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Groundbreaking discoveries in astrophysics have
been continuously reshaping the way we think about
our universe and reality as a whole, challenging
previous models and redefining the fundamental
forces shaping our world.

In this first edition of AZoQuantum’s Astrophysics
eBook, you'll explore a collection of recent technical
breakthroughs and discoveries that have reshaped
our understanding of the Universe's fundamental
laws.

You will explore the ever-evolving field of space
exploration, examining the missions and
technological advancements that continue to unveil
the secrets of the cosmos. Discover how the latest
findings from asteroid sample returns offer new
clues to the origins of our solar system, while
cutting-edge telescopic observations are providing
a more intricate view of the interstellar medium and
the diversity of galaxies beyond our own.




Article

Understanding Outer Space: An Overview of
Space Exploration and Cosmic Phenomena

Outer space has been a topic of curiosity for centuries. With advancing technology, space
exploration continues to expand, offering deeper insights into the universe and the
processes that shape it. This article explores the key aspects of space exploration,
including the technologies driving missions and the latest discoveries in cosmic

phenomena.

The Technologies Powering Space Exploration

Space exploration is driven by advancements in aerospace engineering, robotics, and satellite
technology, merging interdisciplinary fields of science, technology, and innovation. The
overarching objectives are to explore celestial bodies, investigate cosmic phenomena, and
unlock key questions concerning the universe’s origins, evolution, and potential for

extraterrestrial life.

Rocket Technology

The most fundamental technology in space exploration is rocket propulsion, which makes it
possible to escape Earth's gravitational hold and launch missions into space. Continuous
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advancements in both chemical and alternative propulsion systems have made modern launch
vehicles like SpaceX's Falcon Heavy and NASA's Space Launch System (SLS) critical for
transporting substantial payloads into orbit.

However, innovation extends beyond traditional chemical rockets. New propulsion
technologies, such as hybrid rocket motors and electric propulsion systems like ion thrusters
and Hall effect thrusters, are gaining traction, particularly for deep-space missions. These
systems offer higher fuel efficiency and specific impulse, allowing spacecraft to travel farther
with less fuel. Moreover, the rise of reusable rocket systems, exemplified by SpaceX's Falcon 9
recovery technology, has reduced launch costs by as much as 30-40%, making space missions
more frequent and cost-effective.’?

Satellites and Probes

Satellites have evolved from simple communication devices into highly sophisticated
platforms equipped with cutting-edge instruments. These instruments enable high-resolution
imaging, multispectral analysis, and deep-space telemetry. A notable example is the

, which has been instrumental in uncovering mysteries about and
galaxy formation.

Taking space observation further is NASA's . With its
cryogenically cooled mid-infrared detectors, the JWST is pushing the boundaries of
cosmological study, allowing scientists to explore the first galaxies that formed after the Big
Bang and analyze the atmospheres of distant exoplanets for potential signs of life.

Robotic planetary exploration has also seen remarkable advancements. NASA's Perseverance
rover, for instance, is equipped with an array of scientific instruments, including the Mastcam-
Z for high-definition imaging and MOXIE for producing oxygen from Mars' atmosphere. These
technologies are paving the way for future human missions to Mars by addressing critical
challenges in resource utilization and environmental analysis."?

Spacecraft and International Space Stations

(ISS) has been a cornerstone of human space exploration for
over two decades. As ajoint effort among NASA, Roscosmos, ESA, JAXA, and CSA, the ISS
functions as a microgravity laboratory, conducting research that spans biology, materials
science, and physics. Recent studies on protein crystallization and alloy formation in space
have direct applications in pharmaceuticals and manufacturing.

Looking to the future, spacecraft designed for long-duration missions, such as NASA's Orion
and the Gateway lunar orbital platform, will play a vital role in extending human presence
beyond Earth’s orbit. These spacecraft come equipped with enhanced radiation shielding and
regenerative life support systems, crucial for deep-space travel. The adoption of solar electric
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propulsion (SEP)and ion propulsion will also provide the necessary thrust efficiencies for
missions targeting the Moon, Mars, and beyond."?

Recent Discoveries in Space Phenomena

While technology powers space missions, the heart of space exploration lies in the mysteries
we seek to uncover. Recent breakthroughs in observing black holes, dark matter, and
exoplanets are reshaping our understanding of the universe.

Black Holes and Neutron Stars

One of the most fascinating cosmic phenomena is the existence of black holes. Black holes,
formed from the remnants of massive stars that have collapsed under their own gravity,
represent regions in space where gravity is so intense that nothing, not even light, can escape.

In 2019, the captured the first image of a black hole, offering visual
proof of these enigmatic objects. Black holes exert immense influence on their surroundings,
warping spacetime and generating powerful gravitational forces.

Meanwhile, neutron stars, the ultra-dense remnants of supernova explosions, are equally
fascinating. These stellar remnants possess incredible densities and magnetic fields,
producing high-energy radiation that can be observed from Earth. The study of these objects
continues to provide valuable insights into the extremes of physics and the life cycles of

stars.’

Dark Matter and Dark Energy

Dark matter and remain two of the greatest unsolved mysteries in modern
cosmology. While dark matter’s gravitational influence is observed in the rotational speeds of
galaxies, it does not interact with electromagnetic radiation, making it invisible and difficult to
detect. Dark energy, responsible for the accelerated expansion of the universe, presents even
more challenges to physicists as they attempt to reconcile its properties with existing models
of the cosmos.

The and other ongoing experiments aim to provide deeper insights into
these enigmatic forces. Uncovering the nature of dark matter and dark energy is crucial to
developing a comprehensive theory of cosmology.*

Exoplanets and the Search for Life

The discovery of exoplanets has significantly expanded the search for extraterrestrial life.
NASA's and missions have identified
thousands of planets orbiting stars outside our solar system, with a focus on those located
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within the habitable zones of their parent stars—regions where liquid water could exist,
making life as we know it possible.

Recent advancements in spectroscopic analysis allow researchers to analyze the atmospheres
of exoplanets, searching for biosignatures such as oxygen, methane, and other potential
indicators of life. The study of these planets offers unprecedented opportunities for
understanding planetary system formation and the conditions necessary for life to thrive.®

Challenges and Future Prospects in Space Exploration

Space exploration, while advancing rapidly, continues to face a host of challenges. From
propulsion limitations to radiation hazards, each obstacle requires groundbreaking

. . . . 12
innovations, particularly as we researchers are looking to explore Mars and beyond.

1. Propulsion and Energy Efficiency: Traditional chemical propulsion systems fall short
when it comes to long-distance space missions due to their limited fuel efficiency. To
push deeperinto the solar system, researchers are focusing on alternatives such as ion
drives, which offer higher efficiency over long distances, and solar sails, which harness
sunlight for propulsion. For missions beyond the reach of solar power, nuclear propulsion
presents a promising solution, offering significantly reduced travel times to planets like
Mars and Jupiter. However, ensuring the safety and technical viability of nuclear
technology remains a critical hurdle.

