REDSHIFT WERE SOLELY A PERFECT INDICATOR OF DISTANCE DUE TO COSMIC EXPANSION,
THEN PLOTTING GALAXIES BY THEIR REDSHIFTS WOULD DIRECTLY REVEAL THEIR THREE-DIMENSIONAL ARRANGEMENT. IMAGINE A
RADAR SCREEN WHERE THE SIGNAL'S TRAVEL TIME INDICATES DISTANCE; REDSHIFT SPACE IS A COSMIC EQUIVALENT, USING THE
“TRAVEL TIME” OF LIGHT (REPRESENTED BY ITS REDSHIFT) TO INFER DISTANCE.

THIS TECHNIQUE HAS BEEN INSTRUMENTAL IN MAPPING THE LARGE-SCALE STRUCTURE OF THE UNIVERSE, REVEALING INTRICATE
COSMIC WEBS OF GALAXY CLUSTERS AND FILAMENTS SEPARATED BY VAST VOIDS. THESE STRUCTURES ARE OFTEN REFERRED TO
AS THE “cosMIC \X/EB,” AND REDSHIFT SURVEYS ARE OUR PRIMARY TOOL FOR CHARTING ITS INTRICATE PATTERNS.

PECULIAR VELOCITIES AND REDSHIFT SPACE DISTORTIONS

W/HILE COSMOLOGICAL REDSHIFT IS PRIMARILY DRIVEN BY COSMIC EXPANSION, GALAXIES ALSO POSSESS THEIR OWN INDIVIDUAL
MOTIONS THROUGH SPACE, KNOWN AS PECULIAR VELOCITIES. THESE PECULIAR VELOCITIES ARISE FROM THE GRAVITATIONAL
PULL OF NEARBY MATTER AND CAN CAUSE A GALAXY'S OBSERVED REDSHIFT TO BE SLIGHTLY DIFFERENT FROM WHAT WOULD BE
EXPECTED BASED ON COSMIC EXPANSION ALONE. [F A GALAXY IS MOVING TOWARDS US DUE TO GRAVITY, ITS OBSERVED
REDSHIFT WILL BE SLIGHTLY SMALLER THAN EXPECTED (BLUESHIFTED COMPONENT ADDED TO COSMOLOGICAL REDSHIFT), AND IF
IT'S MOVING AWAY, ITS REDSHIFT WILL BE SLIGHTLY LARGER (REDSHIFTED COMPONENT ADDED).



THESE PECULIAR VELOCITIES, WHEN PLOTTED IN REDSHIFT SPACE, INTRODUCE DISTORTIONS. For INSTANCE, GALAXIES WITHIN A
CLUSTER THAT ARE MOVING TOWARDS OR AWAY FROM US WILL APPEAR TO BE AT DIFFERENT DISTANCES IN REDSHIFT SPACE
THAN THEY TRULY ARE. THIS CAN LEAD TO A FLATTENING OR STRETCHING OF STRUCTURES IN REDSHIFT SPACE, A PHENOMENON
KNOWN AS REDSHIFT-SPACE DISTORTIONS (RSD) STUDYING THESE DISTORTIONS PROVIDES VALUABLE INFORMATION NOT ONLY
ABOUT THE PECULIAR VELOCITIES THEMSELVES BUT ALSO ABOUT THE UNDERLYING DISTRIBUTION OF MATTER AND THE
GRAVITATIONAL DYNAMICS OF GALAXY CLUSTERS AND FILAMENTS.

(UNDERSTANDING AND ACCOUNTING FOR PECULIAR VELOCITIES IS CRUCIAL FOR ACCURATELY MAPPING THE UNIVERSE AND FOR
USING REDSHIFT SURVEYS TO PROBE FUNDAMENTAL COSMOLOGICAL PARAMETERS, SUCH AS THE DENSITY OF MATTER AND THE
GROWTH RATE OF COSMIC STRUCTURES. THE SUBTLE DEVIATIONS CAUSED BY PECULIAR MOTIONS REVEAL THE COMPLEX
INTERPLAY BETWEEN COSMIC EXPANSION AND LOCAL GRAVITATIONAL FORCES.

