COSMOLOGICAL REDSHIFT REDSHIFT CONCEPT

UNVEILING THE CosMIC ReDSHIFT: UNDERSTANDING THE EXPANDING UNIVERSE

COSMOLOGICAL REDSHIFT REDSHIFT CONCEPT IS A FUNDAMENTAL PILLAR OF MODERN COSMOLOGY , OFFERING PROFOUND INSIGHTS
INTO THE DYNAMIC NATURE OF OUR UNIVERSE. THIS PHENOMENON, OBSERVED AS A STRETCHING OF LIGHT FROM DISTANT
GALAXIES, ISNITJUST A CURIOUS ASTRONOMICAL EFFECT, IT'S A DIRECT CONSEQUENCE OF THE UNIVERSE'S EXPANSION,
PROVIDING COMPELLING EVIDENCE FOR THE BIG BANG THEORY AND ALLOWING US TO PROBE THE VASTNESS OF SPACETIME.
UNDERST ANDING COSMOLOGICAL REDSHIFT INVOLVES DELVING INTO THE PHYSICS OF LIGHT, THE GEOMETRY OF THE UNIVERSE,
AND THE VERY FABRIC OF REALITY AS WE KNOW IT. WE'LL EXPLORE ITS ORIGINS, HOW IT's MEASURED, AND THE CRITICAL ROLE
IT PLAYS IN OUR COSMIC NARRATIVE, FROM DETERMINING DISTANCES TO UNRAVELING THE UNIVERSE'S PAST.
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WHAT IS ReDSHIFT? THE BASIC PHENOMENON

AT ITS CORE, REDSHIFT REFERS TO THE STRETCHING OF LIGHT WAVES TOWARDS LONGER, REDDER W AVELENGTHS. IMAGINE A
SOUND WAVE; WHEN THE SOURCE OF THE SOUND MOVES AWAY FROM YOU, THE PITCH DROPS, AND THE WAVES STRETCH OUT.
THIS IS THE DOPPLER EFFECT APPLIED TO SOUND. LIGHT, BEING A WAVE TOO, EXHIBITS A SIMILAR BEHAVIOR. W/HEN A LIGHT
SOURCE MOVES AWAY FROM AN OBSERVER, ITS EMITTED LIGHT WAVES GET STRETCHED, SHIFTING THEIR OBSERVED COLOR
TOWARDS THE RED END OF THE ELECTROMAGNETIC SPECTRUM. CONVERSELY, IF A LIGHT SOURCE MOVES TOWARDS AN
OBSERVER, THE LIGHT WAVES ARE COMPRESSED, SHIFTING THEM TOW ARDS THE BLUE END OF THE SPECTRUM — A PHENOMENON
KNOWN AS BLUESHIFT. THIS FUNDAMENTAL PRINCIPLE IS THE STARTING POINT FOR UNDERSTANDING ANY FORM OF REDSHIFT.

THIS STRETCHING OF LIGHT ISN'T MERELY A THEORETICAL CONCEPT, IT'S A DIRECTLY OBSERVABLE PHENOMENON. ASTRONOMERS
USE SOPHISTICATED INSTRUMENTS TO ANALYZE THE LIGHT COMING FROM CELESTIAL OBJECTS, AND OFTEN, THE CHARACTERISTIC
PATTERNS WITHIN THIS LIGHT, KNOWN AS SPECTRAL LINES, ARE FOUND TO BE SHIFTED. THESE SPECTRAL LINES ACT LIKE UNIQUE
FINGERPRINTS FOR DIFFERENT ELEMENTS, ALLOWING US TO IDENTIFY WHAT AN OBJECT IS MADE OF AND, CRUCIALLY, HOW ITS
LIGHT HAS BEEN AFFECTED BY ITS JOURNEY THROUGH SPACE.

