[bookmark: _Hlk237034692]The Origins of Life: Why so Hard?
Thomas Kuhn’s book The Structure of Scientific Revolutions (1962; revised 1970) shaped how we think about science. Kuhn argued that scientific progress is not always a smooth, cumulative ascent, but is periodically interrupted by episodic fractures and paradigm shifts.
A scientific community operating on a standard trajectory shares a conceptual framework—a consensus that defines legitimate problems, appropriate methods, and what counts as data. Scientists work within conceptual walls built from the questions they consider meaningful, the tools they regard as valid, and the phenomena they deem real and observable. These walls structure what researchers see and accept as real, and scientists rarely question the foundational assumptions that hold them up.
Support for Kuhn’s premise is most evident when these walls come down—a phenomenon he called a scientific revolution. It is outsiders, rather than established insiders, who tend to break down these walls (see appendix for a list). Alfred Wegener (1880–1930) is one of my favorite examples. Trained as an astronomer and meteorologist, Wegener reinvented geology. He proposed that the Earth’s crust is mobile and that continents drift, synthesizing evidence from far outside conventional geological boundaries. He matched rock formations and fossil distributions across oceans while incorporating climatology, accounting for ancient tropical glaciation, coal deposits in Antarctica, and marine fossils high in the Himalayas.
Geologists rejected Wegener for over 50 years. Continental drift—and much of the evidence supporting it—was virtually unthinkable within the walls of traditional geology. The dominant model, a static-Earth, allowed no mechanism for forces capable of moving continents, making Wegener's data impossible. Geologists seized upon the absence of a plausible driving mechanism to discount unfamiliar and inconvenient findings. Wegener died before his model was accepted. The walls of a scientific discipline are, by definition, robust and difficult to breach.
Disciplinary walls are not inherently bad. To contribute to a field, you must master its tools, methods, and established body of knowledge. You must learn to do normal science before you can attempt revolutionary science. You need to learn what questions are important, what methods are rigorous, and what explanations count. Most scientists, most of the time, should be working within paradigms: refining measurements, solving puzzles, and extending applications. A researcher cannot question every premise and remain functional; a shared infrastructure of assumptions is precisely what makes cumulative progress possible. College and graduate school (advisors, instructors, peers, reviewers, funding panels, the MCAT and hiring committees) are designed to help you build and reinforce disciplinary walls.
However, the very walls that enable you to work efficiently can also blind you to important questions, novel evidence, and broader approaches. Over time, you internalize your field’s assumptions so deeply that they become invisible. The greatest danger in science is not simply being wrong about details—that is normal and expected. The true danger is becoming incapable of seeing outside the framework you have been taught, unable to recognize when foundational assumptions require questioning. The decades of pushback Wegener faced demonstrate how long a field can dismiss compelling evidence because it challenges assumptions no one realized they were making. Can you know, in real time, whether you are working behind walls that will ultimately be overturned and discarded? You cannot.
You have to operate within the system. Learn to respect your disciplinary walls, but question them in your spare time. Read broadly outside your field. Talk to every type of scientist you can corner. Seek out unconventional thinkers. Worship no paradigm or authority. Remember that transformative insights almost always come from those willing to question what everyone else takes for granted. (In the appendix, I provide additional examples of wall-breaking scientists.)
The origins of life cannot be neatly enclosed within established disciplinary walls. Chemistry routinely excludes evolution, focusing on controlled reactions wwith well-characterized reactants and products. Biochemistry examines highly-evolved molecules performing highly-evolved functions in complex living systems. Biology studies inheritance, adaptation, organisms, and ecosystems. None of these disciplines alone can reveal how molecules, environments, pathways, chemical evolution, and selective regimes first emerged. We currently lack a conceptual framework for understanding evolution in the absence of replication and inheritance—a gap as fundamental as the inability of 1920s geologists to comprehend forces that moved continents. Origins research occupies a conceptual space that lies outside conventional walls.
[bookmark: _Hlk237159279][bookmark: _Hlk237159701]The origin of life can be considered a boundary problem. Appling Darwinian evolution to prebiotic chemistry projects a framework backward past the point where its core requirements—replication, inheritance, and metabolism—actually existed. Cosmology faces am analogous boundary problem: trying to apply standard laws of gravity to the instant of the Big Bang fails because our rules for space and time break down under those conditions.
Presently, research into origins is dominated by disciplinary chauvinism and widespread attempts to force the question inside familiar walls. Geologists favor vents and minerals; organic chemists favor retrosynthesis; biologists favor evolved polymers, information, and conventional evolution; physicists favor energy gradients, dissipative structures, and non-equilibrium thermodynamics. Forcing this problem inside established walls, in my view, represents a failure of imagination that will preclude a resolution. We should avoid models that project familiar modern architectures far back in time. The origins of life field does not yet possess a constructive conceptual framework that will allow it to move forward.

