AGNS AND GALAXY FORMATION

THe RoLE oF AGNs IN SHAPING GALAXIES: A CosMIic DANCE oF ENERGY AND MATTER

AGNSs AND GALAXY FORMATION REPRESENT ONE OF THE MOST PROFOUND AND INTRICATE SYMBIOTIC RELATIONSHIPS IN THE
UNIVERSE, A COSMIC BALLET WHERE THE EVOLUTION OF SUPERMASSIVE BLACK HOLES AND THE BIRTH OF THEIR HOST GALAXIES
ARE INEXTRICABLY LINKED. THESE ACTIVE GALACTIC NUCLEI, OR AGNSI ARE THE LUMINOUS HEARTS OF GALAXIES, POWERED BY
THE VORACIOUS APPETITE OF CENTRAL BLACK HOLES ACCRETING SURROUNDING GAS AND DUST. FAR FROM BEING MERE PASSIVE
INHABITANTS, AGNS EXERT A POWERFUL INFLUENCE, ACTIVELY SHAPING THE PHYSICAL AND EVOLUTIONARY TRAJECTORIES OF
THEIR HOST GALAXIES. UNDERSTANDING THIS DYNAMIC INTERPLAY IS CRUCIAL FOR UNRAVELING THE GRAND TAPESTRY OF
COSMIC STRUCTURE FORMATION. THIS ARTICLE WILL DELVE INTO THE MULTIFACETED WAYS AGNS IMPACT GALAXY
EVOLUTION, FROM REGULATING STAR FORMATION TO INFLUENCING GALACTIC MORPHOLOGY AND DRIVING THE GROWTH OF
MASSIVE STRUCTURES.
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THE ENERGETIC HEART: WHAT ARE AGNs?P

ACTIVE GALACTIC NUCLEI, OR AGNS, ARE REGIONS AT THE CENTERS OF SOME GALAXIES THAT EMIT EXCEPTIONALLY LARGE
AMOUNTS OF ELECTROMAGNETIC RADIATION. THIS RADIATION IS FAR MORE INTENSE THAN WHAT CAN BE PRODUCED BY THE
STARS ALONE WITHIN THE GALAXY. THE SOURCE OF THIS PRODIGIOUS ENERGY IS BELIEVED TO BE A SUPERMASSIVE BLACK HOLE,
MILLIONS TO BILLIONS OF TIMES THE MASS OF OUR SUN/ RESIDING AT THE GALACTIC CORE. AS MATTER, PRIMARILY GAS AND
DUST, SPIRALS TOWARDS THIS BLACK HOLE, IT FORMS AN ACCRETION DISK. THE INTENSE GRAVITATIONAL FORCES AND FRICTION
WITHIN THIS DISK HEAT THE MATERIAL TO INCREDIBLY HIGH TEMPERATURES, CAUSING IT TO RADIATE ACROSS THE ENTIRE
ELECTROMAGNETIC SPECTRUM, FROM RADIO WAVES TO GAMMA RAYS. THIS RADIANT DISPLAY IS WHAT WE OBSERVE AS AN
AGN.

THE OBSERVABLE PROPERTIES OF AGNS CAN VARY DRAMATICALLY, LEADING TO A DIVERSE CLASSIFICATION SCHEME. WE SEE
THEM AS QUASARS, THE MOST LUMINOUS AGNS, OUTSHINING THEIR HOST GALAXIES; BLAZARS, WHERE THE JET IS POINTED
DIRECTLY TOWARDS US, SEYFERT GALAXIES, WHICH ARE LESS LUMINOUS BUT STILL DISPLAY STRONG EMISSION LINES, AND
RADIO GALAXIES, CHARACTERIZED BY THEIR POWERFUL RADIO LOBES EXTENDING FAR BEYOND THE VISIBLE GALAXY. THESE
DIFFERENCES ARE THOUGHT TO BE LARGELY DUE TO OUR VIEWING ANGLE RELATIVE TO THE AGN’S CENTRAL ENGINE AND ITS
POWERFUL OUTFLOWS, RATHER THAN FUNDAMENTAL DIFFERENCES IN THE UNDERLYING PHYSICS OF THE BLACK HOLE AND ITS
ACCRETION DISK.