DISTINGUISHING COSMOLOGICAL REDSHIFT: BEYOND DOPPLER

W/ HILE THE DOPPLER EFFECT BEAUTIFULLY EXPLAINS REDSHIFT DUE TO RELATIVE MOTION THROUGH SPACE, COSMOLOGICAL
REDSHIFT IS FUNDAMENTALLY DIFFERENT AND FAR MORE PROFOUND. THE DOPPLER EFFECT IS ABOUT OBJECTS MOVING WITHIN
sPACE. COSMOLOGICAL REDSHIFT, ON THE OTHER HAND, IS A CONSEQUENCE OF THE EXPANSION OF SPACE ITSELF. W/HEN WE
OBSERVE REDSHIFT FROM DISTANT GALAXIES, IT'S NOT BECAUSE THEY ARE ALL ZOOMING AWAY FROM US THROUGH STATIC
SPACE AT INCREDIBLE SPEEDS. |NSTEAD, THE VERY FABRIC OF SPACETIME BETWEEN US AND THOSE GALAXIES IS STRETCHING,
CARRYING THE GALAXIES ALONG WITH IT.

THINK OF IT LIKE DOTS PAINTED ON THE SURFACE OF A BALLOON. AS YOU INFLATE THE BALLOON, THE DOTS MOVE FURTHER
APART FROM EACH OTHER, NOT BECAUSE THEY ARE CRAWLING ACROSS THE RUBBER, BUT BECAUSE THE RUBBER ITSELF IS



EXPANDING. SIMILARLY, AS THE UNIVERSE EXPANDS, THE WAVELENGTHS OF LIGHT TRAVELING THROUGH THIS EXPANDING SPACE
ARE STRETCHED. THIS IS A CRUCIAL DISTINCTION: IT'S THE SPACE THE LIGHT TRAVELS THROUGH THAT IS STRETCHING, NOT JUST
THE SOURCE MOVING THROUGH SPACE.

THIS EXPANSION-DRIVEN REDSHIFT MEANS THAT THE FURTHER AWAY A GALAXY IS, THE MORE INTERVENING SPACE THERE IS TO
EXPAND, AND THUS, THE GREATER THE REDSHIFT \WE OBSERVE. THIS RELATIONSHIP IS A CORNERSTONE OF OUR UNDERSTANDING
OF THE UNIVERSE'S LARGE-SCALE STRUCTURE AND EVOLUTION.

THE PHYsIcs BeHIND CoSMOLOGICAL REDSHIFT

THE PHYSICS UNDERPINNING COSMOLOGICAL REDSHIFT IS ROOTED IN EINSTEIN'S THEORY OF GENERAL RELATIVITY, WHICH
DESCRIBES GRAVITY NOT AS A FORCE, BUT AS A CURVATURE OF SPACETIME CAUSED BY MASS AND ENERGY. THE FRIEDMANN
EQUATIONS, DERIVED FROM GENERAL RELATIVITY, DESCRIBE THE DYNAMICS OF A HOMOGENEOUS AND ISOTROPIC UNIVERSE,
MEANING IT LOOKS ROUGHLY THE SAME IN ALL DIRECTIONS AND AT ALL POINTS ON LARGE SCALES. THESE EQUATIONS PREDICT
THAT SUCH A UNIVERSE MUST EITHER BE EXPANDING OR CONTRACTING.

\WHEN LIGHT IS EMITTED FROM A DISTANT GALAXY, IT TRAVELS THROUGH THIS EXPANDING SPACETIME. AS THE UNIVERSE
EXPANDS, THE WAVELENGTH OF THE LIGHT PHOTON IS STRETCHED PROPORTIONALLY TO THE EXPANSION FACTOR OF THE
UNIVERSE DURING ITS JOURNEY. |F A PHOTON IS EMITTED WITH WAVELENGTH $\LAMBDA_{EMITTED}$ AND OBSERVED WITH
WAVELENGTH $\LAMBDA_{OBSERVED}$, THE REDSHIFT ($2$) CAN BE DEFINED AS:

$z = (\LamMeDA_{oBSErVED} - \LAMBDA_{EMITTED}) / \LAMBDA_{EMITTED}$

THIS FORMULA IMPLIES THAT THE OBSERVED WAVELENGTH IS LONGER THAN THE EMITTED WAVELENGTH, HENCE THE “RED” SHIFT.
THE SCALE FACTOR OF THE UNIVERSE, DENOTED BY $A$, RELATES THE WAVELENGTH OF LIGHT OBSERVED TODAY TO ITS
WAVELENGTH AT THE TIME OF EMISSION: $\LaMBDA {oBservED} = \LAMBDA_{emiTTED} \TIMES A_{UNIVERSE\ Now} /
A_{EMiSSION\_TIME}$. THEREFORE, REDSHIFT IS DIRECTLY RELATED TO THE RATIO OF THE UNIVERSE'S SCALE FACTOR AT
DIFFERENT EPOCHS.

