COSMIC RAYS ORIGINS

UNRAVELING THE ENIGMA: THE CosMic RAYS ORIGINS MYSTERY

COSMIC RAYS ORIGINS HAVE LONG BEEN ONE OF THE MOST COMPELLING MYSTERIES IN ASTROPHYSICS, A PUZZLE THAT
CONTINUES TO CAPTIVATE SCIENTISTS AND INSPIRE AWE ABOUT THE UNIVERSE'S MOST ENERGETIC PARTICLES. THESE HIGH-SPEED
PROJECTILES, ORIGINATING FROM BEYOND EARTH'S ATMOSPHERE, BOMBARD OUR PLANET CONSTANTLY, CARRYING CRUCIAL
CLUES ABOUT THE VIOLENT AND ENERGETIC PROCESSES THAT SHAPE THE COSMOS. FOR DECADES, RESEARCHERS HAVE BEEN
DILIGENTLY WORKING TO PINPOINT THE PRECISE SOURCES OF THESE ELUSIVE PARTICLES, EMPLOYING SOPHISTICATED DETECTORS
AND POWERFUL TELESCOPES TO DECIPHER THEIR CELESTIAL SIGNATURES. UNDERSTANDING WHERE COSMIC RAYS COME FROM IS
NOT JUST AN ACADEMIC PURSUIT, IT'S FUNDAMENTAL TO COMPREHENDING PHENOMENA RANGING FROM SUPERNOVA EXPLOSIONS
TO THE VERY FABRIC OF SPACETIME. THIS COMPREHENSIVE EXPLORATION DELVES INTO THE CURRENT SCIENTIFIC UNDERSTANDING
OF COSMIC RAY ORIGINS, EXAMINING THE PRIMARY SUSPECTS AND THE ONGOING QUEST FOR DEFINITIVE ANSWERS.
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THe SoLAR SysTeM's ConTrIBUTION To CosMic RAYS

\WHILE MUCH OF THE FOCUS ON COSMIC RAYS IS DIRECTED TOWARDS THE EXTREME REACHES OF THE UNIVERSE, OUR OWN SOLAR
SYSTEM PLAYS A ROLE, ALBEIT A LESS ENERGETIC ONE. THE SUN, A STAR UNDERGOING CONSTANT ACTIVITY, IS A SIGNIFICANT
PRODUCER OF LOWER-ENERGY COSMIC RAYS. THESE SOLAR ENERGETIC PARTICLES (SEPS) ARE PRIMARILY ACCELERATED DURING
SOLAR FLARES AND CORONAL MASS EJECTIONS (CMES), DRAMATIC BURSTS OF RADIATION AND CHARGED PARTICLES ERUPTING
FROM THE SUN’S SURFACE. W/HEN THESE EVENTS OCCUR, THEY CAN PROPEL PARTICLES AT CONSIDERABLE SPEEDS, SOME OF
WHICH REACH EARTH. HO\X/EVER, COMPARED TO THE TRULY COSMIC RAYS THAT ORIGINATE FROM MUCH FARTHER AFIELD, SEPs
ARE RELATIVELY WEAK. THEIR PRESENCE IS CRUCIAL FOR UNDERSTANDING SPACE WEATHER AND ITS IMPACT ON SATELLITES AND
ASTRONAUTS, BUT THEY ARE NOT THE PRIMARY ANSWER TO THE HIGH-ENERGY COSMIC RAY PUZZLE.