THe BLAck HoLe Seep: GENESIS OoF SUPERMASSIVE BLACK HOLES

THE EXISTENCE OF SUPERMASSIVE BLACK HOLES AT THE CENTERS OF MOST MASSIVE GALAXIES POSES A SIGNIFICANT
EVOLUTIONARY PUZZLE: HOW DID THEY GROW SO LARGE SO EARLY IN THE UNIVERSE'S HISTORY? SEVERAL THEORETICAL
SCENARIOS ARE BEING EXPLORED TO EXPLAIN THE INITIAL “'SEEDS” FROM WHICH THESE COLOSSAL OBJECTS GREW. ONE
PROMINENT IDEA IS THAT THEY ORIGINATED FROM THE DIRECT COLLAPSE OF MASSIVE GAS CLOUDS IN THE EARLY UNIVERSE,
BYPASSING THE FORMATION OF STARS ALTOGETHER AND FORMING BLACK HOLES OF TENS OF THOUSANDS OF SOLAR MASSES
DIRECTLY. ANOTHER POSSIBILITY INVOLVES THE REMNANTS OF THE FIRST GENERATION OF MASSIVE STARS, KNOWN AS
PopuLATION Il STARS, WHICH EXPLODED AS SUPERNOVAE AND LEFT BEHIND STELLAR-MASS BLACK HOLES THAT THEN RAPIDLY



ACCRETED MATTER.

REGARDLESS OF THE PRECISE ORIGIN, THESE INITIAL SEEDS HAD TO ACCRETE VAST AMOUNTS OF MATTER TO REACH THEIR
CURRENT GARGANTUAN SIZES. THIS GROWTH IS NOT A PASSIVE PROCESS. THE ENVIRONMENT SURROUNDING THE NASCENT
SUPERMASSIVE BLACK HOLE PLAYS A CRITICAL ROLE. GALACTIC CENTERS ARE OFTEN RICH IN GAS AND DUST, PROVIDING A
STEADY FUEL SUPPLY. HO\X/EVER/ THE ACCRETION PROCESS ITSELF CAN BECOME SELF-LIMITING. AS THE BLACK HOLE GROWS AND
ITS ACCRETION DISK BECOMES MORE LUMINOUS, THE INTENSE RADIATION PRESSURE CAN PUSH AWAY THE VERY GAS IT NEEDS TO
FEED ON, CREATING A COMPLEX FEEDBACK LOOP THAT GOVERNS THE BLACK HOLE'S GROWTH RATE.

FeeDING THE BEAST: ACCRETION Disks AND JET FORMATION

THE MESMERIZING SPECTACLE OF AN AGN IS POWERED BY THE INTRICATE PHYSICS OF ACCRETION DISKS AND THE SUBSEQUENT
GENERATION OF POWERFUL JETS. AS GAS AND DUST FALL TOWARDS THE SUPERMASSIVE BLACK HOLE, THEY DON'T FALL
STRAIGHT IN. |NSTEAD, CONSERVATION OF ANGULAR MOMENTUM CAUSES THEM TO FORM A FLATTENED, ROTATING DISK. WITHIN
THIS ACCRETION DISK, VISCOUS FORCES AND MAGNETIC FIELDS CHURN THE MATERIAL, CONVERTING GRAVITATIONAL POTENTIAL
ENERGY INTO THERMAL ENERGY. THIS HEATING PROCESS IS SO INTENSE THAT IT CAUSES THE DISK TO GLOW BRIGHTLY ACROSS
THE ELECTROMAGNETIC SPECTRUM.