THE CONTINUOUS STRETCHING OF SPACETIME MEANS THAT A PHOTON THAT STARTED ITS JOURNEY WITH A CERTAIN
WAVELENGTH WILL ARRIVE WITH A LONGER WAVELENGTH DUE TO THE EXPANSION THAT OCCURRED WHILE IT WAS EN ROUTE.
THIS EFFECT IS CUMULATIVE, MEANING THE LONGER THE LIGHT TRAVELS, THE MORE SPACE HAS EXPANDED, AND THE GREATER THE
REDSHIFT.

MEASURING COSMOLOGICAL REDSHIFT: SPECTROSCOPIC EVIDENCE

THE MEASUREMENT OF COSMOLOGICAL REDSHIFT RELIES HEAVILY ON SPECTROSCOPY, THE TECHNIQUE OF ANALYZING THE
SPECTRUM OF LIGHT EMITTED OR ABSORBED BY CELESTIAL OBJECTS. EVERY ELEMENT IN THE UNIVERSE HAS A UNIQUE SPECTRAL
FINGERPRINT — A SET OF CHARACTERISTIC BRIGHT OR DARK LINES THAT APPEAR AT SPECIFIC WAVELENGTHS. THESE LINES ARE
FORMED WHEN ELECTRONS IN ATOMS ABSORB OR EMIT PHOTONS OF PARTICULAR ENERGIES (AND THUS, PARTICULAR
WAVELENGTHS).

W/HEN ASTRONOMERS OBSERVE LIGHT FROM A DISTANT GALAXY, THEY PASS IT THROUGH A SPECTROGRAPH. THIS INSTRUMENT
DISPERSES THE LIGHT INTO ITS CONSTITUENT WAVELENGTHS, MUCH LIKE A PRISM SEPARATES WHITE LIGHT INTO A RAINBOW.
THEY THEN LOOK FOR THE FAMILIAR PATTERNS OF SPECTRAL LINES CORRESPONDING TO KNOWN ELEMENTS, SUCH AS HYDROGEN
OR HELIUM. THE KEY OBSERVATION IS THAT THESE PATTERNS ARE ALMOST ALWAYS SHIFTED TOW ARDS LONGER WAVELENGTHS
COMPARED TO THEIR COUNTERPARTS MEASURED FROM SOURCES ON EARTH.

FOR INSTANCE, THE PROMINENT HYDROGEN-ALPHA (H-ALPHA) EMISSION LINE, WHICH TYPICALLY APPEARS AT A WAVELENGTH OF
ABOUT 656.3 NANOMETERS, MIGHT BE OBSERVED FROM A DISTANT GALAXY AT 756.3 NANOMETERS OR EVEN LONGER. THE
DIFFERENCE BETWEEN THESE TWO WAVELENGTHS ALLOWS ASTRONOMERS TO CALCULATE THE REDSHIFT USING THE FORMULA
MENTIONED EARLIER. THE LARGER THE SHIFT, THE GREATER THE REDSHIFT, AND THE FURTHER AWAY AND EARLIER IN THE



UNIVERSE'S HISTORY THE OBJECT IS.

THIS SPECTROSCOPIC METHOD IS INCREDIBLY PRECISE AND HAS BEEN VALIDATED BY COUNTLESS OBSERVATIONS ACROSS THE
ELECTROMAGNETIC SPECTRUM, FROM RADIO WAVES TO X‘RAYS, CONFIRMING THE UNIVERSAL NATURE OF THIS LIGHT-
STRETCHING PHENOMENON.