2. Radiation Protection: In the vastness of space, cosmic rays and solar radiation pose
severe threats to both astronauts and spacecraft. Prolonged exposure to high-energy
particles could result in long-term health risks, including cancer. To mitigate this,
research is underway into advanced radiation shielding technologies. Magnetic shields
and cutting-edge materials are being explored to protect spacecraft, while we also need
a deeper understanding of how long-term radiation affects the human body, so that
future missions can be better equipped to safequard astronaut health.

3. Sustaining Life on Long-Duration Missions: Keeping astronauts alive and healthy on
missions to Mars or other distant destinations requires more than just reliable
spacecraft—it demands robust life support systems. Current systems must evolve to
produce sustainable sources of air, water, and food. Additionally, the physical effects of
microgravity, such as muscle deterioration and bone density loss, necessitate improved
countermeasures. This also includes psychological support for managing the isolation
and mental strain associated with long-duration space travel.

4. Autonomy and Communication Delays: As spacecraft travel farther from Earth,
communication delays become a significant issue. For instance, signals between Earth
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and Mars can take up to 22 minutes one way, making real-time decision-making
impossible. This drives the need for highly autonomous systems powered by artificial
intelligence. These systems must be capable of managing critical tasks, navigating
unexpected challenges, and even handling emergencies without immediate human
intervention.

5. Landing and Ascent from Planetary Bodies: Successfully landing on other planets—and
then launching back into space—remains a complex technical challenge. The thin
atmosphere of Mars complicates descent, while the absence of an atmosphere on the
Moon presents its own challenges. Advanced precision landing systems and reusable
launch vehicles are key to improving safety and reliability for planetary exploration

missions.

6. Micrometeoroids and Space Debris Hazards: Space is filled with micrometeoroids and
debris that can travel at incredibly high speeds, posing a constant threat to spacecraft.
Even tiny particles can cause catastrophic damage. To protect missions, engineers are
developing stronger materials for spacecraft hulls, alongside collision-avoidance
technologies that can detect and dodge potential threats in real time.

7. Planetary Protection and Contamination Prevention: As researchers are wanting to
explore new worlds, biological contamination is a growing concern. Strict protocols
must ensure that Earth microbes do not contaminate other planets, and that potential
extraterrestrial life does not harm Earth's biosphere. As missions aim to explore moons
like Europa or Titan—potentially harboring life—these planetary protection protocols
must evolve to safeguard both our planet and the ecosystems we may encounter.

Recent Breakthroughs in Space Exploration and Cosmic
Phenomena

The pace of space exploration and cosmic discovery has accelerated in recent years, with
technological advancements and scientific breakthroughs continuously reshaping our
understanding of the universe. Recent missions, cutting-edge telescopic observations, and
theoretical developments are providing unprecedented insights into the cosmos and
expanding the possibilities for future exploration.

One of the most significant developments in astronomy is the , launched in late 2021.
With its revolutionary infrared observation capabilities, JWST has allowed scientists to study
the early universe, capturing images of galaxies formed just 200 million years after the Big
Bang. Additionally, JWST has provided detailed analyses of the atmospheric compositions of
exoplanets, potentially revealing conditions that could support life. Its ability to observe faint,
distant cosmic structures is transforming the understanding of stellar formation and galaxy

Read this article online



https://www.azonetwork.com/go/?ruid=2177f842836140c4addb646d9dac0d12
https://www.azonetwork.com/go/?ruid=95160adff0b240bd8c23a873001b7997

Article

evolution, offering a more comprehensive picture of how the universe developed in its
infancy.®

NASA's rover, which landed on Mars in early 2021, represents another
breakthrough in planetary exploration. Tasked with studying the Martian geology and climate,
Perseverance is actively searching for signs of ancient microbial life. Equipped with cutting-
edge tools like the spectrometer and X-ray spectrometer, the rover performs
detailed chemical analyses of Martian rocks, providing critical data on the planet's habitability.
Furthermore, Perseverance’'s companion, the Ingenuity helicopter, achieved the first powered
flight on another planet, demonstrating the potential for aerial exploration on Mars and
beyond.”

In terms of astrophysics, gravitational wave astronomy has also made remarkable strides.
First detected in 2015 by the and
) —ripples in spacetime caused by the collision of massive objects
such as black holes and neutron stars—have opened a new frontier for observing the universe.
Continued advancements in this field have led to numerous observations of black hole
mergers, offering valuable insights into the behavior of these mysterious objects. Notably, a
recent study published in reported the detection of an intermediate-
mass black hole, which bridges the gap between smaller stellar-mass black holes and the

supermassive black holes found at the centers of galaxies.®

Future Prospects and Conclusion

The future of space exploration is more promising and ambitious than ever before. NASA's

program plans to return humans to the Moon, with the goal of establishing a
sustainable lunar presence by the late 2020s. This will serve as a vital stepping stone for
deeper space missions, including potential crewed missions to Mars. At the forefront of this
new era are private aerospace companies like and , which are advancing
launch technology, with plans to enable human settlement on Mars. Their innovations are
crucial to reducing the cost of space travel and making human settlement on other planets a
reality.

Beyond human missions, the discovery of exoplanets—and the possibility of detecting
biosignatures in their atmospheres—will drive the next wave of exploration. Future space
telescopes, equipped with more advanced technology, will enable scientists to probe deeper
into the universe, uncovering new worlds and the potential for life beyond Earth. Additionally,
the integration of artificial intelligence and autonomous systems will revolutionize space
missions, enhancing spacecraft navigation, data processing, and decision-making, making
missions more efficient and capable of venturing farther than ever before.
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In conclusion, space exploration is entering a new era, driven by cutting-edge technology and

relentless scientific curiosity. Breakthroughs in the study of cosmic phenomena, such as black

holes, dark matter, and the origins of the universe, continue to expand our understanding of

the cosmos. As technical progress accelerates, so too will our ability to unlock the secrets of

the universe, shaping the future of humanity's presence in space and beyond.
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OSIRIS-REx Samples Provide Clues to Solar
System'’s Origins

Scientists from NASA and other institutions reported the findings of the first in-depth
analysis of the minerals and chemicals in the Bennu samples carried to Earth by OSIRIS-REx
in 2023, in studies published in the journals Nature and Nature Astronomy.

e

In this video frame, Jason Dworkin holds up a vial that contains part of the sample from
asteroid Bennu delivered to Earth by NASA's OSIRIS-REx (Origins, Spectral Interpretation,
Resource Identification, and Security - Regolith Explorer) mission in 2023. Dworkin is the
mission’s project scientist at NASA's Goddard Space Flight Center in Greenbelt, Maryland.
Image Credit: NASA/James Tralie

NASA's OSIRIS-REXx (Origins, Spectral Interpretation, Resource Identification and Security-
Regolith Explorer) spacecraft brought rock and dust samples from the asteroid Bennu to
Earth. These samples have shown molecules that are essential to life on Earth, as well as a
history of saltwater that may have acted as the “broth” for these compounds to interact and

mix.