Appendix: Wall Breakers
[bookmark: _Hlk216032806]Leonardo da Vinci (1452–1519)
Training: Artist-engineer; no formal scholarly education; learned through apprenticeship.
[bookmark: _Hlk216032884]Breakthroughs: Leonardo da Vinci revolutionized art, produced the first modern anatomical atlas, invented the exploded view, anticipated Newtonian mechanics, described vortices and turbulence, wave patterns, and eddy formation behind obstacles, redesigned engineering, and developed the proto-scientific method.
[bookmark: _Hlk218613307]Why an outsider: Latin was the lingua franca of European scholarship during Leonardo's lifetime. Leonardo didn't speak or write Latin. He was excluded from scholarly networks and relied on observation over doctrine.

[bookmark: _Hlk218614994]Nicolaus Copernicus (1473–1543)
Training: Law, medicine, church administration.
Breakthrough: Copernicus showed that motion is not absolute, it depends on the frame of reference. He asserted that the universe is fundamentally mathematical in structure and can be described by mathematical models that reflect physical reality. He developed heliocentric cosmology.
Why an outsider: Not part of scholastic astronomy; free from Ptolemaic constraints.

William Harvey (1578–1657)
Training: Physician
Breakthrough: Harvey transformed biology from textual authority empirical science. He developed prediction and falsification, reproducible experiments and quantitative arguments. Alone, but armed with mathematics, experiment and measurement, he overturned society’s inherited model of nature. He demonstrated that blood circulates continuously in a closed system, driven by the heart acting as a mechanical pump.
Why an outsider: He challenged 1,400 years of medical orthodoxy by rejecting foundational assumptions.

[bookmark: _Hlk216030258]Isaac Newton (1643–1727)
Training: Mathematics and natural philosophy, but intellectually isolated.
Breakthrough: Laws of motion, universal gravitation, optics.
Why an outsider: During the Plague (1665–1667), Newton, stayed in his family home. Alone, he
invented calculus, developed early laws of motion, began formulating universal gravitation, and worked out ideas in optics. These accomplishments occurred outside any academic environment, with no teachers, peers, or institutional norms constraining him.

[bookmark: _Hlk216030470]Antoine Lavoisier (1743–1794)
[bookmark: _Hlk216030691]Training: Law; entered science administratively.
Breakthrough: Lavoisier transformed chemistry into a quantitative science, rejected phlogiston, identified oxygen as a distinct element, and redefined combustion as a reaction with oxygen.
Why an outsider: Lavoisier bypassed the system of qualitative phlogiston chemistry. He funded his private laboratory with his income as a tax-farmer, and pursued research independently of chemical guilds and universities. 

