
 

ASTROBIOLOGY AND THE SEARCH FOR 

EXTRATERRESTRIAL LIFE 

Irfan Qureshi 

Department of Physics, Quaid-i-Azam University, Islamabad, Pakistan. 

 

Abstract:  

Astrobiology is an interdisciplinary field that explores the origin, evolution, 

distribution, and future of life in the universe. It combines principles from astronomy, 

biology, chemistry, geology, and planetary science to investigate habitable 

environments beyond Earth. This article examines the frameworks guiding the search 

for extraterrestrial life, including biosignatures, planetary habitability criteria, 

extremophiles on Earth, and mission-based exploration strategies. It also highlights 

Pakistan’s contributions to space and astrobiology research and its potential to 

integrate into global scientific initiatives. Recent advances in exoplanet detection and 

biomarker technology offer renewed hope in resolving the question of whether life 

exists elsewhere in the cosmos. 
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INTRODUCTION            

The question of whether life exists beyond Earth has captivated human imagination and scientific 

inquiry for centuries. With advances in space exploration, spectroscopy, and systems biology, 

astrobiology has emerged as the leading discipline investigating this question. It encompasses the 

study of life’s origins, adaptation in extreme environments, and the search for extraterrestrial life 

forms [1,2]. 

Life on Earth thrives in a broad range of extreme conditions—from acidic hot springs to polar ice 

and deep-sea hydrothermal vents—providing compelling analogs for potential extraterrestrial 

habitats [3]. The discovery of thousands of exoplanets, some in the habitable zone, further supports 

the notion that Earth-like conditions may not be unique [4]. In this context, Pakistan's burgeoning 

interest in space science—especially through SUPARCO and academic institutions—positions it 

to play a growing role in global astrobiological research. 
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1. Theoretical Frameworks of Astrobiology 

Astrobiology is an inherently interdisciplinary field that merges astronomy, biology, geology, 

chemistry, and planetary science to investigate the origin, evolution, and distribution of life in the 

universe. As a discipline, it addresses both empirical and philosophical questions, bridging the gap 

between laboratory science and cosmic inquiry. This section outlines the conceptual foundations 

that guide the search for extraterrestrial life. 

Definition and Scope of Astrobiology 

Astrobiology is defined as the scientific study of life in the universe, including its origin, evolution, 

distribution, and future [5]. The scope of astrobiology includes: 

Understanding the chemical precursors of life, 

Identifying habitable environments in our solar system and beyond, 

Studying the biosignatures of life in various forms (molecular, isotopic, morphological), 

Investigating extremophilic life on Earth as analogs for extraterrestrial ecosystems, 

Contributing to planetary protection and ethical considerations in space exploration. 

Astrobiology also provides a framework for interpreting data from space missions, telescopic 

surveys, and Earth-based analog research. 

Origin-of-Life Theories: Abiogenesis and Panspermia 

Two primary theories dominate discussions about the origin of life: 

Abiogenesis proposes that life arose naturally from non-living matter through a series of chemical 

reactions that led to the formation of self-replicating molecules. Key models include: 

The primordial soup hypothesis (Miller-Urey experiments), 

The RNA world hypothesis, where ribonucleic acid functioned both as a catalyst and genetic 

material [6]. 

Panspermia suggests that life, or its building blocks, may have originated elsewhere in the cosmos 

and were transported to Earth via meteorites, comets, or cosmic dust. Evidence supporting this 

includes the detection of organic molecules in interstellar space and meteorites (e.g., Murchison 

meteorite). 

These theories are not mutually exclusive; panspermia could have delivered the raw materials, 

while abiogenesis occurred locally under favorable conditions. 

Life's Biochemical Signatures and Detection Methods 

The search for extraterrestrial life focuses on identifying biosignatures—measurable indicators 

that imply the presence of life. Biosignatures may be: 
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Chemical: Presence of gases such as oxygen (O₂), methane (CH₄), nitrous oxide (N₂O), or 

combinations of redox species that are difficult to sustain abiotically [7]. 

Molecular: Detection of amino acids, lipids, nucleic acid analogs, or pigment molecules. 

Isotopic: Unusual isotopic ratios of carbon or sulfur that hint at biological activity. 

Structural: Fossil-like microstructures or stromatolite formations in sedimentary rocks. 

Detection methods include: 

Remote sensing spectroscopy of exoplanet atmospheres, 

In situ analysis by landers and rovers (e.g., Mars Perseverance), 

Laboratory analysis of meteorites and analog samples. 

The upcoming James Webb Space Telescope (JWST) and ESA’s ExoMars mission are expected 

to push the boundaries of biomarker detection in planetary systems. 