The results raise the possibility that life could have developed on other planets and moons,
even though they do not provide evidence for life itself. They do, however, imply that the
conditions required for life's formation were common throughout the early solar system.
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NASA's OSIRIS-REx mission already is rewriting the textbook on what we
understand about the beginnings of our solar system. Asteroids provide a time
capsule into our home planet’s history, and Bennu's samples are pivotal in our
understanding of what ingredients in our solar system existed before life started
on Earth.

Nicky Fox, Associate Administrator, Science Mission Directorate, NASA

Life on Earth uses nucleobases to store and transmit genetic instructions in more complex
terrestrial biomolecules, like DNA and RNA, including how to arrange amino acids into
proteins, and amino acids. All of them, as well as 14 of the 20 that life on Earth uses to make
proteins, were among the most compelling discoveries made on Bennu.

In the Bennu samples, researchers also reported remarkably high ammonia abundances. Since
it may react with formaldehyde, which was also found in the samples, to create complex
compounds like amino acids under the correct circumstances, ammonia is significant to
biology. Proteins, which power almost every human function, are created when amino acids
join together to form lengthy chains.

These life-supporting elements discovered in the Bennu samples had previously been
discovered in rocks from other planets. Finding them in a pure sample taken in space,
however, lends credence to the theory that objects that originated far from the Sun may have
served as a significant supply of the basic building blocks for life as we know it across the solar
system.

The clues we're looking for are so minuscule and so easily destroyed or altered
from exposure to Earth’s environment. That's why some of these new discoveries
would not be possible without a sample-return mission, meticulous
contamination-control measures, and careful curation and storage of this
precious material from Bennu.

Danny Glavin, Senior Sample Scientist, Goddard Space Flight Center, NASA

Their colleagues, led by Sara Russell, a cosmic mineralogist at the Natural History Museum in
London, and Tim McCoy, curator of meteorites at the Smithsonian's National Museum of
Natural History in Washington, searched for hints about the environment in which these

Read this article online 12



https://www.azonetwork.com/go/?ruid=9005c193602d41399f7b7d9eaee9715e

News

molecules would have formed while Glavin's team examined the Bennu samples for signs of
life-related compounds. Scientists further detail evidence of an ancient environment that was
ideal for igniting the chemistry of life in a report published in the journal Nature.

Scientists found signs of 11 minerals in the Bennu sample, ranging from calcite to halite and
sylvite. These minerals are formed when water containing dissolved salts evaporates over an
extended period of time, leaving the salts as solid crystals.

Similar brines have been found or suggested elsewhere in the solar system, such as at Saturn's
moon Enceladus and the dwarf planet Ceres.

Although scientists have previously discovered many evaporites in meteorites that fall to
Earth's surface, they have yet to find a full set that preserves an evaporation process that
could have lasted thousands of years or more. Some minerals identified on Bennu, like trona,
were discovered for the first time in extraterrestrial samples.

These papers really go hand in hand in trying to explain how life’s ingredients
actually came together to make what we see on this aqueously altered asteroid.

Tim McCoy, Curator, Meteorites, Smithsonian’s National Museum of Natural
History

Several questions remain after reviewing the Bennu sample's answers. Many amino acids can
be produced in two mirror-image variants, similar to a pair of left and right hands. Life on
Earth nearly exclusively produces left-handed individuals, but the Bennu samples include a
balanced mix of both. This implies that on early Earth, amino acids may have started out in an
equal combination. The reason life "turned left" rather than right remains a mystery.

“OSIRIS-REX has been a highly successful mission,” added Jason Dworkin, OSIRIS-REx project
scientist at NASA Goddard and co-lead author on the Nature Astronomy study.

He added, “Data from OSIRIS-REx adds major brushstrokes to a picture of a solar system
teeming with the potential for life. Why we, so far, only see life on Earth and not elsewhere, that's
the truly tantalizing question.”

OSIRIS-REX's overall mission management, systems engineering, safety, and mission
assurance were all provided by NASA Goddard. Dante Lauretta of the University of Arizona in
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Tucson is the lead investigator. The university oversees the science team, as well as the
mission's science observation planning and data processing.

Lockheed Martin Space in Littleton, Colorado, developed the spacecraft and managed its
flight operations. NASA Goddard and KinetX Aerospace were in charge of navigating the
OSIRIS-REXx probe. Curation for OSIRIS-REx takes place at NASA's Johnson Space Center in
Houston. This project's international partnerships include the Canadian Space Agency's
OSIRIS-REXx Laser Altimeter instrument and an asteroid sample science collaboration with
JAXA's Hayabusa? mission.

NASA's Marshall Space Flight Center in Huntsville, Alabama, oversees OSIRIS-REX, the third
mission in the agency's New Frontiers Program, on behalf of the Science Mission Directorate in
Washington.

Journal References:

Glavin, D. P., et. al.(2025) Abundant ammonia and nitrogen-rich soluble organic matter in
samples from asteroid (101955) Bennu. Nature Astronomy. doi.org/10.1038/s41550-024-02472-
9

McCoy, T.J., et. al. (2025) An evaporite sequence from ancient brine recorded in Bennu
samples. Nature. doi.org/10.1038/s41586-024-08495-6
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Modified Newtonian Dynamics and the Search
for a Ninth Planet

In a new feature on AZoQuantum, we speak with Theoretical Physicists Kate Brown and Harsh
Mathur about their research investigating Modified Newtonian Dynamics and its implications for
the Ninth Planet theory.

What led you to become involved with this research?

Many different lines of evidence have led to the hypothesis that most of the matterin the
Universe is dark: it does not emit, absorb or reflect light, and it is of an unknown nature. The

model has had impressive successes in explaining cosmological observations
ranging from the Cosmic Microwave background (remanent radiation from the big bang) to the
large-scale distribution of galaxies and clusters of galaxies.

However, despite decades of searches, dark matter has not been directly observed. On the
other hand, the modified gravity theory MOND (on which more below) has some impressive
successes in explaining the dynamics of galaxies without invoking the existence of dark
matter. Understanding the nature of dark matter - or developing a viable alternative to the dark
matter model - is one of the big problems of science today.

We were led to this research by the realization that MOND, which was developed to explain the
dynamics of galaxies, could also be tested on the much smaller scale of the solar system.

Could you explain in simple terms how MOND (Modified
Newtonian Dynamics) differs from traditional Newtonian
gravity?

In the 1970s, Vera Rubin showed that stars in galaxies were rotating in a manner that was
incompatible with what one would expect based on the gravitational influence of all the visible
matter in the galaxy. The motion appeared to be dominated by the gravitational pull of a large
amount of unseen mass.
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This was the first compelling evidence for the dark matter hypothesis: that galaxies contain
about five times more dark matter than visible matter. As noted above, dark matteris a
hypothetical form of matter that has gravitational effects but does not emit, absorb, or reflect
light, so it remains unseen.