SoLAR FLARES AND CORONAL MASS EJECTIONS

SOLAR FLARES ARE SUDDEN, INTENSE BURSTS OF ELECTROMAGNETIC RADIATION FROM THE SUN’S SURFACE. THEY ARE CAUSED BY
THE SUDDEN RELEASE OF MAGNETIC ENERGY STORED IN THE SUN'S ATMOSPHERE. THESE FLARES CAN ACCELERATE CHARGED
PARTICLES, INCLUDING PROTONS AND ELECTRONS, TO SIGNIFICANT ENERGIES, CREATING WHAT WE CALL SOLAR ENERGETIC
PARTICLES. CORONAL MASS EJECTIONS ARE EVEN LARGER AND MORE POWERFUL EVENTS, INVOLVING THE EXPULSION OF VAST
AMOUNTS OF PLASMA AND MAGNETIC FIELD FROM THE SUN’S CorRONA. THESE CMES ARE ALSO POTENT ACCELERATORS OF
PARTICLES, OFTEN GENERATING HIGHER-ENERGY SEPS THAN FLARES ALONE. THE STUDY OF SEPS HELPS US UNDERSTAND THE
SUN'S COMPLEX MAGNETIC BEHAVIOR AND ITS INFLUENCE ON THE HELIOSPHERE.



THe HELIOSPHERE'S SHIELDING EFFECT

THE HELIOSPHERE IS THE VAST BUBBLE OF CHARGED PARTICLES, OR PLASMA, THAT STREAMS OUTWARD FROM THE SUN IN ALL
DIRECTIONS. THIS MAGNETIC BUBBLE ACTS AS A PROTECTIVE SHIELD, DEFLECTING MANY OF THE HIGH-ENERGY COSMIC RAYS THAT
ORIGINATE FROM OUTSIDE OUR SOLAR SYSTEM. THE HELIOSPHERE'S COMPLEX MAGNETIC FIELD LINES INTERACT WITH INCOMING
COSMIC RAYS, SCATTERING THEM AND PREVENTING A SIGNIFICANT PORTION FROM REACHING THE INNER SOLAR SYSTEM. THIS
SHIELDING EFFECT IS NOT UNIFORM; IT VARIES WITH THE SOLAR CYCLE, BECOMING STRONGER DURING PERIODS OF HIGH SOLAR
ACTIVITY. UNDERSTANDING THE HELIOSPHERE'S DYNAMICS IS THEREFORE ESSENTIAL FOR INTERPRETING THE COSMIC RAY DATA WE
RECEIVE ON EARTH.

GALAcTIC CosMic RAYs: BEyond Our SUN

\W/HEN WE TALK ABOUT COSMIC RAYS IN THEIR MOST PROFOUND SENSE, WE ARE OFTEN REFERRING TO GALACTIC CosMiC RAYS
(GCRS). THESE ARE THE PARTICLES THAT ORIGINATE FROM SOURCES WITHIN OUR MILKY W/ AY GALAXY BUT LIE BEYOND THE
IMMEDIATE INFLUENCE OF THE SUN. GCRS ARE SIGNIFICANTLY MORE ENERGETIC THAN SEPS, AND THEIR COMPOSITION IS
REMARKABLY SIMILAR TO THAT OF ORDINARY MATTER, WITH A HIGH ABUNDANCE OF PROTONS AND ATOMIC NUCLEI, BUT ALSO
INCLUDING ELECTRONS AND POSITRONS. THE JOURNEY OF GCRS THROUGH THE VAST INTERSTELLAR MEDIUM IS A LONG AND
ARDUOUS ONE, OFTEN TAKING MILLIONS OF YEARS. ALONG THE WAY, THEY INTERACT WITH MAGNETIC FIELDS AND INTERSTELLAR
GAS, UNDERGOING CHANGES THAT PROVIDE CLUES TO THEIR ACCELERATION MECHANISMS AND ORIGINS.

SUPERNOVA REMNANTS AS PRIMARY ACCELERATORS

For DECADES, THE LEADING HYPOTHESIS FOR THE ORIGIN OF MOST GCRs HAS POINTED TOWARDS SUPERNOVA REMNANTS
(SNRS) A SUPERNOVA IS THE EXPLOSIVE DEATH OF A MASSIVE STAR, A CATACLYSMIC EVENT THAT RELEASES AN INCREDIBLE
AMOUNT OF ENERGY. IN THE TURBULENT SHOCK WAVES THAT PROPAGATE OUTWARD FROM THE SUPERNOV A EXPLOSION,
CHARGED PARTICLES CAN BE REPEATEDLY ACCELERATED TO EXTREMELY HIGH ENERGIES THROUGH A PROCESS KNOWN AS DIFFUSIVE
SHOCK ACCELERATION. THESE SHOCK FRONTS ACT LIKE COSMIC ACCELERATORS, REPEATEDLY BOUNCING PARTICLES BACK AND
FORTH, INFUSING THEM WITH EVER-INCREASING MOMENTUM. SNRS ARE THOUGHT TO BE THE MOST ABUNDANT AND POWERFUL
ACCELERATORS IN OUR GALAXY, CAPABLE OF PRODUCING THE MAJORITY OF GCRs OBSERVED AT EARTH.