INTERPRETING REDSHIFT: THE HusBLE-LEMAP] TRE LAW

THE GROUNDBREAKING DISCOVERY THAT LINKS REDSHIFT TO DISTANCE WAS MADE INDEPENDENTLY BY VESTO SLIPHER, GEORGES
|_EMA TRE, AND EpwIN HUBBLE. WHILE SLIPHER FIRST OBSERVED THAT MOST NEBULAE (NO\X/ KNOWN TO BE GALAXIES)
EXHIBITED REDSHIFTS, INDICATING THEY WERE MOVING AWAY FROM US, IT WAS |_EMA TRE WHO FIRST PROPOSED A
THEORETICAL EXPLANATION BASED ON GENERAL RELATIVITY AND THE EXPANDING UNIVERSE. EDWIN HUBBLE, THROUGH
METICULOUS OBSERVATIONS AND MEASUREMENTS, THEN EMPIRICALLY DEMONSTRATED A CLEAR RELATIONSHIP BETWEEN A
GALAXY'S REDSHIFT AND ITS DISTANCE:

® THE GREATER THE REDSHIFT OF A GALAXY, THE FURTHER AWAY IT IS.

® THIS RELATIONSHIP IS APPROXIMATELY LINEAR FOR RELATIVELY NEARBY GALAXIES.

THIS RELATIONSHIP IS FAMOUSLY KNOWN AS THE HussLE-LEMAPP] TRE LAW. |T CAN BE EXPRESSED AS:
$v=H_0O %

WHERE $V$ IS THE RECESSIONAL VELOCITY OF THE GALAXY, $D$ IS ITS DISTANCE, AND $H_ 0% IS THE HUBBLE CONSTANT. FOR
COSMOLOGICAL REDSHIFT, VELOCITY IS DIRECTLY RELATED TO REDSHIFT. FOR SMALL REDSHIFTS ($2 \LL 1$), THE RECESSIONAL
VELOCITY IS APPROXIMATELY $V \APPROX Cz$, WHERE $C$ IS THE SPEED OF LIGHT. THEREFORE, THE HUBBLE-LEMA[] TRE LAW
CAN ALSO BE WRITTEN IN TERMS OF REDSHIFT:

$z \approx (H_0O / c) 0%

THe HuseLE CONSTANT ($H_0%$) REPRESENTS THE RATE AT WHICH THE UNIVERSE IS EXPANDING TODAY. |TS PRECISE VALUE
HAS BEEN A SUBJECT OF INTENSE RESEARCH AND DEBATE, WITH CURRENT MEASUREMENTS INDICATING A VALUE AROUND 70
KILOMETERS PER SECOND PER MEGAPARSEC. THIS MEANS THAT FOR EVERY MEGAPARSEC (ABOUT 3.26 MILLION LIGHT-YEARS)
FURTHER AWAY A GALAXY IS, IT RECEDES FROM US ABOUT 70 KILOMETERS PER SECOND FASTER DUE TO THE EXPANSION OF
SPACE.

THE HUBBLE‘LEMA TRE LAW IS A MONUMENTAL ACHIEVEMENT IN ASTRONOMY, PROVIDING A FUNDAMENTAL TOOL FOR
MEASURING COSMIC DISTANCES AND UNDERSTANDING THE SCALE OF THE UNIVERSE.

CosmoLoGIcAL RebsHIFT AND CosMic DISTANCES

THE HUBBLE‘LEMA TRE LAW TRANSFORMS COSMOLOGICAL REDSHIFT FROM A MERE INDICATOR OF RECESSION INTO A POWERFUL
COSMIC DISTANCE LADDER. BY MEASURING THE REDSHIFT OF A DISTANT GALAXY, ASTRONOMERS CAN INFER ITS RECESSIONAL
VELOCITY. ARMED WITH THE HUBBLE CONSTANT, THIS VELOCITY CAN THEN BE CONVERTED INTO AN ESTIMATED DISTANCE. THiS
IS CRUCIAL BECAUSE DIRECTLY MEASURING DISTANCES TO VERY FAR-OFF OBJECTS IS INCREDIBLY CHALLENGING.