MOND is an alternative solution to the problem of galaxy rotation that was developed by the
Israeli physicists Mordehai Milgrom and Jakob Bekenstein. MOND proposes that Newton's law
of gravity is accurate but only up to a point - when the gravitational acceleration predicted by
Newton's law becomes small enough then the more accurate predictions of MOND should be
used instead. The MOND acceleration scale is tiny by earthly standards (one hundred billionth
of one "g", the amount of gravitational acceleration near the surface of the Earth). But in the
outer rim of galaxies the acceleration of stars predicted by Newtonian gravity is small enough.
When MOND is applied it leads to the observed rotational behavior of galaxies.

The observational success of MOND on galactic scales and the absence of any direct
observations of dark matter are the reasons that some scientists consider MOND an
alternative to dark matter.

What inspired you to explore the connection between MOND
and the anomalies observed in the outer solar system?

The Kuiper belt consists of thousands of predominantly icy objects, of which Pluto is the best
known. Most known Kuiper belt objects are between 30 to 50 au which is comparable to the
distance of the giant planet Neptune from the Sun. (1au is the distance between the Earth and
the Sun).
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Image Credit: NASA, ESA and G. Bacon (STScl)

However, a handful of extreme Kuiper belt objects are known that are at a greater distance
even on closest approach to the sun, and they recede to distances of hundreds or even
thousands of au at the outermost extremity of their elongated orbits.

Surprisingly, the elongated orbits of the extreme Kuiper belt objects are roughly aligned.
Moreover, some of them have orbits that carry them far out of the ecliptic plane (most solar
system objects, including classical Kuiper belt objects, lie ina common plane called the
ecliptic). These anomalies in the orbits of the extreme Kuiper belt objects are the basis of the
Planet Nine hypothesis: that there is a planet five to ten times the mass of the Earth that lies
at around 500 au from the sun; the gravitational influence of this hypothetical planet can be
shown to lead to the observed anomalies in the orbits of the extreme Kuiper belt objects.

The sunis the dominant gravitational influence in the solar system. The acceleration due to
solar gravity drops below the MOND scale at a distance of about 7000 au(1au is the distance
between the Earth and the sun). Although this is an enormous distance, it is within the solar
system, and a handful of known extreme Kuiper belt objects swing out to comparable
distances from the sun.
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Thus, if MOND gravity is valid, it should have observable effects on the orbits of the very
objects whose anomalous orbits are the basis of the planet nine hypothesis. Realizing this first
got us excited about exploring the possible connection between MOND and the anomalies
observed in the outer solar system. However, it took us by surprise when we discovered that
MOND is also capable of explaining the observed anomalies and is an alternative to the Planet
Nine hypothesis.

Could you elaborate on the specific predictions made by
MOND regarding the orbits of objects in the outer solar
system and their alignment with the galaxy's gravitational
field?

At the distance of the extreme Kuiper belt objects, the dominant gravitational influence is the
sun in Newtonian gravity. However, in MOND, the gravitational field of the galaxy also produces
effects analogous to the tides produced on Earth by the moon. These tidal forces tend to align
the elongated orbits of the extreme Kuiper belt objects with the direction towards the center
of the galaxy and also to twist the orbits out of the ecliptic plane.
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Orbits of six extreme Kuiper belt objects (in purple) and the direction to the center of the galaxy

(blue arrow)

How did you go about testing your hypothesis?

Both the Planet Nine hypothesis and MOND predict that the orbits of the extreme Kuiper belt
objects should be aligned. However, MOND predicts, in addition, that the alignment should be
with the direction towards the center of the galaxy. That the orbits were aligned was
previously known - it was the basis for the Planet Nine hypothesis - but we did not know if this
aligned with the direction of the galactic center when we started our research.

In order to test the alignment with the galaxy, we had to access orbital data for the extreme
Kuiper belt objects and plot the orbits and the direction to the center of the galaxy in the same
diagram. Remarkably, the predicted alignment did occur!

Why might we not have discovered a ninth planet in our solar
system before now if it were to exist?

Planet Nine, if it exists, would be at the threshold of observability with existing telescopes.
This is because of its great distance from the sun and it could have a quite non-reflecting
surface - many Kuiper belt objects do. If it is in the direction towards the center of the galaxy it
becomes more difficult to pick up against the bright background. Also, the telescope needs to
be looking in the right direction - we do not know exactly where to look for it.

What are the implications of these results for our
understanding of fundamental physics?

They raise the stakes in the search for Planet Nine. The outer solar system is a good arena to
study MOND. If detailed predictions of MOND in the outer solar system are borne out it will
burnish the case for MOND as a serious alternative to dark matter.

Furthermore, it will provide compelling motivation to think more deeply about gravity because
MOND is not compatible with Einstein's theory of gravity, which would then need to be
modified suitably. If MOND is the correct theory of gravity it will also force us to rethink a great
deal of the history of the solar system. On the other hand, if these predictions do not work, and
Planet Nine is discovered, then too, we learn something: that MOND does not work on solar
system scales.
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Given the small dataset you mentioned, what are some of
the potential biases or other factors that might influence
the orbital peculiarities you observed?

Observational biases arise because surveys that have found extreme Kuiper belt objects have
only looked at a small region of the sky. Extreme objects have invariably been found at the
point of their orbit when they are closest to the sun known as the perihelion.

This is not surprising because when they recede from perihelion, they will become too faint to
be seen by current telescopes. Thus, their orbits are aligned with the set of directions in which
current surveys have looked. It is possible that the observed alignment is due to the limited
range of directions in which surveys have looked and when an all-sky survey is carried out it,
the claimed alignment will disappear.

Planet nine proponents have used statistical analysis to claim that the observed alignment is
significant even when observational biases are taken into account; critics have argued the
opposite. We believe that when more objects are discovered, and a larger fraction of the sky is
surveyed, an unambiguous answer will emerge. A number of future surveys, led by the Vera
Rubin telescope, will soon settle this question decisively.

Will you be conducting any further research to validate your
findings?

In anticipation that many more extreme Kuiper belt objects will be soon discovered, we are
planning to make more detailed predictions for their orbits based on MOND. Farther out than
the Kuiper belt is the Oort cloud which is a cloud of icy objects surrounding the sun that is
believed to be the source of long period comets.

We are also interested in studying the effects of MOND on the Oort cloud. Finally, in the course
of working on this project, we have developed some methods that are of general utility in the
analysis of solar system and galaxy dynamics. We are working on manuscripts to disseminate
these methods.

About Kate Brown and Harsh Mathur
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Could Aliens Be Breathing Dark Oxygen?

Oxygen is one of the fundamental elements necessary to sustain life. Traditionally, the
presence of oxygen in a planetary atmosphere has been linked to biological processes,
specifically photosynthesis. However, a newly discovered dark oxygen is challenging the
belief that the element could only be created from sunlight - which could have wild

implications in astrobiology.