THe SPecTRUM oF GALACTIC CosMic RAYsS

THE ENERGY DISTRIBUTION OF GCRS, KNOWN AS THEIR ENERGY SPECTRUM, PROVIDES A CRUCIAL FINGERPRINT FOR THEIR ORIGIN.
THE SPECTRUM IS NOT FLAT, IT SHOWS A DISTINCT POWER-LAW SHAPE, MEANING THERE ARE FEWER HIGH-ENERGY PARTICLES
THAN LOW-ENERGY ONES. THIS POWER-LAW BEHAVIOR IS A CHARACTERISTIC SIGNATURE OF THE DIFFUSIVE SHOCK
ACCELERATION MECHANISM THOUGHT TO BE AT PLAY IN SUPERNOVA REMNANTS. HO\X/EVER, THERE ARE SUBTLE DEVIATIONS
FROM THIS SIMPLE POWER-LAW AT VERY HIGH ENERGIES, WHICH MAY INDICATE A TRANSITION IN THE DOMINANT ACCELERATION
MECHANISM OR THE INVOLVEMENT OF OTHER, MORE POWERFUL SOURCES.

EXTRAGALACTIC CosMic RAYS: THE ULTRA-HIGH-ENERGY FRONTIER

BEYOND THE ENERGETIC PARTICLES ORIGINATING FROM WITHIN OUR GALAXY LIE THE MOST MYSTERIOUS AND POWERFUL COSMIC
RAYS: EXTRAGALACTIC CosMic RAYS (EGCRS). THESE PARTICLES POSSESS ENERGIES FAR EXCEEDING WHAT CAN BE ACHIEVED
BY GALACTIC SOURCES, PUSHING THE BOUNDARIES OF OUR UNDERSTANDING OF PARTICLE ACCELERATION IN THE UNIVERSE. THEIR
ENERGIES ARE SO IMMENSE THAT THEY CAN REACH UP TO $107{20}$ eLecTRONVOLTS (EV), WHICH IS MILLIONS OF TIMES
MORE ENERGETIC THAN THE PARTICLES PRODUCED BY THE L ARGE HADRON COLLIDER. THESE ULTRA-HIGH-ENERGY COSMIC RAYS
(UHECRS) ARE RARE DUE TO THEIR IMMENSE ENERGIES AND THE FACT THAT THEIR JOURNEY ACROSS INTERGALACTIC DISTANCES
IS FRAUGHT WITH OBSTACLES.



THe GreiseN-ZATSEPIN-KUzMIN (GZK) LimiT

ONE OF THE MOST SIGNIFICANT CHALLENGES IN DETECTING EGCRS IS THE GREISEN-ZATSEPIN-KUzMIN (GZK) LIMIT. THIS
THEORETICAL LIMIT ARISES FROM THE INTERACTION OF HIGH-ENERGY PROTONS WITH THE COSMIC MICROW AVE BACKGROUND
(CMB) RADIATION, THE AFTERGLOW OF THE BIG BANG. As UHECR PROTONS TRAVEL THROUGH THE UNIVERSE, THEY CAN
CoLLIDE WITH CMB PHOTONS, LOSING ENERGY THROUGH A PROCESS CALLED PHOTOPION PRODUCTION. THIS INTERACTION
EFFECTIVELY LIMITS THE DISTANCE THAT PROTONS WITH ENERGIES ABOVE APPROXIMATELY $5 \TiMEs 107{19}$ eV can
TRAVEL BEFORE THEIR ENERGY IS SIGNIFICANTLY REDUCED. DETECTING UHECRS CLOSE TO THEIR SOURCES OR UNDERSTANDING
HOW THEY OVERCOME THIS LIMIT IS A KEY AREA OF RESEARCH.