|N|TIALLY, ASTRONOMERS USED PARALLAX TO MEASURE DISTANCES TO NEARBY STARS. THEN CAME STANDARD CANDLES, LIKE
CEPHEID VARIABLE STARS AND TYPE |A SUPERNOVAE, WHOSE INTRINSIC LUMINOSITIES ARE KNOWN. THESE ALLOWED FOR
DISTANCE MEASUREMENTS TO GALAXIES WITHIN OUR LOCAL GROUP AND BEYOND. HO\X/EVER, FOR OBJECTS AT VAST COSMIC
SCALES, REDSHIFT BECOMES THE PRIMARY, AND OFTEN ONLY, RELIABLE METHOD FOR ESTIMATING DISTANCE.

IT'S IMPORTANT TO NOTE THAT THE HUBBLE‘LEMA TRE LAW IS AN APPROXIMATION THAT HOLDS WELL FOR RELATIVELY LOW



REDSHIFTS (NEARBY UNIVERSE). FOR VERY DISTANT OBJECTS, WHERE THE UNIVERSE'S EXPANSION RATE HAS CHANGED
SIGNIFICANTLY OVER TIME, MORE COMPLEX COSMOLOGICAL MODELS ARE NEEDED TO ACCURATELY CONVERT REDSHIFT TO
DISTANCE. THESE MODELS ACCOUNT FOR THE UNIVERSE'S EXPANSION HISTORY, INCLUDING PERIODS OF ACCELERATION AND
DECELERATION.

DESPITE THESE COMPLEXITIES, THE RELATIONSHIP BETWEEN REDSHIFT AND DISTANCE REMAINS THE BEDROCK OF EXTRAGALACTIC
ASTRONOMY, ALLOWING US TO MAP THE COSMOS AND STUDY ITS STRUCTURE ON THE GRANDEST SCALES.

REDSHIFT AND THE AGE OF THE UNIVERSE

THE REDSHIFT OF LIGHT FROM DISTANT GALAXIES PROVIDES A DIRECT WINDOW INTO THE UNIVERSE'S PAST. BECAUSE LIGHT
TRAVELS AT A FINITE SPEED, WHEN WE OBSERVE LIGHT FROM AN OBJECT MILLIONS OR BILLIONS OF LIGHT-YEARS AWAY, WE ARE
SEEING THAT OBJECT AS IT WAS MILLIONS OR BILLIONS OF YEARS AGO. A GALAXY WITH A HIGH REDSHIFT IMPLIES THAT ITS
LIGHT HAS TRAVELED FOR A VERY LONG TIME, ORIGINATING FROM A PERIOD MUCH EARLIER IN THE UNIVERSE'S HISTORY.

THE REDSHIFT DIRECTLY CORRELATES WITH THE AGE OF THE UNIVERSE AT THE TIME THE LIGHT WAS EMITTED. A REDSHIFT OF
$z=1 $, FOR EXAMPLE, MEANS THAT THE UNIVERSE WAS ABOUT HALF ITS CURRENT SIZE WHEN THE LIGHT WAS EMITTED. THE
LIGHT HAS BEEN TRAVELING FOR APPROXIMATELY 7.7 BILLION YEARS TO REACH US, AND WE ARE OBSERVING THE GALAXY AS IT
WAS WHEN THE UNIVERSE WAS ABOUT 6 BILLION YEARS OLD (ASSUMING A UNIVERSE AGE OF ABOUT 13.8 BILLION YEARS).

BY STUDYING THE REDSHIFTS OF GALAXIES AND THE OBJECTS WITHIN THEM, ASTRONOMERS CAN PIECE TOGETHER A COSMIC
TIMELINE. THEY CAN OBSERVE HOW GALAXIES FORMED AND EVOLVED, HOW THE DISTRIBUTION OF MATTER CHANGED, AND HOW
THE EXPANSION RATE OF THE UNIVERSE HAS VARIED OVER COSMIC EPOCHS. THIS MAKES REDSHIFT A POWERFUL TOOL FOR
UNDERSTANDING THE UNIVERSE'S EVOLUTIONARY STORY, FROM ITS INFANCY TO ITS PRESENT STATE.

