ACTIVE GALACTIC NUCLEI COSMIC RAYS

ACTIVE GALACTIC NUCLEI COSMIC RAYS REPRESENT SOME OF THE MOST ENERGETIC PARTICLES IN THE UNIVERSE, ORIGINATING
FROM THE SUPERMASSIVE BLACK HOLES AT THE CENTERS OF GALAXIES. THESE ENIGMATIC PHENOMENA , KNOWN AS ACTIVE
GALACTIC NUCLEI (AGN), ARE POWERFUL EMITTERS OF RADIATION ACROSS THE ELECTROMAGNETIC SPECTRUM, AND THEIR
CONNECTION TO HIGH-ENERGY COSMIC RAYS IS A SIGNIFICANT AREA OF ASTROPHYSICAL RESEARCH. UNDERSTANDING THE
ACCELERATION MECHANISMS, PROPAGATION, AND IMPLICATIONS OF THESE COSMIC PARTICLES IS CRUCIAL FOR UNRAVELING THE
MYSTERIES OF EXTREME ASTROPHYSICAL ENVIRONMENTS AND THE FUNDAMENTAL LAWS OF PHYSICS. THIS ARTICLE WILL DELVE
INTO THE NATURE OF AGN, EXPLORE THE PROCESSES BY WHICH COSMIC RAYS ARE GENERATED WITHIN THEM, DISCUSS
OBSERVATIONAL EVIDENCE, AND EXAMINE THE ONGOING SCIENTIFIC QUEST TO LINK THESE POWERFUL GALACTIC ENGINES TO THE
ULTRA-HIGH-ENERGY COSMIC RAYS THAT BOMBARD EARTH.
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WHAT ARE ACTIVE GALACTIC NUCLEI?

AcTIVE GALACTIC NUCLEI (AGN) ARE THE EXTREMELY LUMINOUS CENTRAL REGIONS OF CERTAIN GALAXIES, POWERED BY THE
ACCRETION OF MATTER ONTO A SUPERMASSIVE BLACK HOLE. UNLIKE ORDINARY GALAXIES, AGN EXHIBIT UNUSUALLY HIGH
ENERGY OUTPUT ACROSS THE ELECTROMAGNETIC SPECTRUM, FROM RADIO WAVES TO GAMMA RAYS. THIS INTENSE RADIATION IS
A DIRECT CONSEQUENCE OF THE GRAVITATIONAL POTENTIAL ENERGY RELEASED AS GAS AND DUST FALL TOWARDS THE BLACK
HOLE, FORMING AN ACCRETION DISK. THE CENTRAL ENGINE OF AN AGN IS THOUGHT TO INVOLVE A SUPERMASSIVE BLACK HOLE,
AN ACCRETION DISK, AND OFTEN, POWERFUL RELATIVISTIC JETS. THESEJETS, COMPOSED OF PLASMA AND MAGNETIC FIELDS, ARE
EJECTED PERPENDICULAR TO THE ACCRETION DISK AT SPEEDS APPROACHING THE SPEED OF LIGHT, EXTENDING FAR BEYOND THE
GALACTIC CORE. THE DIVERSITY OF OBSERVED AGN — INCLUDING QUASARS, BLAZARS, SEYFERT GALAXIES, AND RADIO
GALAXIES — REFLECTS VARIATIONS IN THEIR ORIENTATION RELATIVE TO THE OBSERVER AND THE PROPERTIES OF THEIR CENTRAL
ENGINES.