PoOTENTIAL SOURCES oF ULTRA-HIGH-ENERGY CosMIC RAYS

[DENTIFYING THE SOURCES oF UHECRS IS ONE OF THE BIGGEST QUESTS IN ASTROPHYSICS TODAY. BECAUSE OF THEIR EXTREME
ENERGIES, THESE PARTICLES ARE THOUGHT TO ORIGINATE FROM SOME OF THE MOST VIOLENT AND ENERGETIC PHENOMENA IN THE
UNIVERSE. LEADING CANDIDATES INCLUDE:

o AcTIVE GALACTIC NucLel (AGN): THESE ARE SUPERMASSIVE BLACK HOLES AT THE CENTERS OF GALAXIES THAT ARE
ACTIVELY ACCRETING MATTER, PRODUCING POWERFUL JETS OF PLASMA THAT CAN EXTEND FOR MILLIONS OF LIGHT-
YEARS.

o GAMMA-RAY BURSTS (GRBS): THESE ARE THE MOST LUMINOUS ELECTROMAGNETIC EVENTS IN THE UNIVERSE, THOUGHT
TO BE ASSOCIATED WITH THE COLLAPSE OF MASSIVE STARS OR THE MERGER OF NEUTRON STARS.

® THE ENVIRONMENTS AROUND ROTATING NEUTRON STARS OR MAGNETARS, WHICH POSSESS INCREDIBLY STRONG MAGNETIC
FIELDS.

® THE FORMATION OF SUPERMASSIVE BLACK HOLES IN THE EARLY UNIVERSE.

THE ROLE OF SUPERNOVAE

SUPERNOVAE ARE NOT JUST THE DRAMATIC ENDPOINTS OF MASSIVE STARS, THEY ARE ALSO THE COSMIC POWERHOUSES
BELIEVED TO BE RESPONSIBLE FOR ACCELERATING A SIGNIFICANT FRACTION OF THE GALACTIC CosMIC RAYS (GCRS) THAT
REACH EARTH. THE IMMENSE ENERGY RELEASED DURING A SUPERNOVA EXPLOSION CREATES POWERFUL SHOCK WAVES THAT
PROPAGATE THROUGH THE INTERSTELLAR MEDIUM. |T IS WITHIN THESE SHOCK FRONTS THAT THE PROCESS OF DIFFUSIVE SHOCK
ACCELERATION TAKES PLACE, REPEATEDLY ACCELERATING CHARGED PARTICLES TO VERY HIGH ENERGIES. THE EFFICIENCY OF THIS
ACCELERATION PROCESS WITHIN SUPERNOV A REMNANTS (SNRS) HAS BEEN A CORNERSTONE OF GCR ORIGIN MODELS FOR
DECADES.

SHock W AVE ACCELERATION MECHANISMS

DIFFUSIVE SHOCK ACCELERATION IS A FERMI-LIKE PROCESS WHERE CHARGED PARTICLES REPEATEDLY CROSS A SHOCK FRONT.
EACH TIME A PARTICLE CROSSES THE SHOCK, IT GAINS ENERGY. IMAGINE A BOUNCING BALL BETWEEN TWO APPROACHING WALLS;
THE BALL GAINS ENERGY WITH EACH BOUNCE. SIMILARLY, WITHIN THE TURBULENT MAGNETIC FIELDS BEHIND A SUPERNOVA SHOCK,
PARTICLES ARE EFFECTIVELY “REFLECTED” BACK AND FORTH, GAINING ENERGY FROM THE SHOCK'S COMPRESSION. THE STRENGTH
AND STRUCTURE OF THE SHOCK WAVE PLAY A CRUCIAL ROLE IN DETERMINING THE MAXIMUM ENERGY THAT PARTICLES CAN
ATTAIN. THE LONGER A PARTICLE REMAINS WITHIN THE ACCELERATING REGION, THE HIGHER ITS ENERGY CAN BECOME.