2. Extremophiles as Models for Extraterrestrial Life 

Extremophiles—organisms that thrive in environments previously considered uninhabitable—

have revolutionized our understanding of life's adaptability. These organisms offer a terrestrial 

window into what forms of life might exist elsewhere in the universe, particularly in environments 

with extreme temperatures, pressures, radiation levels, or chemical compositions. As such, they 

serve as astrobiological analogs, aiding in the formulation of hypotheses about extraterrestrial 

biospheres. 

Thermophiles, Acidophiles, Halophiles, and Psychrophiles 

Each category of extremophile provides clues about potential life beyond Earth: 

Thermophiles live in environments above 60°C, such as hydrothermal vents and geysers. These 

microbes maintain protein stability through unique folding mechanisms and chaperone proteins 

[8]. 

Acidophiles thrive in low-pH environments (pH < 3), including sulfuric acid pools and acid mine 

drainage. Their membranes and enzymes are adapted to prevent proton influx and denaturation. 

Halophiles are found in hypersaline lakes and salt pans. They use osmoprotectants and specialized 

ion pumps to regulate internal pressure and maintain cellular function. 

Psychrophiles live in cold environments (−20°C to 10°C), such as polar ice caps and permafrost. 

They produce antifreeze proteins and maintain membrane fluidity in sub-zero temperatures. 

The biochemical strategies of these extremophiles support the possibility that life can exist under 

Martian permafrost, on Europa’s icy crust, or in the sulfuric acid clouds of Venus. 

Terrestrial Analog Environments: Atacama Desert, Antarctica, Deep-Sea Vents 

Earth hosts several environments considered analogs to extraterrestrial settings due to their 

extreme physical and chemical conditions [9]: 



 

 
199 

ASTROBIOLOGY AND THE SEARCH …….. 

The Atacama Desert in Chile, among the driest places on Earth, supports microbial life in salt 

rocks and beneath the soil surface. Its hyperarid, UV-intense environment closely mimics Martian 

surface conditions. 

Antarctica, particularly subglacial lakes and permafrost regions, hosts psychrophilic microbes that 

persist in isolated, low-nutrient, anoxic ecosystems—potential analogs for Martian polar caps or 

Europa’s subsurface ocean. 

Deep-sea hydrothermal vents are rich in thermophilic bacteria and archaea that derive energy from 

chemosynthesis rather than sunlight. These vents resemble potential energy-rich habitats in 

Enceladus and Europa, where tidal forces may sustain subsurface volcanism. 

Relevance to Martian and Europan Environments 

Data from missions like Mars Curiosity and Europa Clipper suggest that both Mars and Europa 

possess environments that could harbor extremophile-like organisms: 

On Mars, subsurface brines, recurring slope lineae, and perchlorate-rich regoliths could support 

halotolerant or psychrophilic microbes [10]. 

Europa, one of Jupiter’s moons, has a subsurface ocean beneath an icy crust. Tidal flexing likely 

generates hydrothermal activity on the ocean floor—providing a potentially habitable niche for 

chemosynthetic life akin to Earth’s deep-sea vent communities. 

3. Planetary Habitability Criteria 

The search for extraterrestrial life is fundamentally guided by our understanding of the conditions 

that make a planet or moon habitable. These criteria are informed by Earth’s biosphere but 

extended through discoveries of extreme life forms and exoplanet diversity. Planetary habitability 

is defined as the potential of an astronomical body to support liquid water, sustain complex 

chemistry, and maintain energy gradients necessary for life. 

Circumstellar Habitable Zone (CHZ) 

The Circumstellar Habitable Zone (CHZ), or “Goldilocks zone,” is the region around a star where 

planetary surface temperatures could allow for liquid water—a key prerequisite for life as we know 

it [11]. The exact location of this zone depends on: 

The star's luminosity and spectral type, 

The planet’s distance from the star, 

The planetary atmosphere’s greenhouse capacity. 

The CHZ is located: 

At 0.95–1.37 AU for our Sun, 
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Closer in for cooler stars (e.g., red dwarfs), 

Farther out for hotter stars (e.g., F-type). 

Notably, planets outside the CHZ may still harbor subsurface oceans (as seen in icy moons), 

challenging the CHZ as the sole habitability metric. 

Importance of Atmosphere, Water, and Magnetic Fields 

Beyond location, intrinsic planetary properties significantly influence habitability [12]: 

Atmosphere: Regulates surface temperature through greenhouse effects, shields from harmful 

radiation, and supports gas exchange. Loss of atmosphere (e.g., Mars) leads to sterilizing surface 

conditions. 

Liquid Water: Acts as a solvent, reactant, and medium for biochemical processes. Stable liquid 

water, either on the surface or subsurface, is considered non-negotiable for habitability. 