THE CosMic RAY ConnecTIoN: How AGN Probucte HIGH-ENERGY
PARTICLES

THE IMMENSE ENERGIES RELEASED BY AGN MAKE THEM PRIME CANDIDATES FOR BEING SOURCES OF ULTRA-HIGH-ENERGY COSMIC



RAYS (UHECRs). COSMIC RAYS ARE HIGH-ENERGY ATOMIC NUCLEI, PROTONS, AND ELECTRONS THAT TRAVEL THROUGH
INTERSTELLAR AND INTERGALACTIC SPACE. W/HILE LOWER-ENERGY COSMIC RAYS CAN ORIGINATE FROM SUPERNOVAE WITHIN OUR
OWN GALAXY, THE MOST ENERGETIC PARTICLES DETECTED ON EARTH, WITH ENERGIES EXCEEDING 10'° ELECTRONVOLTS, ARE
BELIEVED TO REQUIRE MORE POWERFUL ACCELERATORS. THE VIOLENT PROCESSES WITHIN AGN, PARTICULARLY THE MAGNETIC
FIELDS ASSOCIATED WITH THEIR JETS AND ACCRETION DISKS, ARE THEORIZED TO PROVIDE THE NECESSARY CONDITIONS FOR
ACCELERATING PARTICLES TO THESE EXTRAORDINARY ENERGIES. THE CONTINUOUS EJECTION OF RELATIVISTIC JETS, CARRYING
IMMENSE KINETIC ENERGY, SUGGESTS A POTENT MECHANISM FOR PARTICLE ACCELERATION THAT COULD OUTSTRIP THE
CAPABILITIES OF ANY OTHER KNOWN ASTROPHYSICAL SOURCE.

OBserRVATIONAL EVIDENCE LINKING AGN AND CosMic RAYS

\W/HILE DIRECTLY OBSERVING COSMIC RAYS FROM DISTANT AGN IS CHALLENGING DUE TO THEIR CHARGE AND SUBSEQUENT
DEFLECTION BY MAGNETIC FIELDS, INDIRECT EVIDENCE HAS BEEN MOUNTING. ASTROPHYSICISTS SEARCH FOR SECONDARY
PARTICLES PRODUCED WHEN THESE HIGH-ENERGY COSMIC RAYS INTERACT WITH THE COSMIC MICROW AVE BACKGROUND
RADIATION OR INTERGALACTIC GAS. THESE INTERACTIONS CAN PRODUCE HIGH-ENERGY NEUTRINOS AND GAMMA RAYS, WHICH ARE
NOT DEFLECTED BY MAGNETIC FIELDS AND THUS RETAIN DIRECTIONAL INFORMATION ABOUT THEIR SOURCES. THE IcECUBE
NEUTRINO OBSERVATORY/ FOR EXAMPLE, HAS DETECTED HIGH-ENERGY NEUTRINOS THAT, BASED ON THEIR FLAVOR COMPOSITION
AND ENERGY SPECTRUM, ARE CONSISTENT WITH ASTROPHYSICAL SOURCES SUCH AS AGN. SIMILARLY, GAMMA-RAY TELESCOPES
LIKE FERMI-LAT HAVE IDENTIFIED GAMMA-RAY EMISSION FROM BLAZARS THAT CORRELATES WITH PREDICTIONS FOR COSMIC RAY
INTERACTIONS.

MecHANISMS oF CosMIC RAY ACCELERATION IN AGN

SEVERAL THEORETICAL MECHANISMS ARE PROPOSED FOR THE ACCELERATION OF COSMIC RAYS WITHIN AGN. THESE MECHANISMS
LEVERAGE THE EXTREME CONDITIONS PRESENT IN THESE ENVIRONMENTS, PARTICULARLY THE PRESENCE OF STRONG MAGNETIC
FIELDS AND HIGHLY ENERGETIC PLASMA FLOWS. A KEY PROCESS IS DIFFUSIVE SHOCK ACCELERATION (DSA), WHERE PARTICLES
ARE REPEATEDLY SCATTERED ACROSS SHOCK FRONTS, GAINING ENERGY WITH EACH PASSAGE. IN AGN/ THESE SHOCKS CAN
OCCUR WITHIN THE RELATIVISTIC JETS AS THEY PROPAGATE OUTWARD, OR WITHIN THE ACCRETION DISK ITSELF. ANOTHER
SIGNIFICANT MECHANISM IS MAGNETIC RECONNECTION, WHERE TANGLED MAGNETIC FIELD LINES SUDDENLY RECONFIGURE, RELEASING
STORED MAGNETIC ENERGY AND ACCELERATING PARTICLES. THE COMPLEX INTERPLAY OF PLASMA PHYSICS, MAGNETIC FIELDS, AND
SHOCK STRUCTURES WITHIN AGN JETS PROVIDES A FERTILE GROUND FOR THESE POWERFUL ACCELERATION PROCESSES.