BEYOND THE ACCRETION DISK, A SIGNIFICANT FRACTION OF THE ENERGY RELEASED CAN BE CHANNELED INTO COLLIMATED
OUTFLOWS KNOWN AS RELATIVISTIC JETS. THESEJETS/ COMPOSED OF CHARGED PARTICLES TRAVELING AT SPEEDS APPROACHING
THE SPEED OF LIGHT, CAN EXTEND FOR HUNDREDS OF THOUSANDS, EVEN MILLIONS, OF LIGHT-YEARS. THE EXACT MECHANISM FOR
JET LAUNCHING AND COLLIMATION IS STILL AN ACTIVE AREA OF RESEARCH, BUT IT IS BELIEVED TO INVOLVE POWERFUL MAGNETIC
FIELDS THREADING THE BLACK HOLE AND THE INNER ACCRETION DISK, ACTING LIKE COSMIC ACCELERATORS. THESE JETS ARE NOT
MERELY A SPECTACULAR BYPRODUCT, THEY ARE CRUCIAL AGENTS OF FEEDBACK THAT PROFOUNDLY INFLUENCE THE HOST
GALAXY.

FeepBack MecHANISMS: How AGNs INFLUENCE THEIR HosTs

THE CONCEPT OF “FEEDBACK” IS CENTRAL TO UNDERSTANDING THE AGN-GALAXY CONNECTION. AGNS ARE NOT JUST PASSIVE
OBSERVERS OF GALACTIC EVOLUTION; THEY ARE ACTIVE PARTICIPANTS, EXERTING INFLUENCE THROUGH VARIOUS PHYSICAL
PROCESSES. THIS FEEDBACK CAN BE BROADLY CATEGORIZED INTO TWO MAIN TYPES: RADIATIVE FEEDBACK AND KINETIC FEEDBACK.
RADIATIVE FEEDBACK REFERS TO THE IMPACT OF THE INTENSE RADIATION EMITTED BY THE AGN. THIS RADIATION CAN IONIZE
GAS, HEAT IT, AND EVEN BLOW IT OUT OF THE GALAXY, EFFECTIVELY SUPPRESSING THE FORMATION OF NEW STARS.

KINETIC FEEDBACK, ON THE OTHER HAND, IS DRIVEN BY THE POWERFUL OUTFLOWS, MOST NOTABLY THE JETS AND WINDS,
EMANATING FROM THE AGN. THESE OUTFLOWS CAN CARRY IMMENSE AMOUNTS OF ENERGY AND MOMENTUM, PUSHING VAST
QUANTITIES OF GAS OUT OF THE GALACTIC CENTER AND EVEN OUT OF THE GALAXY ITSELF. THIS EXPULSION OF GAS,
PARTICULARLY THE COLD, DENSE GAS CLOUDS THAT ARE THE FUEL FOR STAR FORMATION, CAN HAVE A DRAMATIC IMPACT ON
THE GALAXY’S FUTURE. THE ENERGY DEPOSITED BY THESE OUTFLOWS CAN ALSO HEAT THE SURROUNDING GAS, MAKING IT LESS
LIKELY TO COOL AND COLLAPSE TO FORM STARS.

STAR FORMATION QUENCHING: SILENCING THE COSMIC NURSERIES

ONE OF THE MOST SIGNIFICANT ROLES AGNS PLAY IN GALAXY EVOLUTION IS THEIR ABILITY TO QUENCH STAR FORMATION.
OBSERVATIONS REVEAL A TIGHT CORRELATION BETWEEN THE MASS OF A GALAXY'S CENTRAL SUPERMASSIVE BLACK HOLE AND
THE MASS OF ITS STELLAR BULGE — THE SPHEROIDAL COMPONENT OF THE GALAXY. THIS CORRELATION SUGGESTS A CO-
EVOLUTIONARY PROCESS WHERE THE GROWTH OF THE BLACK HOLE AND THE GROWTH OF THE GALAXY ARE INTIMATELY LINKED.
AGNS ARE THOUGHT TO BE A PRIMARY DRIVER OF THIS QUENCHING PROCESS, PARTICULARLY IN MASSIVE GALAXIES.