IMPLICATIONS oF CosMoLOGICAL ReDSHIFT FOR CosMOLOGY

THE IMPLICATIONS OF COSMOLOGICAL REDSHIFT FOR COSMOLOGY ARE NOTHING SHORT OF REVOLUTIONARY. |TS DISCOVERY
PROVIDED THE FIRST ROBUST OBSERVATIONAL EVIDENCE FOR THE EXPANDING UNIVERSE, A PREDICTION OF ALBERT EINSTEIN'S
GENERAL RELATIVITY. THIS EXPANSION IS THE FOUNDATION OF THE BIG BANG THEORY, THE PREVAILING COSMOLOGICAL MODEL
THAT DESCRIBES THE ORIGIN AND EVOLUTION OF THE UNIVERSE.

* EVIDENCE FOR THE BIG BANG: THE UBIQUITOUS REDSHIFT OF DISTANT GALAXIES STRONGLY SUGGESTS THAT THE
UNIVERSE WAS ONCE MUCH SMALLER AND DENSER, AND HAS BEEN EXPANDING EVER SINCE.

o CosMic DISTANCE MEASUREMENT: AS DISCUSSED, REDSHIFT IS THE PRIMARY TOOL FOR ESTIMATING DISTANCES TO
EXTRAGALACTIC OBJECTS, ENABLING THE CREATION OF 3D MAPS OF THE UNIVERSE.

o UNDERSTANDING COSMIC STRUCTURE: BY ANALYZING THE DISTRIBUTION OF GALAXIES AND THEIR REDSHIFTS,
COSMOLOGISTS CAN STUDY THE FORMATION AND EVOLUTION OF LARGE-SCALE STRUCTURES LIKE GALAXY CLUSTERS
AND FILAMENTS.

¢ PROBING DARK ENERGY: THE OBSERVED ACCELERATION OF THE UNIVERSE'S EXPANSION, INFERRED FROM THE REDSHIFTS OF
DISTANT SUPERNOVAE, LED TO THE CONCEPT OF DARK ENERGY, A MYSTERIOUS FORCE DRIVING THIS ACCELERATION.

® STUDYING EARLY UNIVERSE: HIGH-REDSHIFT OBJECTS, SUCH AS THE FIRST GALAXIES, OFFER GLIMPSES INTO THE
UNIVERSE'S INFANCY, HELPING US UNDERSTAND THE PROCESSES OF REIONIZATION AND THE FORMATION OF THE FIRST
STARS.



W/ ITHOUT THE UNDERSTANDING OF COSMOLOGICAL REDSHIFT, OUR ENTIRE PICTURE OF THE UNIVERSE WOULD BE VASTLY
DIFFERENT, LIKELY STATIC AND UNCHANGING, CONTRADICTING A WEALTH OF OBSERVATIONAL EVIDENCE.

BEYOND SIMPLE REDSHIFT; PECULIAR VELOCITIES AND GRAVITATIONAL
REDSHIFT

W/HILE COSMOLOGICAL REDSHIFT IS THE DOMINANT FORM OF REDSHIFT OBSERVED FOR DISTANT GALAXIES DUE TO COSMIC
EXPANSION, IT'S IMPORTANT TO ACKNOWLEDGE OTHER TYPES OF REDSHIFT. ONE IS CALLED PECULIAR VELOCITY. GALAXIES
ARENIT_JUST PASSIVELY CARRIED ALONG BY THE COSMIC EXPANSION; THEY ALSO HAVE THEIR OWN INDIVIDUAL MOTIONS
THROUGH SPACE, DRIVEN BY THE GRAVITATIONAL PULL OF NEARBY MASSIVE OBJECTS LIKE GALAXY CLUSTERS. THIS MOTION
CAN EITHER ADD TO OR SUBTRACT FROM THE COSMOLOGICAL REDSHIFT, LEADING TO A DEVIATION FROM THE SMOOTH HussLE-
LEMA TRE LAW FOR RELATIVELY NEARBY GALAXIES.