EviDence FrRoM CosMic RAY COMPOSITION

THE ELEMENTAL AND ISOTOPIC COMPOSITION OF GCRS PROVIDES STRONG EVIDENCE FOR THEIR GALACTIC ORIGIN AND LINKS TO
SUPERNOV A EXPLOSIONS. THE RELATIVE ABUNDANCES OF DIFFERENT ELEMENTS IN GCRS, PARTICULARLY THE PRESENCE OF
HEAVIER ELEMENTS LIKE IRON AND NICKEL, ARE CONSISTENT WITH MATERIAL EJECTED FROM THE ENVELOPES OF MASSIVE STARS
THAT HAVE UNDERGONE SUPERNOV AE. FURTHERMORE, THE DETECTION OF CERTAIN ISOTOPES, SUCH AS ALUMINUM'26, WHICH
HAS A RELATIVELY SHORT HALF-LIFE, SUGGESTS THAT THESE COSMIC RAYS HAVE NOT TRAVELED FOR EXCESSIVELY LONG
PERIODS SINCE THEIR ACCELERATION, REINFORCING THE IDEA OF A GALACTIC ORIGIN AND RELATIVELY RECENT ENERGETIC EVENTS
LIKE SUPERNOV AE.

AcTIVE GALACTIC NUcLEI AND GAMMA-RAY BURSTS

\X/HEN WE VENTURE BEYOND OUR OWN GALAXY, THE QUEST FOR THE ORIGINS OF THE MOST ENERGETIC COSMIC RAYS, THE
ULTRA-HIGH-ENERGY COSMIC RAYS (UHECRS), LEADS US TO SOME OF THE MOST POWERFUL PHENOMENA IN THE UNIVERSE.
AcTIVE GALACTIC NucLEl (AGNs) anD GAMMA-RAY BursTs (GRBS) ARE TWO OF THE PRIME SUSPECTS FOR ACCELERATING
THESE EXTREME PARTICLES. THESE SOURCES ARE CAPABLE OF GENERATING THE IMMENSE ENERGIES REQUIRED TO OVERCOME THE
GZK LIMIT AND PRODUCE THE RARE, HIGH-ENERGY PARTICLES THAT EVENTUALLY REACH EARTH.

JETS FROM SUPERMASSIVE BLACK HoLES

AcTIVE GALACTIC NUCLEI ARE POWERED BY SUPERMASSIVE BLACK HOLES AT THE CENTERS OF GALAXIES. AS MATTER FALLS
INTO THESE BLACK HOLES, IT FORMS AN ACCRETION DISK AND CAN BE CHANNELED INTO POWERFUL RELATIVISTIC JETS OF PLASMA
THAT ARE LAUNCHED OUTWARD AT NEARLY THE SPEED OF LIGHT. THESE JETS ARE THOUGHT TO CONTAIN STRONG MAGNETIC
FIELDS AND SHOCKS THAT CAN ACCELERATE PARTICLES TO EXTREMELY HIGH ENERGIES. THE EXACT MECHANISMS OF
ACCELERATION WITHIN THESE JETS ARE STILL BEING INVESTIGATED, BUT THEY ARE CONSIDERED A LEADING CONTENDER FOR THE
SOURCES oF UHECRS. DETECTING THE NEUTRINOS AND GAMMA RAYS ASSOCIATED WITH THESE JETS PROVIDES INDIRECT
EVIDENCE FOR PARTICLE ACCELERATION PROCESSES.