DiFrusive SHock ACCELERATION IN AGN JETs

DIFFUSIVE SHOCK ACCELERATION (DSA) IS A WIDELY ACCEPTED MECHANISM FOR ACCELERATING PARTICLES TO HIGH ENERGIES. IN
AGN_JETS, THESE SHOCKS ARE BELIEVED TO FORM WHERE DIFFERENT PARTS OF THE JET INTERACT, OR AS THE JET PROPAGATES
THROUGH THE SURROUNDING INTERSTELLAR MEDIUM. AS CHARGED PARTICLES ENCOUNTER THESE SHOCK FRONTS, THEY ARE
REPEATEDLY REFLECTED AND SCATTERED BY TURBULENT MAGNETIC FIELDS, MOVING BACK AND FORTH ACROSS THE SHOCK. WITH
EACH CROSSING, THEY GAIN ENERGY. THIS PROCESS CAN CONTINUE UNTIL THE PARTICLES EITHER ESCAPE THE ACCELERATION
REGION OR LOSE ENERGY THROUGH OTHER PROCESSES. THE EFFICIENCY OF DSA IN AGN IS THOUGHT TO BE HIGH ENOUGH TO
EXPLAIN THE OBSERVED FLUX OF COSMIC RAYS.

MAGNETIC RECONNECTION IN ACCRETION DISkS AND JETS

MAGNETIC RECONNECTION IS ANOTHER CRUCIAL PARTICLE ACCELERATION MECHANISM PROPOSED FOR AGN. IN THE TURBULENT
ENVIRONMENT OF AGN ACCRETION DISKS AND JETS, MAGNETIC FIELD LINES CAN BECOME HIGHLY TANGLED AND STRESSED. X/ HEN
THESE FIELD LINES BREAK AND RECONFIGURE, A SIGNIFICANT AMOUNT OF STORED MAGNETIC ENERGY IS RELEASED, WHICH CAN BE
CONVERTED INTO KINETIC ENERGY FOR PARTICLES. THIS PROCESS IS THOUGHT TO BE PARTICULARLY EFFICIENT IN REGIONS WITH



STRONG AND DYNAMIC MAGNETIC FIELDS, SUCH AS THOSE FOUND CLOSE TO THE CENTRAL BLACK HOLE OR WITHIN THE PLASMA
OUTFLOWS OF THE JETS. MAGNETIC RECONNECTION EVENTS CAN LEAD TO SUDDEN BURSTS OF HIGH-ENERGY PARTICLES,
CONTRIBUTING TO THE OVERALL COSMIC RAY FLUX FROM AGN.

THE RoLE oF JeTs IN CosMic RAY PRobuUCTION

THE RELATIVISTIC JETS EMANATING FROM AGN ARE CONSIDERED CENTRAL TO THE PRODUCTION OF HIGH-ENERGY COSMIC RAYS.
THESE JETS ARE POWERFUL OUTFLOWS OF PLASMA AND MAGNETIC FIELDS, LAUNCHED FROM THE IMMEDIATE VICINITY OF THE
SUPERMASSIVE BLACK HOLE. THE INTERNAL STRUCTURE OF THESE JETS, INCLUDING SHOCK WAVES AND MAGNETIC TURBULENCE,
PROVIDES IDEAL CONDITIONS FOR PARTICLE ACCELERATION. AS THE JETS PROPAGATE OUTWARD, THEY CAN ACCELERATE
PARTICLES TO EXTREMELY HIGH ENERGIES THROUGH MECHANISMS LIKE DSA AND MAGNETIC RECONNECTION. THE CONFINEMENT AND
COLLIMATION OF THE JETS BY MAGNETIC FIELDS ALSO PLAY A ROLE IN DIRECTING THESE ACCELERATED PARTICLES, ALLOWING
THEM TO TRAVEL VAST DISTANCES ACROSS THE COSMOS. THE OBSERVABLE PROPERTIES OF THESE JETS, SUCH AS THEIR RADIO
AND GAMMA-RAY EMISSIONS, ARE CLOSELY LINKED TO THE POPULATION OF COSMIC RAYS THEY CONTAIN.