What is Dark Oxygen?

The oxygen that sustains complex life forms on Earth is diatomic molecular oxygen (02)
created through sunlight via the photosynthesis process. This strong association has led
scientists to believe that oxygen in planetary atmospheres is a reliable indicator of
photosynthetic life. However, "dark oxygen," a term coined to describe a newly discovered form
of oxygen, appears to be a new type that does not rely on sunlight or photosynthesis for its

creation. "2
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How was it Discovered?

The discovery of dark oxygen production at the bottom of the sea was made through a series
of experiments conducted in the Clarion-Clipperton Zone (CCZ) of the Pacific Ocean.
Researchers deployed benthic chamber landers - autonomous enclosures that isolate
sections of the seafloor to measure oxygen fluxes. These experiments were performed in
areas densely covered with polymetallic nodules. Instead of the anticipated drop in oxygen
levels from biological respiration and oxidation, scientists observed an increase in oxygen
concentration—more than three times the background levels—over a 47-hour period.

This dark oxygen production phenomenon was confirmed using oxygen optodes and
independently verified through the Winkler titration method to rule out equipment
malfunctions. '

Researchers further conducted additional ex-situ incubations of sediment cores and nodules,
including tests involving poisons like mercury chloride to eliminate biological activity as a
potential cause. The results indicated that the presence of polymetallic nodules played an
important role in oxygen generation. Additionally, the electrical measurements on the nodules
showed voltage potentials of up to 0.95V, suggesting a possible electrochemical process akin
to seawater electrolysis. Researchers hypothesized that energy differences between metal
ions within the nodules could drive an electrochemical reaction, liberating oxygen in the
absence of sunlight. This discovery challenges the conventional understanding of deep-sea
oxygen dynamics and suggests that deep-sea electrochemical processes may play an

unrecognized role in marine ecosystems. '

Implications for Astrobiology

The discovery of dark oxygen has significant implications for astrobiology as it suggests that
oxygen production, and potentially life, can exist in environmental conditions that were
previously considered inhospitable. This is particularly relevant to the search for life on other
planets and moons.

One of the key implications is the potential for dark oxygen to exist on icy moons such as
Europa and Enceladus. These moons possess subsurface oceans that may contain the
necessary ingredients for life, and the discovery of dark oxygen suggests a potential
mechanism for sustaining oxygenated habitats in these environments. 3

Moreover, dark oxygen could also act as a biochemical building block for unknown forms of
alien life. Its unique properties, such as potential stability in extreme conditions, could allow it
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to sustain life under extreme pressure and low-temperature conditions.

Advancing Our Understanding of Space Chemistry

Oxygen detection on an exoplanet has often been considered a potential biosignature.
However, dark oxygen complicates this assumption by showing that oxygen might exist
independently of biological processes.

Dark Oxygen demonstrates that oxygen can be naturally produced through abiotic processes,
meaning that the detection of oxygen in an exoplanet's atmosphere does not automatically
indicate the presence of life, which calls for a more nuanced approach to assessing their
habitability. 24

Moreover, dark oxygen may have links to abiogenesis, the origin of life from non-living matter.
If oxygen can be produced in the absence of life, it suggests that the early Earth may have had
pockets of oxygenated environments even before the evolution of photosynthetic organisms.

These environments could have been responsible for the emergence of the first life forms. 2 *

This discovery is an indication of the diversity and complexity of chemistry in the universe, as
it demonstrates that there are still many unknown chemical processes occurring in extreme
environments, both on Earth and potentially on other celestial bodies.

What Now?

Detecting and characterizing dark oxygen beyond Earth will require refined tools and novel
methodologies. For instance, current spectroscopic techniques used to analyze planetary
atmospheres may need refinement to distinguish between spectral signatures of conventional
oxygen and dark oxygen exoplanet atmospheres.

Space agencies could design missions to search for dark oxygen in the atmospheres of
exoplanets or within our solar system. The James Webb Space Telescope (JWST) and future
space observatories like the Extremely Large Telescope (ELT) may be instrumental in
detectingits presence in distant star systems as well.

Another avenue for research can be the development of experimental setups on Earth to
simulate the extreme conditions where dark oxygen is thought to exist. Examining its
interactions with other elements and molecules in simulated space environments could offer
further insights into its stability and possible role in extraterrestrial chemistry.
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Broader Implications for the Future of Space Exploration

Dark oxygen has the potential to impact the search for life beyond Earth by widening the range
of habitable conditions. Moreover, dark oxygen could have potential uses in future human
space exploration. It could potentially be harnessed for energy production or life-support
systems on long-duration missions. If dark oxygen can be produced on other planets or moons,
it could for instance provide a sustainable source of breathable air for astronauts. However,
the potential environmental impacts of exploiting dark oxygen sources, such as deep-sea
mining, must also be carefully considered. Deep-sea mining, which is used to extract valuable
metals from polymetallic nodules, has been associated with biodiversity loss and habitat
destruction.

Want to read more? Check how Al is helping with space exploration here
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Are Axions the Solution to Dark Matter?

Dark matter is one of the most enduring and enigmatic mysteries in modern physics. What
dark matter actually is has remained elusive, with several hypothetical particles such as

weakly interacting massive particles (WIMPs) and axions proposed by scientists.

Research in recent years has demonstrated that axions could be more of a viable candidate
than WIMPS. Theoretical studies on symmetry laws suggest that if these hypothetical particles
exist in large enough quantities, they would behave similarly to

What are Axions?

The axion has its roots in the Standard Model of particle physics. This hypothetical particle
was proposed to solve a key question in particle physics: the strong charge parity (CP) problem
in guantum chromodynamics (QCD.) QCD is not a CP symmetric theory, unlike quantum
electrodynamics (QED.)

Axions are characterized by their extremely low mass, weak interactions, and the potential to
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form a Bose-Einstein condensate.” These properties of axions would help answer a central
problem in particle physics: why neutrons do not possess an electric dipole moment, despite
being composed of quarks. This fundamental imbalance would be canceled out by axions.

Axions are much lighter than WIMPs. Some scientists theorize that these particles could be as
light as neutrinos. Several experiments have searched for WIMPs (which were one of the
earliest candidates for dark matter) but with no success: as a result, other potential
candidates have emerged in the quest to understand dark matter, in particular axions.

Why Axions Could Be Dark Matter

Dark matter was first inferred in 1933 to answer a conundrum in physics: visible matter could
not account for all the observed mass in the Universe. Much of the matter was “missing” and
could not be seen. In the 1970s, the existence of dark matter was confirmed by Vera Rubin and
W. Kent Ford.

Axions are a potentially more robust candidate for dark matter than WIMPs for a few reasons.
Firstly, recent research suggests that they could explain the observed gravitational effects
caused by the existence of dark matter without contradicting existing models of particle
physics.