THe ExTReME Power oF GAMMA-RAY BURSTS

GAMMA-RAY BURSTS (GRBS) ARE THE MOST LUMINOUS ELECTROMAGNETIC EVENTS KNOWN IN THE UNIVERSE, RELEASING IN A
FEW SECONDS THE SAME AMOUNT OF ENERGY THAT OUR SUN WILL PRODUCE OVER ITS ENTIRE 10-BILLION-YEAR LIFETIME. THESE
ARE THOUGHT TO BE ASSOCIATED WITH THE DEATH OF MASSIVE STARS (LONG GRBS) OR THE MERGER OF NEUTRON STARS
(sHoRT GRBS). THE INCREDIBLY ENERGETIC PROCESSES INVOLVED IN THESE EVENTS, PARTICULARLY THE RELATIVISTIC
OUTFLOWS AND SHOCK WAVES, ARE PRIME CANDIDATES FOR ACCELERATING PARTICLES TO THE HIGHEST OBSERVED COSMIC RAY
ENERGIES. THE DETECTION OF GRBS AT VERY HIGH ENERGIES, INCLUDING THEIR POTENTIAL CONTRIBUTION TO UHECRS, IS A
CRUCIAL AREA OF CURRENT RESEARCH.

FUTURE ProsPECTS FOR CosMIC RAY ORIGIN RESEARCH

THE ONGOING QUEST TO DEFINITIVELY PINPOINT THE ORIGINS OF COSMIC RAYS IS ENTERING AN EXCITING NEW ERA, DRIVEN BY
ADVANCEMENTS IN DETECTOR TECHNOLOGY AND A DEEPER THEORETICAL UNDERSTANDING OF ASTROPHYSICAL PHENOMENA.
FUTURE EXPERIMENTS AND OBSERVATORIES ARE POISED TO PROVIDE UNPRECEDENTED DATA, SHEDDING LIGHT ON THE MOST
ENERGETIC PARTICLES IN THE UNIVERSE AND THE EXTREME ENVIRONMENTS THAT PRODUCE THEM. THE COLLABORATION BETWEEN
GROUND-BASED OBSERVATORIES AND SPACE-BASED MISSIONS WILL BE KEY TO UNLOCKING THE REMAINING SECRETS OF COSMIC
RAY ORIGINS.



NexT-GENERATION OBSERVATORIES

THE NEXT GENERATION OF COSMIC RAY OBSERVATORIES, SUCH AS THE PIERRE AUGER OBSERVATORY AND THE UPCOMING
CHERENKOV TELESCOPE ARRAY (CTA), ARE DESIGNED TO DETECT COSMIC RAYS WITH UNPARALLELED SENSITIVITY AND ENERGY
RESOLUTION. THESE FACILITIES UTILIZE VAST ARRAYS OF DETECTORS ON EARTH'S SURFACE AND SOPHISTICATED TELESCOPES
TO SAMPLE THE SHOWERS OF SECONDARY PARTICLES PRODUCED WHEN COSMIC RAYS INTERACT WITH THE ATMOSPHERE. BY
PRECISELY MEASURING THE ENERGY, ARRIVAL DIRECTION, AND COMPOSITION OF THESE PARTICLES, SCIENTISTS CAN BEGIN TO
TRACE THEM BACK TO THEIR SOURCES, MUCH LIKE DETECTIVES FOLLOWING A TRAIL OF CLUES ACROSS THE COSMOS. THESE
OBSERVATORIES ARE CRUCIAL FOR FILLING IN THE GAPS IN OUR UNDERSTANDING OF BOTH GALACTIC AND EXTRAGALACTIC
COSMIC RAY SOURCES.

MULTI-MESSENGER ASTRONOMY

A SIGNIFICANT ADVANCEMENT IN COSMIC RAY RESEARCH IS THE RISE OF MULTI-MESSENGER ASTRONOMY. THIS APPROACH
COMBINES OBSERVATIONS FROM DIFFERENT TYPES OF COSMIC MESSENGERS — NOT JUST COSMIC RAYS, BUT ALSO PHOTONS
(LIGHT IN ALL ITS FORMS), NEUTRINOS, AND GRAVITATIONAL WAVES. BY CORRELATING SIGNALS FROM THESE DIFFERENT
MESSENGERS ORIGINATING FROM THE SAME ASTROPHYSICAL EVENT, SCIENTISTS CAN GAIN A MORE COMPLETE PICTURE OF THE
PROCESSES AT PLAY. FOR EXAMPLE, DETECTING NEUTRINOS FROM A PARTICULAR AGN ALoNGSIDE UHECRS ARRIVING FROM THE
SAME DIRECTION WOULD PROVIDE STRONG EVIDENCE THAT THE AGN IS INDEED AN ACCELERATOR OF THESE EXTREMELY ENERGETIC
PARTICLES. THIS SYNERGY OF OBSERVATIONS IS REVOLUTIONIZING OUR UNDERSTANDING OF THE UNIVERSE'S MOST ENERGETIC
PHENOMENA.