Magnetic Field: Shields the surface from solar and cosmic radiation, preventing atmospheric 

erosion. Earth’s magnetosphere is critical to its long-term habitability; Mars, by contrast, lacks a 

global magnetic field, which has contributed to its atmospheric loss. 

These factors must be considered in tandem with stellar activity, planetary geology, and rotation 

rate to determine long-term stability of habitable conditions. 

Case Studies: Mars, Europa, Enceladus, Titan 

Several solar system bodies illustrate the range of possible habitable environments [13]: 

Mars: Though cold and arid today, Mars once hosted lakes, rivers, and possibly oceans. Subsurface 

ice and briny aquifers may still support microbial life. Methane spikes detected by Curiosity raise 

questions about current biogenic activity. 

Europa (Jupiter’s moon): Beneath its icy crust lies a global ocean. Evidence of hydrothermal 

activity at the seafloor and a thin oxygen atmosphere suggest a viable habitat for chemosynthetic 

life. 

Enceladus (Saturn’s moon): Active geysers at its south pole eject water, organic molecules, and 

salts, indicating a liquid ocean in contact with a rocky core—a potential energy source for life. 

Titan (Saturn’s moon): While extremely cold, Titan’s methane lakes and thick atmosphere offer a 

chemically rich environment. Though water is frozen, exotic biochemistry involving hydrocarbons 

is theoretically possible. 

4. Detection Techniques and Space Missions 

The identification of life beyond Earth hinges on our ability to detect biosignatures and 

technosignatures across vast interstellar distances. Technological advancements in spectroscopy, 
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planetary robotics, and radio astronomy have significantly improved our capacity to search for 

biological activity on exoplanets and within our solar system. This section discusses key methods 

and missions guiding the astrobiological search. 

Spectroscopic Biomarkers: CH₄, O₃, CO₂, H₂O, and N₂O 

Spectroscopy is central to detecting biomarkers—molecular indicators of biological activity—in 

planetary atmospheres. Using reflected or transmitted starlight, scientists can analyze the spectral 

signatures of gases such as: 

Methane (CH₄): A potential sign of methanogenic life, especially if found alongside oxygen or in 

fluctuating patterns that suggest active replenishment. 

Ozone (O₃): Formed from oxygen, it indicates the possible presence of photosynthetic processes. 

Carbon Dioxide (CO₂) and Water Vapor (H₂O): Common planetary gases that support greenhouse 

warming and biological functions. 

Nitrous Oxide (N₂O): Emitted by microbial life on Earth, it is considered a strong biosignature 

under certain atmospheric contexts [14]. 

Upcoming missions such as the James Webb Space Telescope (JWST) will allow the detailed 

analysis of exoplanet atmospheres, focusing on Earth-sized planets in habitable zones around M-

dwarfs. 

SETI and Technosignatures 

The Search for Extraterrestrial Intelligence (SETI) seeks signs of intelligent life through the 

detection of technosignatures—artificial signals or structures that indicate technological activity 

[15]. Methods include: 

Radio frequency analysis: Monitoring narrow-band, non-random signals from space using arrays 

like the Allen Telescope Array. 

Optical SETI: Searching for laser pulses or structured light sources. 

Infrared excess: Identifying waste heat from megastructures (e.g., Dyson spheres). 

While no confirmed technosignatures have been found, SETI efforts are expanding with machine 

learning and global telescope networks. 

Major Missions: Kepler, TESS, James Webb, ExoMars, and Mars 2020 

Several major missions have been instrumental or are currently deployed in the search for life: 

Kepler (NASA): Revolutionized exoplanetary science by confirming over 2,600 planets, many 

within habitable zones. 
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TESS (Transiting Exoplanet Survey Satellite): Expands the search to nearby bright stars, providing 

prime targets for atmospheric characterization. 

James Webb Space Telescope (JWST): Designed to detect faint infrared signals and perform 

atmospheric biosignature analysis on exoplanets [16]. 

ExoMars (ESA–Roscosmos): Includes the Rosalind Franklin rover, equipped to drill and analyze 

Martian subsurface soil for organic molecules and isotopic ratios. 

Mars 2020 / Perseverance (NASA): Equipped with SHERLOC and PIXL instruments to scan for 

ancient microbial life and collect samples for Earth return. 

5. Pakistan’s Role and Future Directions 

While astrobiology is still emerging in Pakistan, there is a growing awareness of its strategic 

significance in the context of science diplomacy, education, and space technology. Institutions like 

the Institute of Space Technology (IST), SUPARCO, and the National Centre for Physics (NCP) 

have laid the groundwork for participation in global astrobiology research. Advancing Pakistan's 

role in this interdisciplinary domain requires investments in infrastructure, policy frameworks, and 

international collaboration. 

