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Foreword



There is a question that has haunted astrobiology since the discipline acquired its name, a question so fundamental that it tends to be avoided precisely because it is so difficult to answer with any confidence: how does life signal across the void? We have spent decades tuning radio telescopes toward distant stars and cataloguing planetary atmospheres for oxygen anomalies. These are serious and worthwhile efforts, and I do not diminish them. But they rest on an assumption that deserves scrutiny: the assumption that any civilization advanced enough to communicate across interstellar distances would choose electromagnetic radiation as its medium.

Dr. Cruxton Alvordine has spent the better part of two decades refusing to let that assumption go unexamined. The result is this book, which is one of the most genuinely original contributions to astrobiological thinking I have encountered in thirty years of working in this field. The argument Alvordine develops is not that electromagnetic SETI is wrong. It is that it is incomplete. And the incompleteness is significant, because the channel that has been largely ignored, chemical signaling at interstellar scales, turns out to have properties that make it not merely plausible but in some respects superior to electromagnetic signals for certain kinds of biological communication.

The intellectual move that makes this book possible is the recognition that chemical communication is not a primitive, early evolutionary strategy that sophisticated organisms leave behind in favor of more complex nervous systems and electromagnetic technologies. It is, rather, the deepest and most universal form of biological signaling we know. Bacteria use it with exquisite sophistication. Plants use it across ecosystems. The social insects have built civilizations on it. The human endocrine system runs on it. If life is common in the universe, chemical communication is likely universal, and the question of whether its products might reach interstellar scales deserves the same rigorous examination we have given to the electromagnetic hypothesis.

The chapters that follow are dense with real astrochemical data, precise molecular biology, and carefully constructed arguments about signal propagation through the interstellar medium. Alvordine does not wave away the difficulties. The timescales involved are geological or longer. The signal-to-noise problem is formidable. The question of whether any biological sender could deliberately modulate a chemical signal at interstellar scales remains deeply uncertain. These difficulties are presented honestly and in full. What distinguishes this book is that the difficulties do not collapse the hypothesis. They constrain it, specify it, and in doing so, make it testable.

This is science as it should be practiced at its frontiers: bold in imagination, disciplined in argument, honest about uncertainty, and open to the possibility that the universe is stranger and richer than our current frameworks acknowledge.

Professor Inara Voskresenskaya

Department of Astrobiology, University of Edinburgh

Chair, Committee on the Origins of Life, European Astrobiology Network Association

 


Preface



The idea for this book arrived, as the best ideas sometimes do, at an inconvenient moment. I was in the field in the Atacama Desert of northern Chile, part of a team using the ALMA array to characterize the molecular emission spectrum of a cold dark cloud in the direction of the Sagittarius B2 complex. We were looking, as one does in that kind of work, for the signatures of complex organic molecules. And we found them, as one increasingly tends to find them in cold dense clouds: glycolaldehyde, ethylene glycol, methyl formate, a roster of molecules that would not look out of place in a undergraduate organic chemistry textbook.

What struck me, sitting in the control room at 2 in the morning with the printout of a molecular emission spectrum in my hands, was not the molecules themselves, which I had been expecting to find, but the question of whether any of them had been there before. Whether any of them had been put there. Whether the chemical complexity of the interstellar medium, which we so readily attribute to the purely physical processes of gas-phase chemistry and grain-surface reactions under UV irradiation, might in some cases carry the signature of biological activity at scales so vast that we have not known to look for it.

That question is what this book attempts to answer, or at least to pose rigorously enough that others might help answer it. I am not arguing that the specific molecules we detected in Sagittarius B2 were of biological origin. The abiotic chemistry of the interstellar medium is rich enough to explain their presence without invoking biology. I am arguing something more general and more interesting: that if biology exists beyond Earth, the chemical products of that biology, including the kinds of molecules that function as signals between organisms, have properties that might allow them to travel interstellar distances through mechanisms that are physical, known, and already observed in other contexts.

This book attempts to bridge three bodies of knowledge that do not normally speak to each other: the biology of chemical signaling, including pheromone chemistry and quorum sensing; the astrochemistry of the interstellar medium; and the theoretical frameworks of SETI and biosignature science. The bridge I am building is speculative in its ultimate conclusions, but its pillars are real science, and I have tried to make clear at every point which parts of the structure rest on solid foundations and which are genuinely uncertain.