ANOTHER PHENOMENON IS GRAVITATIONAL REDSHIFT. THIS EFFECT, ALSO A PREDICTION OF GENERAL RELATIVITY, OCCURS WHEN
LIGHT TRAVELS OUT OF A STRONG GRAVITATIONAL FIELD. AS PHOTONS CLIMB OUT OF A GRAVITATIONAL WELL, THEY LOSE
ENERGY, WHICH MANIFESTS AS AN INCREASE IN THEIR WAVELENGTH — A REDSHIFT. W/HILE THIS EFFECT IS MEASURABLE FOR STARS
AND EVEN WITHIN OUR OWN SOLAR SYSTEM (E.G., Pounp-RegkA EXPERIMENT), IT IS GENERALLY MUCH SMALLER THAN
COSMOLOGICAL REDSHIFT FOR DISTANT GALAXIES, UNLESS THEY ARE NEAR EXTREMELY MASSIVE OBJECTS LIKE BLACK HOLES.

UNDERSTANDING THESE DIFFERENT FORMS OF REDSHIFT IS CRUCIAL FOR ACCURATELY INTERPRETING ASTRONOMICAL
OBSERVATIONS AND DISENTANGLING THE EFFECTS OF COSMIC EXPANSION FROM LOCAL MOTIONS AND GRAVITATIONAL
INFLUENCES.

THe FUTURE OF REDSHIFT STUDIES

THE STUDY OF COSMOLOGICAL REDSHIFT IS FAR FROM OVER; IN FACT, IT'S A VIBRANT AND EVOLVING FIELD. FUTURE
TELESCOPES, BOTH GROUND-BASED AND SPACE-BASED, WILL BE ABLE TO PROBE EVEN HIGHER REDSHIFTS, ALLOWING US TO
OBSERVE THE UNIVERSE AT EVEN EARLIER TIMES, CLOSER TO THE BiG BANG. THIS WILL ENABLE US TO STUDY THE FORMATION OF
THE VERY FIRST STARS AND GALAXIES, THE EPOCH OF REIONIZATION, AND POTENTIALLY UNCOVER CLUES ABOUT THE NATURE OF
DARK MATTER AND DARK ENERGY.

NEXT-GENERATION INSTRUMENTS, LIKE THE JAMES W/EBB SPACE TELESCOPE AND UPCOMING EXTREMELY LARGE TELESCOPES, ARE
DESIGNED TO DETECT FAINT LIGHT FROM THESE EXTREMELY DISTANT OBJECTS WITH UNPRECEDENTED SENSITIVITY AND
RESOLUTION. ADVANCED SPECTROSCOPIC TECHNIQUES WILL ALLOW FOR MORE PRECISE REDSHIFT MEASUREMENTS AND DETAILED
ANALYSIS OF THE COMPOSITION AND PHYSICAL CONDITIONS OF THESE ANCIENT COSMIC STRUCTURES. FURTHERMORE, ONGOING
SURVEYS LIKE THE DARK ENERGY SPECTROSCOPIC INSTRUMENT (DESI) ARE MAPPING MILLIONS OF GALAXIES AND QUASARS TO
REFINE OUR UNDERSTANDING OF THE UNIVERSE'S EXPANSION HISTORY AND THE PROPERTIES OF DARK ENERGY.

THE CONTINUED EXPLORATION OF COSMOLOGICAL REDSHIFT PROMISES TO UNLOCK DEEPER SECRETS ABOUT OUR UNIVERSE'S
ORIGINS, EVOLUTION, AND ULTIMATE FATE, PUSHING THE BOUNDARIES OF HUMAN KNOWLEDGE EVER OUTWARD INTO THE
COSMOS.

FREQUENTLY Askep QuesTions (FAQ)

QI \WHAT IS THE FUNDAMENTAL DIFFERENCE BETWEEN DOPPLER REDSHIFT AND



COSMOLOGICAL REDSHIFT?