OBserVING CosMic RAYS FrRoM AcCTIVE GALACTIC NUCLEI

THE DIRECT DETECTION OF COSMIC RAYS ORIGINATING FROM AGN IS COMPLICATED BY THEIR CHARGED NATURE. INTERSTELLAR
AND INTERGALACTIC MAGNETIC FIELDS DEFLECT CHARGED PARTICLES, SCRAMBLING THEIR ORIGINAL TRAJECTORIES AND MAKING IT
IMPOSSIBLE TO TRACE THEM BACK TO THEIR DISTANT SOURCES. THEREFORE, ASTROPHYSICISTS RELY ON INDIRECT
OBSERVATIONAL METHODS TO IDENTIFY AGN AS COSMIC RAY ACCELERATORS. THIS INVOLVES SEARCHING FOR THE SECONDARY
PARTICLES PRODUCED WHEN UHECRS INTERACT WITH THE ENVIRONMENT. KEY OBSERVATIONAL SIGNATURES INCLUDE:

¢ HIGH-ENERGY NEUTRINOS: NEUTRINOS, BEING NEUTRAL AND WEAKLY INTERACTING, TRAVEL IN STRAIGHT LINES FROM THEIR
SOURCES. DETECTORS LIKE ICECUBE ARE CRUCIAL FOR IDENTIFYING NEUTRINO SIGNALS CORRELATED WITH THE DIRECTIONS
oF kNOWN AGN.

e GAMMA RAYS: THE DECAY OF NEUTRAL PIONS, PRODUCED IN COSMIC RAY INTERACTIONS, RESULTS IN GAMMA-RAY
EMISSION. TELESCOPES LIKE FERMI-LAT AND GROUND-BASED CHERENKOV TELESCOPES SEARCH FOR THESE HIGH-ENERGY
GAMMA RAYS FROM AGN, PARTICULARLY BLAZARS.

® RADIO EMISSION: THE SYNCHROTRON RADIATION EMITTED BY RELATIVISTIC ELECTRONS, WHICH ARE OFTEN A PRODUCT
OF COSMIC RAY ACCELERATION PROCESSES, PROVIDES ANOTHER IMPORTANT OBSERVATIONAL LINK.

THE SPATIAL AND TEMPORAL CORRELATION OF THESE EMISSIONS WITH THE PROPERTIES OF AGN, SUCH AS THEIR JET ACTIVITY,
PROVIDES STRONG EVIDENCE FOR THEIR ROLE AS COSMIC RAY FACTORIES.

IMPLICATIONS oF AGN-Probucep CosMic RAYsS

THE IDENTIFICATION OF AGN AS soUrCeS oF UHECRS HAS PROFOUND IMPLICATIONS FOR OUR UNDERSTANDING OF
ASTROPHYSICS AND FUNDAMENTAL PHYSICS. THESE ENERGETIC PARTICLES CAN TRAVEL ACROSS BILLIONS OF LIGHT-YEARS,
CARRYING INFORMATION ABOUT THE EXTREME ENVIRONMENTS IN WHICH THEY WERE ACCELERATED. THEIR INTERACTIONS WITH THE
INTERGALACTIC MEDIUM CAN INFLUENCE THE EVOLUTION OF GALAXIES AND THE STRUCTURE OF THE UNIVERSE. FURTHERMORE, THE
EXTREME ENERGIES OF THESE COSMIC RAYS PUSH THE BOUNDARIES OF PARTICLE PHYSICS, PROVIDING OPPORTUNITIES TO TEST
THEORIES OF PARTICLE ACCELERATION AND PROPAGATION UNDER CONDITIONS FAR BEYOND THOSE ACHIEVABLE IN TERRESTRIAL
LABORATORIES. STUDYING THE COMPOSITION AND ENERGY SPECTRUM OF COSMIC RAYS FROM AGN CAN ALSO SHED LIGHT ON
THE COMPOSITION OF MATTER IN THE EARLY UNIVERSE AND THE PROCESSES OF NUCLEOSYNTHESIS IN EXTREME ENVIRONMENTS.