Axions could also have been produced in the early universe in sufficiently large enough
quantities. This would explain the prevalence of dark matter in the universe today and why it
far outweighs the amount of visible matter. Finally, these hypothetical particles fit well with
current observations of the physical universe such as cosmic structure formation and galactic
rotation curves.

Recent Research and Experimental Evidence

Much research has been conducted into confirming the existence of axions and their potential
as dark matter candidates.

The Axion Dark Matter eXperiment (ADMX) is an experiment that aims to detect axions by
converting them into microwave photons, using an axion holoscope. Strong magnetic fields
are employed to make this possible. The experiment is a collaboration between the Fermilab,
the University of Washington, UC Berkley, and others.

The Broadband Reflector Experiment for Axion Detection (BREAD) aims to narrow down the
search for axions by taking a broadband approach and better identifying the expected
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characteristics of these theoretical dark matter particles. CAST (CERN Axion Solar Telescope)
is searching for axions from the Sun.

A new experiment from the University of Oxford and various partners is searching for Axions
using the European XFEL Facility. In this experiment, extremely fast flashes of X-rays are
shone through thin blocks of germanium with titanium sheets between them to convert
photons into axions.

Only axions are able to the cross through the blocks to the detector due to the presence of the
titanium sheets. These particles are then converted back into photons which are thus
detected, confirming their existence in a “light-shining-through-walls” experiment.

Other experiments are aiming to detect axion-like particle hints from pulsars and neutron
stars. Additionally, axions could be detected indirectly via radio and X-ray anomalies.
Furthermore, axion miniclusters and their role in cosmic structure are the focus of some
current studies. New theoretical constraints from could also prove
beneficial for axion and dark matter research.

Challenges and Uncertainties

The road toward confirming the existence of axions and whether they are viable dark matter
candidates is challenging for particle physicists. Axions have, thus far, not been detected
directly, with only indirect hints as to their existence. More sensitive experiments will be

required to confirm or rule out axions in the expected mass range.

Furthermore, there are alternative explanations such as modified gravity theories” that could,
if verified, pose fundamental problems for the study of dark matter itself. It's possible that
dark matter may no longer be the leading explanation for why most of the universe's matter
seems to be missing.

In Summary

In summary, whilst axions are one of the most promising dark matter candidates, definitive
proof is still missing, and alternative theories could emerge in the coming years to explain this
enigmatic mystery in modern physics.

Regardless of the outcome of research in this area, the search for axions is helping to answer
some fundamental questions about physics and our universe.
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Gravastars Could Change our Understanding
of Cosmological Models

Gravastars, a concept first proposed by scientists Mazur, and Mottola in their research
study, are becoming a topic of interest for astrophysicists all over the world.! Compact
objects like black holes are formed when stars tend to collapse at the end of their life cycle.
Gravastars are regarded as alternatives to conventional black holes, and scientists have

recently made some ground-breaking discoveries.

A Brief Introduction to Gravastars

A gravastar, just like a black hole, consists of an extremely dense core. It is made up of three
regions. The core or inner region consists of densely packed . Ultra-relativistic
stiff fluid discovered and introduced by Zeldovich, surrounds the dense dark energy core, to
form the second layer.

This stiff fluid thin layer is also sometimes referred to as the shell of a gravastar. Beyond the
shell, the exterior of the gravastar constitutes another layer, described using different models

depending on the circumstances.?

Research studies have been carried out to study primordial black holes, the compact objects
formed at the early stages of the universe. Around 4 years ago, the detection of
by the LIGO Scientific, and Virgo Collaborations, has confirmed the existence of
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primordial gravastars, just like primordial black holes. Researchers have found that a
gravitational vacuum star or gravastar expels gravitational waves, which contain waveform
with primary signals identical to that of black holes.®

In short, a gravastar is essentially a de Sitter space bubble, primarily representing a space of
negative black energy. This unique model, based on quantum energy fluctuations explaining
the development of an extremely thin finite shell around the core, turns out to be accurate
with the idea of a constantly expanding universe.

A Conceptual Comparison between Gravastars and Black
Holes

With the applications of in astrophysics, black holes became the center of
attention. However, many scientists considered the existence of an event horizon - a boundary
not allowing even light to escape - and the presence of gravitational singularity very strange. In
this regard, the gravastar configuration model is considered a more realistic model, as it is not
characterized by the presence of an event horizon at the core.

Initially, it was believed that black holes and gravastars were the same, as both these high-
density objects cast undetectable shadows. However, the confirmation of the absence of an
event horizon is instrumental in differentiating them. Furthermore, studying oscillation modes
of black holes and gravastars with quasi-normal frequency mode detection also reveals that
even if the gravitational mass is identical, both these cosmological bodies emit different
quasi-normal spectrums. Researchers have also found differences in the decay rate of
gravastars, and black holes.

The literature also points out a major finding: if the mass of a star is above 3 solar masses
(M©®), and less than 64 MO, it collapses to form black holes. The gravastar cosmological model
doesn't follow this mass range restriction. Additionally, another major difference between the
two compact objects is the proof of gravastars being much more thermodynamically stable
than black holes.*

What are Nested Gravastars?

Although gravastars prove to be the solution to various concerns raised with general relativity
and black holes, researchers have recently developed a refined model allowing the nesting of 2
gravastars into each other, opening up new avenues in astrophysics.

The nesting of gravastars leads to a much thicker shell region in comparison to the
conventional thin-shell gravastar. This model is much more realistic, and in this model, the
pressure considered for numerical computations was anisotropic, in comparison to the
isotropic pressure model for conventional gravastars.
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The researchers also mentioned the concept of a nestar, which is a multi-layered dense body
made up of 2 nested gravastars. Conventional stars can't be expected to follow this concept,
as the hydrostatic equilibrium created during the nesting process has only been confirmed
numerically for gravastars.

The equilibrium achieved by the layering of nested gravastars enables the development of
models that consider the formation of nestars with an even greater number of nested
gravitational stars, and the multi-layered nested gravastars could prove to be an accurate

solution to unexplained black hole limitations.®

Modified Gravastar Model, and Implications for Cosmology

The gravitational vacuum stars(gravastars) model integrates the expanded Bose-Einstein
condensation phenomena effects, highlighting the phase transitions taking place in the core
(de Sitter core), balancing the forces to prevent the formation of an event horizon. Although
this answers various questions, researchers are still trying to integrate modified theories
instead of general relativity, particularly to explain cosmological processes such as the
expansion of the universe.

The study of astrophysical processes points out the continuous expansion of the universe,
with negative pressure, explained by quintessence dark energy. Furthermore, string theory
hints at the existence of 1-D strings as the basic building block of nature. A modified gravastar
model with the integration of clouds of string, and quintessence dark energy has recently been
devised when researchers computed modified Einstein field equations to study the interplay
between string theory, dark matter, gravastars, and the processes taking place in the universe.