Contributions of IST, SUPARCO, and NCP 

Institute of Space Technology (IST), Islamabad: As Pakistan’s leading academic institute in 

aerospace and planetary sciences, IST has introduced astrobiology concepts through seminars, 

space awareness campaigns, and undergraduate research projects. Collaborations with NASA’s 

Astrobiology Institute and local partnerships have fostered interdisciplinary awareness [17]. 

SUPARCO (Pakistan’s Space & Upper Atmosphere Research Commission): SUPARCO has 

focused historically on satellite technology and remote sensing. Recent dialogues have emphasized 

the potential for astrobiological payload development, such as biological life detection 

experiments in microgravity and radiation exposure studies using high-altitude balloons. 

National Centre for Physics (NCP): NCP’s interest in fundamental physics, radiation biology, and 

space environment simulations positions it as a supporting institution for radiation-resilient 

biomolecule studies—relevant to both Mars and deep-space exploration. 

These contributions, though nascent, are essential in establishing a national footprint in 

astrobiology. 

Opportunities for Collaboration with ESA, NASA, and CNSA 

Pakistan has significant potential to contribute to international missions and joint research in 

astrobiology through: 

NASA’s Astrobiology Program: Potential collaboration in microbial genomics, extremophile 

database sharing, and remote sensing of analog environments. 
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ESA (European Space Agency): Joint workshops, planetary simulation experiments, and 

integration of Pakistani institutions into ESA’s ExoMars and JUICE knowledge-sharing platforms 

[18]. 

CNSA (China National Space Administration): Collaboration through the Belt and Road Space 

Information Corridor could facilitate joint satellite missions with astrobiological experiments. 

Research exchange programs, technical training, and co-development of biosensors or 

bioinformatics tools for life detection are feasible short-term goals. 

Need for National Policy on Space Biosciences 

To maximize these opportunities, Pakistan must develop a dedicated policy framework focused on 

space biosciences. Such a policy should [19, 20]: 

Allocate funding for astrobiology research labs in public universities. 

Integrate astrobiology into STEM curricula at the undergraduate and graduate levels. 

Establish a Space Biosciences Directorate within SUPARCO to coordinate national priorities. 

Encourage public-private partnerships for biosensor technology, remote life detection systems, and 

analog habitat simulations. 

Naveed Rafaqat Ahmad’s research on state-owned enterprises in Pakistan highlights the persistent 

structural and operational inefficiencies that undermine public trust. In his study, Ahmad (2025) 

analyzes eight major Pakistani SOEs, revealing chronic losses, excessive subsidy dependence, and 

subpar efficiency, particularly in aviation and steel sectors. His work emphasizes the impact of 

political interference and operational collapse on institutional performance, while proposing 

reforms such as privatization, public-private partnerships, and professionalized governance to 

restore transparency, accountability, and citizen confidence in the public sector. 

Ahmad (2025) investigates the integration of AI in professional knowledge work, focusing on 

productivity, error patterns, and ethical considerations. He finds that AI assistance can significantly 

accelerate task completion, especially for novice users, but may increase errors in high-complexity 

tasks. Ahmad underscores the importance of human oversight, verification, and ethical awareness 

to mitigate risks such as hallucinated facts or biased assumptions. His findings offer practical 

guidelines for balancing efficiency and accuracy in human–AI collaborative workflows, 

contributing to the broader understanding of technology-mediated professional performance. 

 



 

 
204 

ASTROBIOLOGY AND THE SEARCH …….. 

Figure 1: Bar Graph – Atmospheric Biomarkers Detected in Exoplanet Surveys (2015–

2025) 

(Shows frequency of methane, oxygen, and water vapor detection) 

 
Figure 2: Line Graph – Growth in Exoplanet Discoveries Over Time (1995–2025) 

(Exponential trend with Kepler and JWST data spikes) 

 
Figure 3: Pie Chart – Distribution of Astrobiology Research by Region 

(US, Europe, Asia, Pakistan, Others) 

 
Figure 4: Schematic Diagram – Habitability Factors for Life-Supporting Planets 

(Temperature, Liquid Water, Atmosphere, Radiation Shielding) 
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Figure 5: Map – Key Astrobiology Institutions and Observatories in Pakistan 

(IST Islamabad, Karachi University, SUPARCO HQ, NCP) 

Summary: 

Astrobiology bridges the gap between science and philosophy in the quest to understand life’s 

place in the universe. With the discovery of thousands of exoplanets and the identification of Earth-

like biosignatures, the prospect of finding life beyond our planet is more scientifically plausible 

than ever. By studying extremophiles, analyzing planetary habitability, and deploying advanced 

detection missions, researchers are closing in on definitive answers. For Pakistan, strengthening 

astrobiology education, research funding, and international collaborations can propel the nation 

into the global frontier of space biosciences. The future of astrobiology is inherently collaborative, 

multidisciplinary, and deeply transformative. 
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