CONSIDER A GALAXY THAT IS ACTIVELY FORMING STARS. THIS STAR FORMATION CONSUMES LARGE AMOUNTS OF GAS.
HO\X/EVER/ IF THE CENTRAL SUPERMASSIVE BLACK HOLE BECOMES ACTIVE AND BEGINS TO ACCRETE MATTER, IT CAN DISRUPT THIS
PROCESS. THE AGN’S RADIATION CAN HEAT AND IONIZE THE SURROUNDING GAS, MAKING IT TOO HOT AND ENERGETIC TO
COLLAPSE AND FORM STARS. FURTHERMORE, THE POWERFUL JETS AND WINDS CAN PHYSICALLY EXPEL THIS GAS FROM THE
GALAXY, EFFECTIVELY CUTTING OFF THE FUEL SUPPLY FOR STAR FORMATION. THis “AGN FEEDBACK” MECHANISM IS BELIEVED
TO BE RESPONSIBLE FOR THE OBSERVED PAUCITY OF VERY MASSIVE GALAXIES THAT ARE STILL ACTIVELY FORMING STARS, AND
IT HELPS EXPLAIN WHY MANY MASSIVE GALAXIES HAVE OLD STELLAR POPULATIONS.

® RADIATIVE HEATING: HIGH-ENERGY PHOTONS FROM THE AGN HEAT GAS, INCREASING ITS PRESSURE AND PREVENTING
COLLAPSE.

o \XINDS ANDJETSZ OuTFLOWS FROM THE AGN PHYSICALLY EXPEL GAS, REMOVING THE RAW MATERIAL FOR STAR
FORMATION.

o CosMic CeNsORSHIP: AGNS CAN CLEAR OUT GAS FROM THE GALACTIC CENTER, PREVENTING IT FROM REACHING THE
STAR-FORMING REGIONS.

GALAXY MerGErRS AND AGN AcTIVITY: A POWERFUL SYNERGY

THE UNIVERSE IS A DYNAMIC PLACE, AND GALAXIES ARE NOT STATIC ISLANDS. THEY FREQUENTLY INTERACT AND MERGE WITH
EACH OTHER. THESE GALAXY MERGERS ARE NOT ONLY DRAMATIC EVENTS THAT CAN RESHAPE GALACTIC MORPHOLOGY BUT
ALSO POTENT TRIGGERS FOR AGN ACTIVITY. WHEN TWO GALAXIES COLLIDE, THEIR CENTRAL SUPERMASSIVE BLACK HOLES ARE
DRAWN TOWARDS EACH OTHER. AS THEY SPIRAL INWARDS, THEY CAN DISRUPT THE INTERSTELLAR GAS, FUNNELLING LARGE
AMOUNTS OF THIS GAS TOWARDS THE CENTRAL BLACK HOLES. THIS INFLUX OF FUEL CAN DRAMATICALLY INCREASE THE
ACCRETION RATE ONTO THE BLACK HOLES, LEADING TO A TEMPORARY, BUT POWERFUL, SURGE IN AGN ACTIVITY. THIS
PHENOMENON IS THOUGHT TO BE RESPONSIBLE FOR SOME OF THE MOST LUMINOUS AGNS WE OBSERVE, LIKE QUASARS.

THE INTERPLAY BETWEEN MERGERS AND AGN ACTIVITY CREATES A POWERFUL FEEDBACK LOOP. THE INCREASED AGN ACTIVITY,
DRIVEN BY THE MERGER, CAN THEN INFLUENCE THE HOST GALAXY. THE POWERFUL OUTFLOWS FROM THE AGN CAN EXPEL GAS
FROM THE NEWLY FORMED, LARGER GALAXY, POTENTIALLY PREVENTING FURTHER BURSTS OF STAR FORMATION AND
CONTRIBUTING TO THE AGING OF ITS STELLAR POPULATION. THIS SYNERGY ENSURES THAT BOTH THE SUPERMASSIVE BLACK
HOLE AND ITS HOST GALAXY EVOLVE TOGETHER, SHAPING EACH OTHER IN A COSMIC DANCE.