Even the modified equation of states, and the study of modified energy states also reveal that
no singularity is present at the core of compact objects. Furthermore, the calculations reveal
that the energy density and pressure of the gravastar system didn't change, whichisinline
with the properties of dark matter.

The clouds of strings enhanced the stability parameters of the gravastars, while the stability
region decreased with anincrease in the quintessence field parameter. Furthermore, the
thickness of the shell also affects the total energy, as an increase in thickness leads to an
increase in energy and in entropy. The modified model of gravastars is proof of the expanding
universe and explains the processes occurring at the core of celestial bodies while
incorporating the string theory, and dark matter principles.®

What Does the Future Hold?

In the future, we can expect greater advancements in the domain of gravastars. Although the
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concept of the nested gravastar model has been discussed recently, researchers still need to
study the effects of disturbances on the nestar model and determine the quasi-normal mode
spectrum. A detailed study involving the analysis of perturbations will be key in understanding
the existence of gravastars, and provide a much more detailed platform to distinguish them
more clearly from black holes.

Furthermore, observatory instruments such as the Event Horizon Telescope, and GRAVITY+
instruments are becoming more precise, and their resolution is increasing significantly,
allowing for more accurate data collection and enabling the imaging of distant and far-off
astronomical objects. This should help to validate the gravastar model and differentiate
between different types of astronomical objects while studying astrophysical phenomena.

The nestars model and incorporation of string theory provide a dynamic and thorough
framework for using the gravastars model as a tool for astronomical study.
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Piercing the Shadows: A New Look at Black
Hole Jets

Black holes unleash powerful jets of radiation and particles, believed to be a source of
cosmic rays['l. Astrophysicists worldwide study these jets, using advanced imaging

techniques and precise computer simulations to unravel their mysteries.

What are Black Hole Jets?

As stated above, relativistic jets lead to the emission of particles and radiations. Drawn by the
intense gravitational force of the black hole, matter is strongly attracted toward its center as it
consumes surrounding gas and dust. However a small portion of particles become accelerated
to velocities close to the speed of light and are ejected in two narrow beams along the black
hole's axis of rotation.

The astrophysical jets from are acommonly observed phenomenon in high-energy
particle physics. It is frequently hypothesized that these jets are initiated by large-scale
magnetic fields, originating either from the inner region of an accretion disc or from the
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rotation of the black hole itself [2],

The most energetic astrophysical jets are commonly linked to black holes surrounded by
rotating disks of ionized matter, known as accretion disks, within relatively strong large-scale
magnetic fields. These magnetic fields are prevented from escaping to infinity by the ionized
matter, while the gravitational pull of the central compact object retains the matter within its
vicinity.

These large-scale magnetic fields extract rotational energy from both the black hole and the
surrounding disk. The process involves mechanisms such as centrifugal slingshots or
magnetic 'springs' within the accretion disk. Such phenomena are integral to the evolution of
black hole jets [31,

Latest Imaging of Black Hole Jets

Recent research has led to the successful imaging of supermassive black holes along with
their powerful jets. A prime example is the massive black hole situated in the center of the
galaxy named Messier 87 (4],

Researchers conducted very-long-baseline interferometry (VLBI) observations of M87, yielding
maps that depicted a triple-ridged jet originating from a spatially resolved radio core. This
core manifested as a faint ring, featuring two regions of increased brightness in the northward
and southward segments [°J.

The fine-scale structure observed at the base of the M87 jet was significantly different from
the typical morphology of radio-loud active galactic nuclei. Traditionally, these nuclei are
marked by a compact, unresolved core, giving rise to a bright, directed plasma jet that extends
downstream.

In addition to the jet, Radiatively Inefficient Accretion Flow (RIAF) simulations have revealed
the presence of high-mass loaded, gravitationally unbound, and non-relativistic winds. These
winds are propelled by a combination of centrifugal force and magnetic pressure, constituting
avital element in shaping the jet into a parabolic form.

In another exciting development, the Event Horizon Telescope collaboration, which includes
researchers from the Max Planck Institute for Radio Astronomy in Bonn, Germany, has
achieved a breakthrough by resolving the base of an evolving plasma jet with ultra-high
angular resolution. This international team utilized a telescope the size of Earth to investigate
the magnetic structure within the nucleus of the radio galaxy 3C 84 (Perseus A), which is
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among the nearest active supermassive black holes (6]

In addition to capturing the first images of black holes, the Event Horizon Telescope (EHT)is
well-suited to observe astrophysical plasma jets and their interaction with strong magnetic
fields. Recent findings offer insights into the process of mass accretion onto supermassive
black holes, which occurs through advection. According to this model, the infalling matter
forms a highly magnetized disk known as a magnetically arrested disc (MAD). Within this setup,
the magnetic field lines become tightly wound and twisted, hindering the efficient release of
magnetic energy. Moreover, studies suggest that the black hole 3C 84 is rapidly rotating,
indicating a connection between jet formation and large black hole spins.

Modeling and Simulation Advancements for Understanding
Black Hole Jets

The prevailing consensus in the scientific community suggests that the formation of
astrophysical jets requires a combination of magnetic fields and rotation. One of the most
influential models, the Blandford-Znajek mechanism, proposes that jets are formed by
extracting the spin energy of a black hole through magnetic field lines connected to its event
horizon.

In a recent research study, scientists employed three-dimensional general relativistic
magnetohydrodynamic (GRMHD) simulations to replicate the intricate structure of the jet
observed in M87 and to evaluate its formation mechanism 71,

The researchers analyzed the electron distribution, encompassing both thermal and non-
thermal components. Computational simulations demonstrated that MADs experience
magnetic flux eruptions, where bundles of magnetic flux with intense vertical fields break free
from the black hole's magnetosphere and spread radially outward into the disk.

The results of this advanced simulation bridge the gap between jet formation models and
observational data. They highlight the effectiveness of the Blandford-Znajek model and
magnetic reconnection as key mechanisms driving electron acceleration in jets.

Gas falling into a black hole from considerable distances does not perceive the black hole spin
direction, leading to an anticipated prevalence of misalignment between the accretion disc
and black hole spin. However, the dynamics of tilted discs, such as angular momentum
transport and jet formation, remain poorly understood till now.
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Impact of Black Hole Jets on Star Formation in Galaxies

The jets emitted by actively accreting black holes can induce significant outflows in galaxies,
potentially influencing star formation by either rarefying or compressing clouds of molecular
gas. Experimental data from the Atacama Large Millimeter Array (ALMA) and the Very Large
Telescope (VLT) operated by the European Southern Observatory (ESO) was used by
researchers to thoroughly investigate the gas pressure and examine the effects of the black
hole jets on the conditions conducive to star formation within interstellar clouds (9]

The European research team conducted astrochemical, thermally balanced, and radiative
transfer modeling of the CO and HCO+ emission within the galaxy IC 5063. The analysis
revealed that mechanical heating from jets and cosmic rays associated with the galaxy
contributes significantly to the heating rate of molecular gas, potentially sustaining it
singlehandedly. As a result, clouds influenced by these mechanisms exhibit temperatures and
densities indicative of a substantial increase in internal pressure. These results indicate that
certain clouds experience rarefaction while others undergo compression. This experimental
study offers a novel perspective on the potential connections between galactic outflows and
the conditions for star formation, emphasizing observable pressure gradients and the role of
supermassive black hole jets in star formation.