FuTURE ResearRcH AND OpPeN QUESTIONS IN AGN CosMic RAY STUDIES

DESPITE SIGNIFICANT PROGRESS, MANY QUESTIONS REMAIN REGARDING ACTIVE GALACTIC NUCLEI AND THEIR ROLE IN COSMIC RAY
PRODUCTION. PINPOINTING SPECIFIC AGN AS THE PRIMARY SOURCES OF THE HIGHEST-ENERGY COSMIC RAYS DETECTED ON EARTH
IS AN ONGOING CHALLENGE. IMPROVING THE SENSITIVITY AND RESOLUTION OF NEUTRINO AND GAMMA-RAY OBSERVATORIES IS
CRUCIAL FOR MORE PRECISE SOURCE IDENTIFICATION. UNDERSTANDING THE DETAILED ACCELERATION MECHANISMS WITHIN AGN
JETS AND ACCRETION DISKS, AND HOW PARTICLES ARE TRANSPORTED FROM THESE SOURCES ACROSS VAST COSMIC DISTANCES,
ALSO REQUIRES FURTHER THEORETICAL AND OBSERVATIONAL INVESTIGATION. FURTHERMORE, THE EXACT COMPOSITION OF
UHECRS ORIGINATING FROM AGN, AND HOW IT VARIES BETWEEN DIFFERENT TYPES OF AGN, IS AN ACTIVE AREA OF RESEARCH.
FUTURE MULTI-MESSENGER ASTRONOMY CAMPAIGNS, COORDINATING OBSERVATIONS ACROSS THE ELECTROMAGNETIC SPECTRUM,
NEUTRINOS, AND POTENTIALLY GRAVITATIONAL WAVES, HOLD THE KEY TO UNLOCKING THESE COSMIC MYSTERIES.

FREQUENTLY ASKeED QUESTIONS

\WHAT ARE ACTIVE GALACTIC NUCLEI (AGN) AND HOW DO THEY PRODUCE COSMIC
RAYS?

AcTIVE GALACTIC NUCLEI (AGN) ARE SUPERMASSIVE BLACK HOLES AT THE CENTERS OF GALAXIES THAT ACCRETE MATTER,
RELEASING VAST AMOUNTS OF ENERGY. THIS ENERGY CAN ACCELERATE CHARGED PARTICLES, INCLUDING PROTONS AND HEAVIER
NUCLEI, TO EXTREMELY HIGH ENERGIES, CREATING COSMIC RAYS. PROCESSES LIKE MAGNETIC RECONNECTION IN ACCRETION DISKS
AND RELATIVISTIC JETS ARE THOUGHT TO BE KEY ACCELERATORS.

WHAT IS THE ROLE OF AGN IN THE COSMIC RAY SPECTRUMP?

AGN ARE CONSIDERED PRIMARY CANDIDATES FOR ACCELERATING ULTRA-HIGH-ENERGY COSMIC RAYS (UHECRS) — THOSE WITH
ENERGIES ABOVE 10718 EV. THEY ARE THOUGHT TO BE RESPONSIBLE FOR THE 'KNEE' AND 'GZK CUTOFF’ FEATURES OBSERVED
IN THE COSMIC RAY ENERGY SPECTRUM, BRIDGING THE GAP BETWEEN LOWER-ENERGY ASTROPHYSICAL SOURCES AND
POTENTIALLY EXTRAGALACTIC ONES.

How DO WE DETECT COSMIC RAYS ORIGINATING FROM AGN?P

DIRECT DETECTION OF CHARGED COSMIC RAYS FROM DISTANT AGN IS CHALLENGING DUE TO THEIR DEFLECTION BY MAGNETIC
FIELDS. HO\X/EVER/ WE CAN INFER THEIR ORIGIN BY DETECTING SECONDARY PARTICLES PRODUCED WHEN THESE COSMIC RAYS
INTERACT WITH MATTER OR PHOTONS. THIS INCLUDES NEUTRINOS, GAMMA RAYS, AND RADIO SYNCHROTRON EMISSION FROM
INTERACTING JETS.

\WHAT ARE THE PRIMARY CHALLENGES IN IDENTIFYING SPECIFIC AGN As UHECR
SOURCES?

THE MAIN CHALLENGES ARE THE DEFLECTION OF CHARGED COSMIC RAYS BY GALACTIC AND INTERGALACTIC MAGNETIC FIELDS,
MAKING IT DIFFICULT TO TRACE THEIR ORIGINS BACK TO A SPECIFIC SOURCE. ADDITIONALLY, DISTINGUISHING BET\WEEN
CONTRIBUTIONS FROM DIFFERENT AGN POPULATIONS AND OTHER ASTROPHYSICAL SOURCES REQUIRES MULTI-MESSENGER
OBSERVATIONS.

\WHAT IS THE SIGNIFICANCE OF MULTI-MESSENGER ASTRONOMY IN STUDYING AGN
COSMIC RAYS?