If this book achieves nothing else, I hope it achieves this: that the next generation of astrobiologists approaches the question of how life signals across space with a wider aperture than we have previously brought to it. The universe does not know about our preference for radio waves.

Dr. Cruxton Alvordine

Institute for Astrobiology and Planetary Science
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On the biology side, Professor Tristram Wyatt at the University of Oxford, whose book Pheromones and Animal Behaviour remains the definitive scientific treatment of the subject, was generous with correspondence and patient with questions that must have seemed eccentric from an astrophysicist. Professor Bonnie Bassler at Princeton University, whose research on bacterial quorum sensing has transformed our understanding of microbial communication, offered a perspective on the evolutionary universality of chemical signaling that directly shaped Chapter One.

My graduate students have been, as always, my most rigorous critics. Nkechi Oduya read the entire manuscript twice and caught errors of both fact and argument on both occasions. Dmitri Sorokhin built the propagation models described in Chapter Six and has spent two years defending them against my doubts, with results that are reflected throughout that chapter.
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Introduction: The Smell of the Cosmos



On September 29, 2016, astronomers using the Atacama Large Millimeter Array announced the detection of propylene oxide, the first chiral molecule ever detected in interstellar space. The molecule was found in the star-forming region Sagittarius B2, a giant molecular cloud near the center of the Milky Way, approximately 390 light-years in diameter and containing enough gas to form 3 million stars the size of the Sun. Propylene oxide is a simple compound by organic chemistry standards, but its chirality, the property of existing in mirror-image forms that cannot be superimposed on each other, is biologically significant. Life on Earth uses almost exclusively left-handed amino acids and right-handed sugars, and chirality selection is widely considered a fundamental signature of biological chemistry.

The discovery of propylene oxide in interstellar space was remarkable not because anyone believed it had been put there by aliens. The abiotic chemical processes of the interstellar medium, driven by UV photolysis, cosmic ray ionization, and grain-surface reactions at temperatures near absolute zero, are capable of producing extraordinary molecular complexity without any biological assistance. The discovery was remarkable because it extended the known reach of organic chemistry to one of the most hostile environments imaginable, and because it raised, once again, a question that the discipline of astrobiology keeps circling without landing on: if complex organic chemistry is universal, might the specific subset of complex organic chemistry that constitutes biological signaling also be universal? And if it is, what are its interstellar properties?




What This Book Is About

This book is about pheromones in space. Not, to be precise, about pheromones produced by alien organisms and wafting through the interstellar medium in a science-fictional sense of direct biological exhalation. Rather, it is about whether the molecular compounds that function as pheromones and chemical signals in biological systems on Earth have physical and chemical properties that would allow them, or analogous compounds, to be transported across interstellar distances through mechanisms that are already known and documented in astrochemistry. And if such transport is possible, whether it could constitute a form of inadvertent or deliberate interstellar communication, a chemical trail between inhabited star systems that we might, with appropriate instruments and appropriate knowledge, detect.

The argument has several components, and they build on each other in sequence. The first component is biological: chemical signaling is the most fundamental and most universal form of communication among living organisms on Earth. It predates nervous systems by billions of years, operates at every level of biological organization from single-celled bacteria to complex ecosystems, and represents the deepest evolutionary layer of biological communication. The second component is astrochemical: the interstellar medium is not the sterile void of popular imagination. It is a chemically complex environment in which hundreds of organic molecules, including some of considerable molecular weight and structural complexity, have been detected and characterized. The third component is physical: comets, asteroids, stellar winds, and radiation pressure all provide mechanisms by which molecules can be accelerated to velocities sufficient for interstellar transit, and the cosmic delivery of organic materials between star systems is not a speculative idea but an increasingly well-supported aspect of solar system science.

The synthesis of these three components leads to a proposal that is genuinely novel in the astrobiology literature: that the chemical products of biological signaling systems may be among the first and most widespread interstellar biosignatures, that they may be present in the molecular inventory of cold dense clouds and cometary bodies in ways that current searches are not designed to detect, and that a pheromone-informed approach to biosignature science could significantly expand the target set for life-detection missions.