THe CosmMic WEeB: AGNs AND LARGE-SCALE STRUCTURE

THE INFLUENCE OF AGNS EXTENDS FAR BEYOND INDIVIDUAL GALAXIES. THEY ALSO PLAY A SIGNIFICANT ROLE IN THE FORMATION
AND EVOLUTION OF THE LARGE-SCALE STRUCTURE OF THE UNIVERSE, THE VAST COSMIC WEB OF GALAXIES, CLUSTERS, AND
VOIDS. THE IMMENSE ENERGY INJECTED INTO THE INTERGALACTIC MEDIUM BY AGN OUTFLOWS CAN HEAT AND INFLUENCE THE GAS
THAT PERMEATES THE SPACE BETWEEN GALAXIES. THIS HEATED GAS CAN PREVENT IT FROM COOLING AND COLLAPSING TO FORM
NEW GALAXIES IN THE OUTSKIRTS OF GALAXY CLUSTERS, THUS REGULATING THE GROWTH OF THESE MASSIVE STRUCTURES.

FURTHERMORE/ THE PRESSURE EXERTED BY AGN OUTFLOWS CAN CREATE BUBBLES AND CAVITIES IN THE HOT GAS THAT FILLS
GALAXY CLUSTERS. THESE CAVITIES, OBSERVED IN X-RAY AND RADIO WAVELENGTHS, ARE A DIRECT TESTAMENT TO THE POWER
ofF AGN FEEDBACK. BY HEATING AND PUSHING GAS AROUND, AGNS CAN INFLUENCE THE ACCRETION OF MATTER ONTO GALAXY
CLUSTERS, THEREBY AFFECTING THEIR MASS AND EVOLUTION OVER COSMIC TIME. THIS SUGGESTS THAT AGNS ARE NOT JUST
SHAPING INDIVIDUAL GALAXIES BUT ARE ALSO CRUCIAL PLAYERS IN THE GRANDER COSMIC NARRATIVE OF STRUCTURE
FORMATION.



UNANSWERED QUESTIONS AND FUTURE DIRECTIONS

DESPITE TREMENDOUS ADVANCES IN OUR UNDERSTANDING OF AGNS AND THEIR ROLE IN GALAXY FORMATION, MANY QUESTIONS
REMAIN. THE PRECISE MECHANISMS BY WHICH SUPERMASSIVE BLACK HOLES FORM THEIR INITIAL SEEDS AND GROW TO SUCH
ENORMOUS MASSES IN THE EARLY UNIVERSE ARE STILL SUBJECTS OF INTENSE THEORETICAL AND OBSERVATIONAL INVESTIGATION.
THE DETAILED PHYSICS OF JET LAUNCHING AND COLLIMATION, AS WELL AS THE EFFICIENCY OF DIFFERENT FEEDBACK MECHANISMS
(RADIATIVE VS. KINETIC, AND HOW THEY VARY WITH AGN LUMINOSITY AND HOST GALAXY PROPERTIES), ARE ALSO AREAS
THAT REQUIRE FURTHER EXPLORATION.

FUTURE OBSERVATIONAL FACILITIES, SUCH AS THEJAMES \WEBB SPACE TELESCOPE AND NEXT-GENERATION RADIO TELESCOPES,
WILL PROVIDE UNPRECEDENTED VIEWS OF THE EARLY UNIVERSE AND THE INTRICATE DETAILS OF AGN ACTIVITY. THESE
OBSERVATIONS, COMBINED WITH SOPHISTICATED THEORETICAL SIMULATIONS, WILL BE CRUCIAL IN RESOLVING THESE
OUTSTANDING PUZZLES. UNDERSTANDING THE CO-EVOLUTION OF SUPERMASSIVE BLACK HOLES AND THEIR HOST GALAXIES IS
NOT JUST ABOUT COMPREHENDING INDIVIDUAL CELESTIAL OBJECTS;, IT IS ABOUT UNLOCKING THE FUNDAMENTAL PROCESSES THAT
HAVE SCULPTED THE UNIVERSE WE SEE TODAY.

Q: How bo AGNS INFLUENCE THE COLOR OF A GALAXY?