MUL TI-MESSENGER ASTRONOMY , COMBINING OBSERVATIONS OF COSMIC RAYS WITH PHOTONS (GAMMA RAYS, NEUTRINOS, RADIO
\Y/AVES) AND GRAVITATIONAL WAVES, IS CRUCIAL. IT ALLOWS US TO CORRELATE SIGNALS FROM POTENTIAL AGN SOURCES,
PROVIDING INDEPENDENT VERIFICATION AND A MORE COMPLETE UNDERSTANDING OF THE ACCELERATION MECHANISMS AND THE
COMPOSITION OF THESE HIGH-ENERGY PARTICLES.



\WHAT ARE BLAZARS, AND WHY ARE THEY FAVORED CANDIDATES FOR UHECR
ACCELERATION?

BLAZARS ARE A TYPE OF AGN WHERE ONE OF THE RELATIVISTIC JETS IS POINTED DIRECTLY TOWARDS EARTH. THIS
ORIENTATION MAKES THEIR EMISSION EXTREMELY BRIGHT ACROSS THE ELECTROMAGNETIC SPECTRUM, INCLUDING HIGH-ENERGY
GAMMA RAYS, WHICH ARE OFTEN PRODUCED BY THE SAME PROCESSES THAT ACCELERATE COSMIC RAYS. THEIR COLLIMATED JETS
ARE ALSO THOUGHT TO BE EFFICIENT ACCELERATORS.

\W/HAT EVIDENCE LINKS NEUTRINOS DETECTED BY |ICECUBE To AGN?

|cECUBE HAS DETECTED HIGH-ENERGY NEUTRINOS THAT APPEAR TO BE DIFFUSE AND HAVE ARRIVAL DIRECTIONS NOT STRONGLY
CORRELATED WITH KNOWN GAMMA-RAY EMITTERS. WHILE SOME COULD ORIGINATE FROM STARBURST GALAXIES, THE SPECTRAL
PROPERTIES OF SOME EVENTS ARE CONSISTENT WITH WHAT'S EXPECTED FROM PARTICLES ACCELERATED IN AGN JETS AND
UNDERGOING PION DECAY.

How po MAGNETIC FIELDS WITHIN AGN JETS INFLUENCE COSMIC RAY PROPAGATION AND
OBSERVATION?

MAGNETIC FIELDS WITHIN AGN JETS ARE CRUCIAL FOR BOTH ACCELERATING PARTICLES AND CHANNELING THEM. THEY CAN
CONFINE PARTICLES, ALLOWING FOR REPEATED ACCELERATION, AND INFLUENCE THEIR TRAJECTORY. HO\X/EVEE, THESE FIELDS
ALSO CAUSE SYNCHROTRON RADIATION, WHICH CAN BE OBSERVED, AND CAN SCATTER PARTICLES, MAKING THEIR PRECISE ORIGIN
HARDER TO PINPOINT.

WHAT ARE THE OPEN QUESTIONS REGARDING THE COMPOSITION OF COSMIC RAYS
ACCELERATED BY AGN?

A KEY OPEN QUESTION IS WHETHER AGN ACCELERATE PRIMARILY PROTONS, IRON NUCLEI, OR A MIX OF ELEMENTS. THE
COMPOSITION INFLUENCES HOW THE COSMIC RAYS INTERACT WITH THE INTERGALACTIC MEDIUM AND THE SECONDARY PARTICLES
THEY PRODUCE, WHICH IN TURN AFFECTS THEIR OBSERVED SPECTRA AND ARRIVAL DIRECTIONS.

\W/HAT FUTURE OBSERVATORIES OR EXPERIMENTS ARE EXPECTED TO SHED MORE LIGHT
oN AGN cosMIC RAYS?

FUTURE OBSERVATORIES LIKE THE CHERENKOV TELESCOPE ARRAY (CTA) FOR GAMMA RAYS, THE PIERRE AUGER
OBSERVATORY UPGRADE FOR COSMIC RAYS, AND NEXT-GENERATION NEUTRINO TELESCOPES WILL PROVIDE MORE SENSITIVE AND
HIGHER-RESOLUTION DATA. THE SQUARE KILOMETRE ARRAY (SKA) WILL ALSO BE CRUCIAL FOR STUDYING RADIO EMISSION
FROM AGN JETS, PROVIDING VITAL CLUES.