Black hole jets are not just mere bursts of radiation and particles; they play a crucial role in
achieving a thorough understanding of the astrophysical phenomena taking place in our
universe and cosmic evolution. With the recent breakthroughs in the imaging and modeling of
these jets, scientists have gained a much better understanding of star formation and the
magnetic properties of galaxies. With the improvements in telescopes and imaging

algorithms, many advancements are expected in this exciting field of study.

Ready to meet the weird alternative to black holes?
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Understanding Cosmic Particle Acceleration

Collisionless shock waves are a cornerstone of astrophysical phenomena, observed in
diverse environments such as supernova remnants, solar winds, and galaxy clusters. They
occurs in plasmas where the mean free path of particles exceeds the shock'’s spatial scale.
These shocks are pervasive in the universe, with notable examples including Earth's bow
shock, where the solar wind meets the planet’s magnetosphere, and shocks formed by

supernova explosions and active galactic nuclei jets.’

Image Credit: muratart/Shutterstock.com

Unlike traditional shocks, which involve direct particle collisions to dissipate energy and
convert ordered kinetic energy into heat, collisionless shocks operate in regions where
particle densities are extremely low, and interactions occur through collective
electromagnetic fields.'

The interplay of electromagnetic fields not only facilitates energy transfer but also shapes the
shock's broader influence on its environment. By amplifying magnetic fields and accelerating
particles to high energies, collisionless shocks are fundamental drivers of cosmic ray

production and the heating of interstellar and intergalactic plasma.?

Understanding the Particle Acceleration Process
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The acceleration of particles to high energies in astrophysical environments is driven by
collisionless shocks, which act as natural particle accelerators through electromagnetic
dynamics. Two prominent theories—First-Order Fermi Acceleration and Wave-Particle
Interactions—explain the processes that energize particles, often to relativistic speeds.

Fermi Acceleration (First-Order Fermi Mechanism)

First-order Fermi acceleration, often called Diffusive Shock Acceleration (DSA), is a key
mechanism explaining how particles gain energy in collisionless shocks. In this process,
particles traverse back and forth across the shock front, scattering off magnetic turbulence
and irreqularities in the upstream and downstream plasma. As they cross the shock, the
relative motion between these regions ensures a net energy gain with each crossing. This
cumulative energy increase results in particles being accelerated to high velocities.’

The effectiveness of this mechanism is closely tied to the shock's strength and the magnetic
field orientation relative to the shock normal. For example, quasi-parallel shocks (where the
magnetic field is aligned with the shock direction) are particularly efficient at trapping and
accelerating particles.®

Wave-Particle Interactions

Wave-particle interactions represent another fundamental process that accelerates particles
within collisionless shocks. When a shock propagates through plasma, it generates
magnetohydrodynamic (MHD) turbulence and electromagnetic waves. Particles resonate with

these waves, exchanging energy in the process.? “

Low-energy particles, particularly electrons, rely on this interaction for pre-acceleration,
enabling them to overcome the energy barrier required to participate in DSA. The interaction
involves particles scattering within regions of intense turbulence, where localized electric and

magnetic fields provide the necessary energy gain.”

This mechanism is crucial for addressing the "injection problem," where particles need an
initial energy boost to transition into more efficient acceleration processes like Fermi
acceleration. Wave-particle interactions, therefore, play a pivotal role in energizing particles
to relativistic speeds.”

Collisionless Shocks Shape Cosmic Rays

Collisionless shocks play a pivotal role in the generation of , which are high-energy,
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charged subatomic particles that travel across vast distances in space. These shocks are
frequently observed in various cosmic environments, such as the magnetosphere,

interplanetary space, and the remnants of supernovae.®

The production of cosmic rays is closely linked to significant high-energy astrophysical
phenomena. For instance, supernova remnants are widely recognized as a primary sources for
them, where collisionless shocks formed by the explosion drive the acceleration of protons,

alpha particles, and other heavy nuclei to extreme energies.®

Similarly, active galactic nuclei (AGN)and (GRBs) are associated with
powerful jets and outflows where collisionless shocks accelerate particles to form cosmic
rays. These environments exemplify the universality of collisionless shock-driven particle

acceleration across the universe.®

Observation and Evidence

Modern observations affirm the role of collisionless shocks as efficient particle accelerators in
astrophysical and space environments. In the solar system, interplanetary shocks, which
result from interactions between different solar wind regions, serve as a frequently observed

phenomenon.!

For example, perpendicular shocks are particularly effective in accelerating electrons due to
their smaller cyclotron radii and higher speeds compared to ions. Observations from missions
studying Earth's bow shock and solar wind confirm the ability of these shocks to energize
particles to high-energy regimes, such as in the creation of cosmic rays." ®

Supernova Remnants and Space Missions

Supernova remnants provide compelling evidence for particle acceleration in collisionless
shocks. These remnants, where shock waves form from the explosive interaction of supernova
ejecta with the interstellar medium, are recognized as sites where particles, including protons
and heavy nuclei, are accelerated to relativistic energies. Observations reveal that these
particles contribute to the population of high-energy cosmic rays detected on Earth.”

In addition, space missions such as NASA's and

have provided critical data on shock waves and particle
acceleration processes. These missions enable the study of energetic particles in near-Earth
space, showcasing events where electrons and ions are accelerated to hundreds of keV or
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higher energies.

Implications for Astrophysics and Beyond

The study of collisionless shocks and their role in particle acceleration provides critical
insights into the cosmos's extreme conditions. Cosmic rays, originating from these processes,
traverse the interstellar medium, interacting with magnetic fields and gas to produce high-
energy emissions like gamma rays.”

These emissions reveal the astrophysical processes in environments such as supernova
remnants, active galactic nuclei, and gamma-ray bursts, with gamma-ray observations
unveiling intricate structures that trace cosmic ray propagation and interactions with the
interstellar medium.®

Collisionless shocks also play a critical role in understanding space weather and its impact on
Earth and future .Inthe solar system, interplanetary shocks formed by
interactions within solar winds accelerate particles to high energies. These shocks are a
source of solar energetic particles (SEPs), which pose risks to astronauts and spacecraft
electronics. Real-time monitoring and modeling of these shocks have become essential for
predicting space weather events and mitigating their impacts.>®

By unraveling the intricacies of collisionless shocks and particle acceleration, astrophysics
continues to extend its relevance beyond theoretical exploration, offering solutions to
practical challenges in space exploration and technology.
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