THe ONGOING SEARCH FOR THE ULTIMATE SOURCE

W/HILE SIGNIFICANT PROGRESS HAS BEEN MADE, THE ULTIMATE SOURCES OF THE HIGHEST-ENERGY COSMIC RAYS REMAIN A
PROFOUND MYSTERY. THE CHALLENGE LIES IN THE VAST DISTANCES INVOLVED, THE COMPLEX INTERACTIONS PARTICLES UNDERGO
DURING THEIR JOURNEYS, AND THE RARITY OF THESE EVENTS. HO\X/EVER, WITH CONTINUED TECHNOLOGICAL INNOVATION AND
INTERNATIONAL COLLABORATION, SCIENTISTS ARE CLOSER THAN EVER TO SOLVING THIS ANCIENT COSMIC PUZZLE. THE INSIGHTS
GAINED FROM STUDYING COSMIC RAYS WILL NOT ONLY ILLUMINATE THE MOST ENERGETIC PROCESSES IN THE UNIVERSE BUT ALSO
DEEPEN OUR UNDERSTANDING OF FUNDAMENTAL PHYSICS AND THE EVOLUTION OF THE COSMOS ITSELF. THE JOURNEY TO UNRAVEL
COSMIC RAYS ORIGINS IS FAR FROM OVER; IT IS AN ONGOING EXPLORATION INTO THE MOST EXTREME FRONTIERS OF SCIENCE.

Q: WHAT ARE THE PRIMARY CANDIDATES FOR THE SOURCES OF LOW-ENERGY COSMIC
RAYS?

A: THE PRIMARY CANDIDATES FOR THE SOURCES OF LOWER-ENERGY COSMIC RAYS ARE WITHIN OUR OWN SOLAR SYSTEM. THE
SUN, THROUGH SOLAR FLARES AND CORONAL MASS EJECTIONS, ACCELERATES PARTICLES THAT WE CALL SOLAR ENERGETIC
PARTICLES. WHILE NOT AS ENERGETIC AS TRULY COSMIC RAYS, THEY ARE A SIGNIFICANT SOURCE OF CHARGED PARTICLES
WITHIN OUR HELIOSPHERE.

Q: How DO SUPERNOVA REMNANTS ACCELERATE COSMIC RAYS?

A: SUPERNOV A REMNANTS ARE BELIEVED TO ACCELERATE COSMIC RAYS THROUGH A PROCESS CALLED DIFFUSIVE SHOCK
ACCELERATION. THE POWERFUL SHOCK WAVES GENERATED BY THE SUPERNOVA EXPLOSION CREATE TURBULENT MAGNETIC
FIELDS, WHICH REPEATEDLY SCATTER CHARGED PARTICLES BACK AND FORTH ACROSS THE SHOCK FRONT, INFUSING THEM WITH
INCREASING ENERGY WITH EACH CROSSING.



Q: WHAT IS THE GZK LIMIT AND WHY IS IT IMPORTANT FOR UNDERSTANDING ULTRA"
HIGH-ENERGY COSMIC RAYS?

A: THe GREISEN-ZATSEPIN-KUZMIN (GZK) LIMIT IS A THEORETICAL UPPER LIMIT ON THE DISTANCE THAT ULTRA-HIGH-ENERGY
COSMIC RAY PROTONS CAN TRAVEL BEFORE LOSING SIGNIFICANT ENERGY THROUGH INTERACTIONS WITH THE COSMIC MICROWAVE
BACKGROUND RADIATION. [T IMPLIES THAT THE MOST ENERGETIC COSMIC RAYS DETECTED ON EARTH MUST ORIGINATE FROM
RELATIVELY NEARBY SOURCES.