ADDITIONAL RESOURCES

Here ARE @ BOOK TITLES RELATED TO ACTIVE GALACTIC NUcLEl (AGN) AND COSMIC RAYS, WITH SHORT DESCRIPTIONS:

1. Cosmic RAYS FROM ASTROPHYSICAL JETS

THIS BOOK DELVES INTO THE FUNDAMENTAL PROCESSES BY WHICH HIGH-ENERGY PARTICLES, OR COSMIC RAYS, ARE ACCELERATED
AND TRANSPORTED WITHIN THE POWERFUL RELATIVISTIC JETS EMANATING FROM ACTIVE GALACTIC NUCLEL. |T EXPLORES THE
PHYSICAL MECHANISMS RESPONSIBLE FOR GENERATING THESE PARTICLES, THEIR PROPAGATION THROUGH INTERSTELLAR AND
INTERGALACTIC SPACE, AND THEIR OBSERV ABLE SIGNATURES. THE TEXT OFFERS A COMPREHENSIVE OVERVIEW OF THEORETICAL
MODELS AND OBSERVATIONAL EVIDENCE, MAKING IT ESSENTIAL FOR RESEARCHERS IN HIGH-ENERGY ASTROPHYSICS AND PARTICLE
PHYSICS.

2. ProsinG THE UNiVERSE wiTH AGN EMISSIONS

THIS TITLE FOCUSES ON HOW THE DIVERSE EMISSIONS FROM ACTIVE GALACTIC NUCLEI SERVE AS INVALUABLE PROBES OF THE
SURROUNDING UNIVERSE AND THE PHYSICS GOVERNING COSMIC RAY PHENOMENA. |T EXAMINES HOW THE RADIATION FROM AGN,
ACROSS THE ELECTROMAGNETIC SPECTRUM, IS INFLUENCED BY THE PRESENCE AND INTERACTION OF COSMIC RAYS. READERS WILL



FIND INSIGHTS INTO USING AGN AS COSMIC RAY SOURCES AND HOW THEIR EMISSIONS CAN REVEAL INFORMATION ABOUT
MAGNETIC FIELDS, PARTICLE ACCELERATION, AND THE INTERGALACTIC MEDIUM.

3. THE PHYSICS OF RELATIVISTIC PLASMAS IN AGNS

THIS BOOK PROVIDES A DETAILED EXPLORATION OF THE COMPLEX PHYSICS OF RELATIVISTIC PLASMAS THAT CONSTITUTE THE
ENVIRONMENTS OF ACTIVE GALACTIC NUCLEI, PARTICULARLY IN RELATION TO COSMIC RAY ACCELERATION. |T COVERS THE
MAGNETOHYDRODYNAMIC PROCESSES, PARTICLE ACCELERATION MECHANISMS (SUCH AS DIFFUSIVE SHOCK ACCELERATION), AND
THE RADIATIVE PROCESSES THAT OCCUR WITHIN THESE EXTREME ENVIRONMENTS. THE TEXT IS A CRUCIAL RESOURCE FOR
UNDERSTANDING THE GENERATION AND BEHAVIOR OF COSMIC RAYS IN AGN JETS AND ACCRETION DISKS.

4. MULTIMESSENGER ASTRONOMY AND THE ORIGIN oF COSMIC RAYS

THIS TITLE HIGHLIGHTS THE EXCITING FIELD OF MULTIMESSENGER ASTRONOMY , EMPHASIZING HOW THE COMBINED DETECTION OF
ELECTROMAGNETIC RADIATION, NEUTRINOS, AND COSMIC RAYS FROM ASTROPHYSICAL SOURCES LIKE AGNS IS REVOLUTIONIZING
OUR UNDERSTANDING OF COSMIC RAY ORIGINS. |T DISCUSSES HOW THESE DIFFERENT MESSENGERS CAN BE USED IN CONCERT TO
PINPOINT THE SOURCES OF THE HIGHEST-ENERGY PARTICLES IN THE UNIVERSE. THE BOOK EXPLORES THE THEORETICAL
FRAMEWORKS AND OBSERVATIONAL STRATEGIES EMPLOYED TO CONNECT THESE SIGNALS TO THEIR ASTROPHYSICAL
PROGENITORS.

5. AccreTion Disks AND JET ForMATION IN AGNS

THIS WORK FOCUSES ON THE INTRICATE RELATIONSHIP BETWEEN ACCRETION DISKS SURROUNDING SUPERMASSIVE BLACK HOLES
AND THE POWERFUL JETS THEY LAUNCH, WHICH ARE PRIME CANDIDATES FOR COSMIC RAY PRODUCTION. |T EXAMINES THE PHYSICS
OF MATTER ACCRETING ONTO BLACK HOLES, THE FORMATION OF COLLIMATED OUTFLOWS, AND THE ROLE OF MAGNETIC FIELDS IN
THESE PROCESSES. UNDERSTANDING THESE MECHANISMS IS VITAL FOR GRASPING HOW COSMIC RAYS ARE ENERGIZED AND EJECTED
FrRoM AGNSs.