The Scope of the Problem

Interstellar distances are not amenable to intuitive comprehension. The nearest star system to Earth, the Alpha Centauri system at approximately 4.24 light-years from the Sun, is roughly 40.2 trillion kilometers away. A molecule traveling at the typical velocity of a comet in the outer solar system, roughly 30 kilometers per second, would require approximately 42,000 years to cross that distance. At the velocity of the Voyager 1 spacecraft, which currently holds the record as the fastest human-made object at approximately 17 kilometers per second relative to the Sun at the time of this writing, the crossing would take approximately 74,000 years.

These are not encouraging numbers for any concept of chemical communication that requires round-trip confirmation. The timescales involved exceed the entire history of recorded human civilization by factors of ten to a hundred. However, as subsequent chapters will argue, the concept of interstellar chemical trails does not require any communicating organism to be alive when its signals arrive. The trails, if they exist, would be persistent features of the interstellar environment, laid down over geological and astronomical timescales, readable long after their originators have lived and died. This is a fundamentally different kind of signaling from the intentional real-time communication that SETI has traditionally sought, and it requires a fundamentally different framework to understand.

A Note on Speculation and Rigor

This book operates at a boundary that is uncomfortable for some scientists: the boundary between what is known and what is speculated. The astrochemical facts presented here are solidly established in the peer-reviewed literature, and they are cited as such. The biological facts about chemical signaling are equally well established. The physical arguments about molecular transport mechanisms are based on documented processes. Where the book becomes speculative is in its synthesis: in the argument that these three bodies of knowledge, combined, make a case for interstellar pheromone trails that deserves to be taken seriously as a scientific hypothesis.

I am aware that this is a claim that sits close to the edge of mainstream science, and I have tried to be scrupulous about marking that position. Every assertion about what is known is supported by literature citations. Every assertion about what is proposed is marked as such. The reader who finishes this book should know not only what the hypothesis of interstellar pheromone trails proposes, but precisely how confident we can be in each component of the argument, and what experimental and observational evidence would be required to confirm or refute it.

Science at the frontier is necessarily speculative. The question is whether the speculation is disciplined, informed by evidence, and productive of testable hypotheses. The argument of this book meets those criteria, and I believe it deserves a hearing.

 


Chapter One




Chapter One: Chemical Communication: Nature's Universal Language


Walk through an old-growth forest in late spring. Before you see the flowers or identify a single tree, your nose has already begun processing an extraordinary amount of biological information. The terpene compounds released by conifer needles signal stress or damage. The floral volatiles of understory plants direct pollinators with a precision that GPS cannot match. The root systems underfoot are saturated with fungal signaling compounds that coordinate the mycorrhizal networks connecting trees across hundreds of meters. Somewhere nearby, a bark beetle is following a pheromone trail laid down by a pioneer beetle who found a stressed tree twelve hours ago and has been broadcasting coordinates through the air ever since.

You are standing inside a communication network of extraordinary complexity, built entirely from molecules. And this is not unusual. Every ecosystem on Earth operates this way. Chemical signaling is not a supplementary feature of life; it is the primary medium through which organisms relate to each other and to their environment. The sensory systems and nervous systems that we tend to place at the center of our conception of biological communication are relative newcomers in evolutionary history. Chemistry came first, and it has never been replaced.

Defining Chemical Signals: Pheromones and Beyond

The word "pheromone" was coined in 1959 by the entomologists Peter Karlson and Martin Luscher, derived from the Greek pherein (to carry) and hormon (to stimulate). Karlson and Luscher defined pheromones as substances that are secreted to the outside by an individual and received by a second individual of the same species, in which



Bacterial Quorum Sensing: The Oldest Communication Network





Insect Pheromones: Precision Engineering at the Nanogram Scale




Plant Chemical Signaling: The Ecosystem Scale




Marine Chemical Signals: Communication in Three Dimensions



The Evolutionary Logic of Chemical Signaling




Mammalian Chemical Signals: Hormones, Marking, and Social Chemistry





Underwater Chemical Trails: The Ocean as Chemical Signaling Space




The Information Theory of Chemical Signals