A: DOPPLER REDSHIFT IS CAUSED BY THE MOTION OF AN OBJECT THROUGH SPACE, STRETCHING OR COMPRESSING ITS EMITTED
LIGHT WAVES. COSMOLOGICAL REDSHIFT, ON THE OTHER HAND, IS CAUSED BY THE EXPANSION OF SPACETIME ITSELF,
STRETCHING THE WAVELENGTHS OF LIGHT AS IT TRAVELS ACROSS THE EXPANDING UNIVERSE.

Q: How Do ASTRONOMERS MEASURE COSMOLOGICAL REDSHIFT?

A: ASTRONOMERS MEASURE COSMOLOGICAL REDSHIFT USING SPECTROSCOPY. THEY ANALYZE THE LIGHT FROM DISTANT
GALAXIES, IDENTIFYING CHARACTERISTIC SPECTRAL LINES OF ELEMENTS. THEY THEN COMPARE THE OBSERVED WAVELENGTHS OF
THESE LINES TO THEIR KNOWN WAVELENGTHS MEASURED IN A LABORATORY ON EARTH. THE SHIFT TOWARDS LONGER, REDDER
W AVELENGTHS INDICATES REDSHIFT.

Q: DOES COSMOLOGICAL REDSHIFT MEAN GALAXIES ARE MOVING AWAY FROM US IN A
STRAIGHT LINE?

A: NOT EXACTLY. |T MEANS THAT THE SPACE BETWEEN US AND DISTANT GALAXIES IS EXPANDING, CARRYING THEM AWAY FROM
US. THEY AREN'T NECESSARILY MOVING THROUGH SPACE ON THEIR OWN; RATHER, SPACE ITSELF IS STRETCHING.

QI IS THERE A MAXIMUM REDSHIFT THAT CAN BE OBSERVED?

A: THEORETICALLY, THERE ISN'T A STRICT UPPER LIMIT TO REDSHIFT AS LONG AS THERE ARE MORE DISTANT OBJECTS EMITTING
LIGHT. HO\X/EVER, PRACTICALLY, WE CAN ONLY OBSERVE LIGHT FROM OBJECTS WHOSE LIGHT HAS HAD ENOUGH TIME TO REACH
US SINCE THE UNIVERSE BEGAN, AND THE UNIVERSE'S TRANSPARENCY ALSO PLAYS A ROLE IN LIMITING WHAT WE CAN SEE AT
VERY HIGH REDSHIFTS.

Q: WHAT IS THE SIGNIFICANCE OF THE HUBBLE CONSTANT ($H_0%) IN RELATION TO
COSMOLOGICAL REDSHIFT?

A: THe HussLE CONSTANT ($H_0$) REPRESENTS THE RATE OF THE UNIVERSE'S EXPANSION TODAY. |T IS DIRECTLY
PROPORTIONAL TO THE REDSHIFT OF A DISTANT GALAXY AND ITS DISTANCE, ACCORDING TO THE HUBBLE-LEMA[?] TRE LAW. A
HIGHER HUBBLE CONSTANT IMPLIES A FASTER EXPANSION RATE.

Q: CAN COSMOLOGICAL REDSHIFT TELL US ABOUT THE COMPOSITION OF DISTANT
GALAXIES?

A: YES, BY ANALYZING THE SPECIFIC SPECTRAL LINES THAT ARE REDSHIFTED, ASTRONOMERS CAN IDENTIFY THE ELEMENTS
PRESENT IN DISTANT GALAXIES AND INFER THEIR CHEMICAL COMPOSITION, TEMPERATURE, AND OTHER PHYSICAL PROPERTIES.

Q: HOwW DOES COSMOLOGICAL REDSHIFT HELP US UNDERSTAND THE AGE OF THE
UNIVERSE?

A: THE HIGHER THE REDSHIFT OF AN OBJECT, THE FURTHER AWAY IT IS AND THE LONGER ITS LIGHT HAS TRAVELED TO REACH US.
THIS MEANS WE ARE OBSERVING THE OBJECT AS IT WAS MUCH EARLIER IN THE UNIVERSE'S HISTORY. THEREFORE, REDSHIFT IS A
DIRECT INDICATOR OF THE AGE OF THE UNIVERSE WHEN THE LIGHT WAS EMITTED.
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