6. HiGH-EnerGY NeUTRINOS AND CoSMIC RAY SIGNA TURES FROM AGNS

THIS BOOK SPECIFICALLY INVESTIGATES THE LINK BETWEEN HIGH-ENERGY NEUTRINOS DETECTED FROM ASTROPHYSICAL SOURCES
AND THE ONGOING PUZZLE OF COSMIC RAY ORIGINS, WITH A PARTICULAR FOCUS ON ACTIVE GALACTIC NUCLEI. IT DELVES INTO
THE PROCESSES THAT PRODUCE BOTH NEUTRINOS AND COSMIC RAYS IN AGN JETS AND HOW THEIR SIMULTANEOUS OBSERVATION
CAN SHED LIGHT ON THE ACCELERATION MECHANISMS. THE TEXT PROVIDES A THOROUGH REVIEW OF THE CURRENT
OBSERVATIONAL STATUS AND THEORETICAL PREDICTIONS FOR MULTIMESSENGER SIGNALS FROM AGNSs.

7. GAMMA-RAY OBSERVATIONS OF ACTIVE GALACTIC NUCLEI

THIS TITLE EXPLORES THE SIGNIFICANT CONTRIBUTIONS OF GAMMA-RAY OBSERVATIONS TO OUR UNDERSTANDING OF ACTIVE
GALACTIC NUCLEI, PARTICULARLY THEIR ROLE AS POWERFUL ACCELERATORS OF COSMIC RAYS. |T DETAILS HOW GAMMA-RAY
EMISSIONS, OFTEN PRODUCED BY THE INTERACTIONS OF HIGH-ENERGY PARTICLES WITHIN AGN JETS, PROVIDE DIRECT EVIDENCE OF
THESE ACCELERATION PROCESSES. THE BOOK DISCUSSES VARIOUS OBSERVATIONAL FACILITIES AND THE INTERPRETATION OF
GAMMA-RAY SPECTRA TO INFER THE PROPERTIES OF COSMIC RAYS IN THESE SOURCES.

8. PARTICLE ACCELERATION IN ASTROPHYSICAL SHOCKS

THIS BOOK PROVIDES A FUNDAMENTAL TREATMENT OF PARTICLE ACCELERATION IN SHOCK WAVES, A KEY MECHANISM THEORIZED
TO BE AT PLAY IN ACTIVE GALACTIC NUCLEI FOR GENERATING COSMIC RAYS. |T COVERS THE THEORETICAL UNDERPINNINGS OF
DIFFUSIVE SHOCK ACCELERATION AND OTHER RELATED MECHANISMS, EXPLAINING HOW PARTICLES CAN GAIN ENORMOUS ENERGIES
IN THE SUPERSONIC OUTFLOWS FROM AGNS. THE TEXT IS ESSENTIAL FOR ANYONE WANTING TO UNDERSTAND THE BASIC
PHYSICS BEHIND COSMIC RAY GENERATION IN THESE ENERGETIC ENVIRONMENTS.

Q. THE INTERGALACTIC Mepium AND CoSMIC RAY PROPAGATION

THIS TITLE INVESTIGATES HOW THE VAST EXPANSE OF THE INTERGALACTIC MEDIUM INFLUENCES THE PROPAGATION OF COSMIC
RAYS ORIGINATING FROM SOURCES LIKE ACTIVE GALACTIC NUCLEL |T EXAMINES THE INTERACTIONS OF COSMIC RAYS WITH
MAGNETIC FIELDS AND PLASMA WITHIN THE INTERGALACTIC MEDIUM, WHICH AFFECTS THEIR ARRIVAL DIRECTIONS AND ENERGY
SPECTRA. THE BOOK EXPLORES HOW STUDYING COSMIC RAY PROPAGATION CAN REVEAL PROPERTIES OF THE INTERGALACTIC
MEDIUM ITSELF AND HELP TRACE THE ORIGINS OF THESE ENERGETIC PARTICLES.
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