Michael Faraday (1791–1867)
Training: Bookbinding apprentice; knew no mathematics.
Breakthrough: Faraday invented the concepts of fields and electromagnetic induction, unified electricity and magnetism, and devised the fundamental laws of electrochemistry.
Why an outsider: Faraday was a lower class Englishmen who lacked university affiliation and formal schooling, He started as a bookbinding apprentice. He became a scientist through self-study and by volunteering to assist Humphry Davy. Faraday did not use mathematics; instead, he relied on diagrams, lines of force, visual intuition, and experimental manipulation. 
Charles Darwin (1809–1882)
Training: Theology; gentleman naturalist.
Breakthrough: Evolution by natural selection.
Why an outsider: Not enculturated in species essentialism; saw variation and gradual change differently.

Gregor Mendel (1822–1884)
Training: Monk with mathematics background.
Breakthrough: Laws of inheritance; foundation of genetics.
Why an outsider: Naturalists lacked statistical reasoning; his insights were invisible to the field.

James Clerk Maxwell (1831–1879)
Training: Mathematics.
Breakthrough: Unified electricity and magnetism.
Why an outsider: Approach was alien to experimental electricians and mechanistic physicists.

Albert Einstein (1879–1955)
Training: Physics degree with poor math background. Working as a patent clerk outside academia.
Breakthrough: Relativity; quantum theory foundations.
Why an outsider: Independent of academic orthodoxy; rejected ether and classical notions of time.

Alfred Wegener (1880–1930)
Training: Astronomy and meteorology.
Breakthrough: Continental drift → foundation of plate tectonics.
Why an outsider: Geologists dismissed him; his cross-field synthesis revealed patterns geology alone could not.

Srinivasa Ramanujan (1887–1920)
Training: None; self-taught clerk, with no formal training and limited access to advanced mathematical texts.
Breakthroughs: Discovered new mathematics at a breathtaking rate, transformed number theory and special functions, anticipated fields not developed until the late 20th century.
Why an outsider: His intuition-based approach stood outside Western mathematical norms.

Alan Turing (1912–1954)
Training: Mathematics and logic.
Breakthrough: Theoretical computer science; morphogenesis.
Why an outsider: No formal field existed; he created new conceptual domains by crossing boundaries.

Benoit Mandelbrot (1924–2010)
Training: Engineering, geometry, information theory.
Breakthrough: Fractal geometry.
Why an outsider: Not trained in pure mathematics; approached complexity from empirical patterns.

Niels Jerne (1911–1994)
Training: Physics and mathematics.
Breakthrough: Theoretical immunology.
Why an outsider: Not trained in immunology; proposed conceptual frameworks (e.g., natural selection of antibodies) biologists had not conceived.

Claude Shannon (1916–2001)
Training: Electrical engineering.
Breakthrough: Information theory.
Why an outsider: Mathematicians dismissed communication as applied; he saw a new conceptual structure.

Jane Goodall (1934– )
Training:
No formal degree in biology at the time of her breakthroughs; trained originally in secretarial work.
Breakthrough:
Revolutionized primatology by discovering tool use, social complexity, and emotional lives of chimpanzees.
Why an outsider:
Not enculturated in academic ethology’s rigid behavioral categories. Her free, observational style allowed her to see what trained scientists filtered out.

Lynn Margulis (1938–2011)
Training: Biology, but outside mainstream evolutionary theory.
Breakthrough: Endosymbiosis theory.
Why an outsider: Challenged neo-Darwinian orthodoxy; saw possibilities invisible within that box.

Geoffrey Hinton (1947– )
Training: Psychology.
Breakthrough: Deep learning and neural networks.
Why an outsider: Computer scientists abandoned neural nets; he approached them using cognitive and statistical perspectives.

Katalin Karikó (1955– )
Training: Biochemist but marginalized; outside NIH-funded mainstream.
Breakthrough: mRNA modification enabling mRNA therapeutics.
Why an outsider: Rejected repeatedly by the mainstream; persisted outside its priorities.

May-Britt and Edvard Moser (1963– )
Training: Psychology.
Breakthrough: Grid cells and spatial mapping in the brain.
Why outsiders: Entered neuroscience without its conceptual commitments; uncovered a new neural architecture.
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