A: AGNS CAN SIGNIFICANTLY INFLUENCE THE COLOR OF A GALAXY BY QUENCHING STAR FORMATION. W/HEN STAR FORMATION IS
ACTIVE, GALAXIES TEND TO BE BLUER BECAUSE THEY ARE DOMINATED BY YOUNG, HOT, BLUE STARS. BY EXPELLING GAS AND
HEATING IT, AGNS HALT OR SIGNIFICANTLY REDUCE NEW STAR FORMATION. THIS LEAVES THE GALAXY DOMINATED BY OLDER,
COOLER, REDDER STARS, MAKING THE GALAXY APPEAR REDDER OVERALL.

Q: WHAT IS THE EDDINGTON LIMIT IN THE CONTEXT OF AGNs?

A: THE EDDINGTON LIMIT IS THE THEORETICAL MAXIMUM RATE AT WHICH A BLACK HOLE CAN ACCRETE MATTER. |T OCCURS
WHEN THE OUTWARD PRESSURE FROM THE RADIATION EMITTED BY THE ACCRETING GAS BALANCES THE INWARD PULL OF
GRAVITY. IF A BLACK HOLE TRIES TO ACCRETE MATTER FASTER THAN THIS LIMIT, THE RADIATION PRESSURE WILL PUSH THE GAS
AWAY, EFFECTIVELY CAPPING THE ACCRETION RATE. THIS LIMIT PLAYS A CRUCIAL ROLE IN REGULATING THE GROW TH OF BLACK
HOLES AND THE LUMINOSITY oF AGNSs.

Q: ARE ALL GALAXIES HOST To AN AGN?

A: I\IOI NOT ALL GALAXIES HOST AN ACTIVE GALACTIC NUCLEUS. |T IS ESTIMATED THAT ONLY A FRACTION OF GALAXIES,
PARTICULARLY THOSE WITH A SUFFICIENT SUPPLY OF GAS AND DUST IN THEIR CENTRAL REGIONS AND WITH A SUPERMASSIVE
BLACK HOLE IN AN ACTIVE FEEDING PHASE, WILL EXHIBIT AGN ACTIVITY. MANY GALAXIES, LIKE OUR OWN MiLky \X/AY, HAVE
SUPERMASSIVE BLACK HOLES, BUT THEY ARE CURRENTLY IN A QUIESCENT STATE, NOT ACTIVELY ACCRETING LARGE AMOUNTS OF
MATTER.

Q: How ARe AGNs DETECTED ACROSS VAST COSMIC DISTANCES?

A: AGNs ARE DETECTED THROUGH THE INTENSE ELECTROMAGNETIC RADIATION THEY EMIT. RADIO TELESCOPES CAN DETECT
POWERFUL RADIO LOBES AND JETS. OPTICAL AND INFRARED TELESCOPES OBSERVE THE BRIGHT EMISSION FROM ACCRETION DISKS
AND BROAD EMISSION LINES. X-RAY AND GAMMA-RAY TELESCOPES ARE CRUCIAL FOR DETECTING THE HIGH-ENERGY PHOTONS
PRODUCED IN THE INNERMOST REGIONS OF THE AGI\II OFTEN PENETRATING OBSCURING DUST. THE SHEER LUMINOSITY OF MANY
AGNS ALLOWS THEM TO BE SEEN ACROSS BILLIONS OF LIGHT-YEARS.

Q: CAN AGN FEEDBACK PREVENT THE FORMATION OF THE LARGEST GALAXY CLUSTERS?

A: YESI AGN FEEDBACK IS BELIEVED TO PLAY A CRITICAL ROLE IN REGULATING THE GROWTH OF GALAXY CLUSTERS. By
HEATING AND EXPELLING GAS FROM THE INTERGALACTIC MEDIUM, AGNS CAN PREVENT THIS GAS FROM COOLING AND COLLAPSING
TO FORM MORE GALAXIES AND LARGER STRUCTURES WITHIN CLUSTERS. THIS PROCESS HELPS TO EXPLAIN WHY THE MOST



MASSIVE GALAXY CLUSTERS ARE NOT AS MASSIVE AS SOME THEORETICAL MODELS PREDICT.
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