APPLICATIONS OF REDSHIFT MEASUREMENTS

THE MEASUREMENT OF COSMOLOGICAL REDSHIFT HAS REVOLUTIONIZED OUR UNDERSTANDING OF THE COSMOS, WITH NUMEROUS
APPLICATIONS IN ASTROPHYSICAL RESEARCH. ONE OF THE MOST FUNDAMENTAL IS THE DETERMINATION OF DISTANCES TO
EXTRAGALACTIC OBJECTS. BY ASSUMING A COSMOLOGICAL MODEL, ASTRONOMERS CAN CONVERT A MEASURED REDSHIFT INTO
AN ESTIMATE OF DISTANCE.

FURTHERMOREI REDSHIFT MEASUREMENTS ARE ESSENTIAL FOR:

STUDYING THE EXPANSION RATE OF THE UNIVERSE (HUBBLE CONSTANT).

® |INVESTIGATING THE EVOLUTION OF GALAXIES OVER COSMIC TIME.

® MAPPING THE LARGE-SCALE STRUCTURE OF THE UNIVERSE AND THE COSMIC WEB.

® PROBING DARK MATTER AND DARK ENERGY THROUGH THEIR EFFECTS ON COSMIC EXPANSION AND STRUCTURE FORMATION.
® |[DENTIFYING AND CHARACTERIZING GALAXY CLUSTERS AND SUPERCLUSTERS.

® TESTING COSMOLOGICAL MODELS AND SEARCHING FOR DEVIATIONS FROM THE STANDARD L AMBDA-CDM MODEL.

THE ABILITY TO MEASURE REDSHIFTS FOR MILLIONS OF GALAXIES HAS ENABLED THE CREATION OF COMPREHENSIVE 3D MAPS OF
THE UNIVERSE, REVEALING PATTERNS AND STRUCTURES THAT WERE PREVIOUSLY UNIMAGINABLE. THESE MAPS ARE CRUCIAL FOR
UNDERSTANDING HOW THE UNIVERSE EVOLVED FROM ITS EARLY, MORE UNIFORM STATE TO THE COMPLEX STRUCTURE WE
OBSERVE TODAY.

THe FUTURE OF REDSHIFT STUDIES

THE ONGOING QUEST TO UNDERSTAND THE UNIVERSE CONTINUES TO PUSH THE BOUNDARIES OF REDSHIFT MEASUREMENT. FUTURE
ASTRONOMICAL SURVEYS, UTILIZING NEXT~-GENERATION TELESCOPES AND INSTRUMENTS, ARE DESIGNED TO MEASURE REDSHIFTS
FOR BILLIONS OF OBJECTS WITH UNPRECEDENTED PRECISION. THESE SURVEYS WILL AIM TO MAP THE UNIVERSE WITH EVEN
GREATER DETAIL, PUSHING TO HIGHER REDSHIFTS TO PROBE EARLIER EPOCHS OF COSMIC HISTORY.

NEW TECHNOLOGIES AND TECHNIQUES ARE CONSTANTLY BEING DEVELOPED TO IMPROVE THE EFFICIENCY AND ACCURACY OF
REDSHIFT MEASUREMENTS, INCLUDING THE USE OF SPECIALIZED SPECTROGRAPHS AND ADVANCED DATA ANALYSIS ALGORITHMS.
THE GOAL IS TO GAIN A MORE PROFOUND UNDERSTANDING OF COSMIC EXPANSION, THE NATURE OF DARK ENERGY, AND THE
FUNDAMENTAL LAWS GOVERNING THE COSMOS. THE JOURNEY OF UNRAVELING THE UNIVERSE'S SECRETS THROUGH THE LENS OF
REDSHIFT IS FAR FROM OVER; INDEED, IT IS JUST BEGINNING TO REACH ITS FULL POTENTIAL.



THE STUDY OF COSMOLOGICAL REDSHIFT AND REDSHIFT SPACE CONTINUES TO BE A VIBRANT AND DYNAMIC FIELD, CONSTANTLY
REVEALING NEW INSIGHTS INTO THE NATURE OF OUR UNIVERSE. AS OUR OBSERVATIONAL CAPABILITIES GROW, SO TOO DOES
OUR ABILITY TO INTERPRET THE LIGHT FROM DISTANT GALAXIES, UNLOCKING MORE PROFOUND TRUTHS ABOUT COSMIC HISTORY
AND EVOLUTION.