Q: WHAT Are AcTIVE GALACTIC NucLEl (AGNS) AND HOW MIGHT THEY PRODUCE
COSMIC RAYS?

A: ACTIVE GALACTIC NUCLEI ARE THE BRIGHT CENTERS OF SOME GALAXIES, POWERED BY SUPERMASSIVE BLACK HOLES
ACCRETING MATTER. THE POWERFUL JETS OF PLASMA LAUNCHED FROM THESE BLACK HOLES ARE THOUGHT TO CONTAIN STRONG
MAGNETIC FIELDS AND SHOCKS THAT CAN ACCELERATE PARTICLES TO EXTREMELY HIGH ENERGIES, MAKING THEM PRIME CANDIDATES
FOR PRODUCING ULTRA-HIGH-ENERGY COSMIC RAYS.

Q: How po GaMMA-RAY BUrsTS (GRBS) CONTRIBUTE TO THE ORIGIN OF COSMIC
RAYS?

A: GAMMA-RAY BURSTS ARE THE MOST LUMINOUS ELECTROMAGNETIC EVENTS IN THE UNIVERSE, ASSOCIATED WITH THE DEATH
OF MASSIVE STARS OR THE MERGER OF NEUTRON STARS. THE INCREDIBLY ENERGETIC PROCESSES INVOLVED, INCLUDING
RELATIVISTIC OUTFLOWS AND SHOCK WAVES, ARE BELIEVED TO BE CAPABLE OF ACCELERATING PARTICLES TO THE HIGHEST
OBSERVED COSMIC RAY ENERGIES.

Q: WHAT ROLE DOES MULTI-MESSENGER ASTRONOMY PLAY IN COSMIC RAY ORIGIN
RESEARCH?

A: MULTI-MESSENGER ASTRONOMY COMBINES OBSERVATIONS FROM DIFFERENT COSMIC MESSENGERS LIKE COSMIC RAYS,
PHOTONS, NEUTRINOS, AND GRAVITATIONAL WAVES. BY CORRELATING THESE SIGNALS FROM THE SAME CELESTIAL EVENT,
SCIENTISTS CAN GAIN A MORE COMPREHENSIVE UNDERSTANDING OF THE PARTICLE ACCELERATION PROCESSES AND PINPOINT THE
SOURCES OF COSMIC RAYS MORE EFFECTIVELY.

Q: ARE THERE ANY THEORIES THAT SUGGEST COSMIC RAYS COULD ORIGINATE FROM
BEYOND GALAXIES?

A: YES, THE MOST ENERGETIC COSMIC RAYS, KNOWN AS ULTRA-HIGH-ENERGY COSMIC RAYS (UHECRS), ARE BELIEVED TO HAVE
EXTRAGALACTIC ORIGINS. THEIR ENERGIES ARE SO HIGH THAT THEY ARE UNLIKELY TO BE PRODUCED BY SOURCES WITHIN OUR
MiLky WAY GALAXY, LEADING SCIENTISTS TO LOOK TOWARDS POWERFUL EXTRAGALACTIC PHENOMENA LIKE AGNs anp GRBs.

QI How DO SCIENTISTS MEASURE THE COMPOSITION OF COSMIC RAYS?

A: SCIENTISTS MEASURE THE COMPOSITION OF COSMIC RAYS BY ANALYZING THE PATTERNS OF SECONDARY PARTICLES CREATED
WHEN COSMIC RAYS INTERACT WITH EARTH'S ATMOSPHERE. THESE INTERACTIONS PRODUCE EXTENSIVE AIR SHOWERS, AND THE
CHARACTERISTICS OF THESE SHOWERS, SUCH AS THEIR DEPTH AND PARTICLE CONTENT, REVEAL INFORMATION ABOUT THE
PRIMARY COSMIC RAY'S CHARGE AND MASS.
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