FAQ

QI \WHAT IS THE PRIMARY CAUSE OF COSMOLOGICAL REDSHIFT?

A: THE PRIMARY CAUSE OF COSMOLOGICAL REDSHIFT IS THE EXPANSION OF SPACE ITSELF. AS LIGHT TRAVELS FROM A DISTANT
SOURCE TO AN OBSERVER, THE SPACE BETWEEN THEM STRETCHES, CAUSING THE WAVELENGTHS OF THE LIGHT TO LENGTHEN AND
SHIFT TOWARDS THE RED END OF THE SPECTRUM.

QZ How 1S COSMOLOGICAL REDSHIFT DIFFERENT FROM DOPPLER REDSHIFT?

A: DOPPLER REDSHIFT IS CAUSED BY THE MOTION OF AN OBJECT THROUGH SPACE RELATIVE TO AN OBSERVER. COSMOLOGICAL
REDSHIFT, ON THE OTHER HAND, IS CAUSED BY THE EXPANSION OF SPACETIME ITSELF BETWEEN THE SOURCE AND THE OBSERVER,
INDEPENDENT OF THE SOURCE'S MOTION THROUGH SPACE.

QZ \WHAT IS REDSHIFT SPACE, AND WHY IS IT USEFUL?

A: REDSHIFT SPACE IS A CONCEPTUAL THREE-DIMENSIONAL MAP \WHERE THE DISTANCE TO AN OBJECT IS INFERRED FROM ITS
MEASURED REDSHIFT. |T IS USEFUL BECAUSE IT ALLOWS ASTRONOMERS TO VISUALIZE AND STUDY THE LARGE-SCALE
DISTRIBUTION OF GALAXIES AND THE COSMIC WEB, PROVIDING INSIGHTS INTO THE STRUCTURE AND EVOLUTION OF THE UNIVERSE.

Q: WHAT ARE PECULIAR VELOCITIES, AND HOW DO THEY AFFECT REDSHIFT SPACE
MEASUREMENTS?

A: PECULIAR VELOCITIES ARE THE ACTUAL MOTIONS OF GALAXIES THROUGH SPACE, DRIVEN BY GRAVITATIONAL FORCES. THESE
VELOCITIES CAN CAUSE DEVIATIONS FROM THE REDSHIFT EXPECTED DUE TO COSMIC EXPANSION ALONE, LEADING TO
DISTORTIONS IN REDSHIFT SPACE MAPS, SUCH AS THE FLATTENING OF STRUCTURES.

QI CAN COSMOLOGICAL REDSHIFT BE USED TO DETERMINE THE AGE OF THE UNIVERSE?

A: YES/ BY MEASURING THE REDSHIFTS OF DISTANT OBJECTS AND UNDERSTANDING THE RATE OF COSMIC EXPANSION (THE HuesLE
CONSTANT)I ASTRONOMERS CAN INFER THE TIME ELAPSED SINCE THE LIGHT WAS EMITTED, THUS HELPING TO ESTIMATE THE AGE
OF THE UNIVERSE.

Q: WHAT ARE SOME OF THE KEY APPLICATIONS OF MEASURING COSMOLOGICAL
REDSHIFT?

A: KEY APPLICATIONS INCLUDE DETERMINING DISTANCES TO GALAXIES, MAPPING THE LARGE-SCALE STRUCTURE OF THE UNIVERSE
STUDYING COSMIC EXPANSION, INVESTIGATING THE NATURE OF DARK MATTER AND DARK ENERGY, AND TESTING COSMOLOGICAL
MODELS.

’

Q: How DO ASTRONOMERS MEASURE REDSHIFT?

A: ASTRONOMERS MEASURE REDSHIFT BY ANALYZING THE SPECTRUM OF LIGHT FROM A CELESTIAL OBJECT. THEY LOOK FOR



SPECIFIC PATTERNS OF ABSORPTION OR EMISSION LINES, WHICH CORRESPOND TO KNOWN ELEMENTS. BY COMPARING THE
OBSERVED WAVELENGTHS OF THESE LINES TO THEIR KNOWN LABORATORY WAVELENGTHS, THEY CAN CALCULATE THE SHIFT AND
THUS THE REDSHIFT.
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