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For every galaxy that burned bright, grew quiet,

and left its story written in the light.





And for the astronomers patient enough to read it.
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A Note from the Author



The metaphor came to me during a seminar on high-redshift galaxy surveys, listening to a colleague describe the star formation histories of massive elliptical galaxies as if they were medical charts. She talked about peak activity in the early universe, about a sharp decline, about a long period of quiescence that continues to the present day. She gestured at the plot on the screen and said, matter-of-factly, that these galaxies were essentially dead.

I remember thinking: dead is a strange word for a galaxy. Not because it was wrong, necessarily, but because it implied something had once been alive.

What followed was not a moment of sudden inspiration. It was years of reading, of noticing how the language of galaxy evolution had quietly borrowed from biology without acknowledging the debt. We speak of galaxy formation, galaxy growth, galaxy quenching. We talk about star formation rates the way biologists talk about metabolic rates. We describe the interstellar medium as a reservoir that can be depleted, replenished, or stirred. We distinguish between galaxies that are actively building stars and galaxies that are not, in language that maps almost exactly onto the distinction between an organism that is eating and an organism that is fasting.

This book is not a claim that galaxies are literally alive. They are not. They do not reproduce, they do not evolve by natural selection, they do not respond to stimuli with intent. The biological framing is a lens, not a truth. But it is, I have come to believe, an unusually powerful lens. It organizes what we know about galaxy evolution in a way that highlights the right questions: not just what happened, but when, at what rate, under what regulatory controls, and what happens when those controls fail or are overwhelmed.

The circadian universe of the title refers to something both specific and general. Specifically, it refers to the evidence that galaxy evolution has cyclical and rhythmic components: periods of activity followed by suppression followed by renewed activity, driven by the internal dynamics of supermassive black holes and by the external environment of the cosmic web. Generally, it refers to the idea that time matters in galaxy evolution in a way that is not merely chronological but regulatory. Galaxies do not simply change over time. They regulate their own change. And sometimes, the regulation fails.

The science in this book is real. The data, the surveys, the simulations I describe are genuine and I have cited the primary papers throughout. The biological framing is mine, and I take responsibility for both its illuminations and its limits.

I hope you find in it, as I did, a new way of seeing the universe overhead.

Dr. Isolde Varren-Achebe

 


Preface: A Universe That Lives and Breathes



There is a galaxy called NGC 1277. It sits in the Perseus cluster, about 220 million light-years from Earth, and it is, by almost any standard of measurement, dead. Its stellar population is old, red, and fading. It has no detectable ongoing star formation. The gas that once fueled the birth of new stars has long since been consumed or expelled. At its center sits one of the most massive black holes known, approximately 17 billion solar masses, apparently dormant and unthreatening. NGC 1277 is a corpse of extraordinary compactness: it contains roughly the same stellar mass as the Milky Way packed into a volume several times smaller.

But NGC 1277 was not always quiet. Analysis of its stellar populations, those characteristic spectra that encode the ages and chemical compositions of stars like tree rings encode the history of a forest, reveals a strikingly different past. More than 12 billion years ago, NGC 1277 or its progenitors were forming stars at a rate of hundreds of solar masses per year. For comparison, the Milky Way currently forms stars at a rate of roughly one to two solar masses per year. NGC 1277 was building itself at a ferocity that we have no modern parallel for among nearby galaxies. And then, within a relatively short span of cosmic time, it stopped. It quenched. And it has not started again.

The story of NGC 1277 is the story of this book. Not just that galaxy specifically, but the full sweep of questions its history raises. What drove that extraordinary early activity? What shut it down so completely and so permanently? Why do some galaxies quench early and others continue forming stars for billions of additional years? What internal mechanisms regulate the rate at which a galaxy converts gas into stars? And what is the role of the central black hole, that massive, mostly silent engine at the heart of almost every large galaxy, in controlling the life cycle of the system around it?

These are not peripheral questions in contemporary astrophysics. They are among the most actively studied and fiercely debated problems in the field. The number of papers published annually on galaxy quenching, star formation regulation, and AGN feedback, the mechanism by which supermassive black holes inject energy into the surrounding galaxy, numbers in the thousands. The largest galaxy surveys ever constructed, from the Sloan Digital Sky Survey to the ongoing Dark Energy Survey to the recent releases from the James Webb Space Telescope, are in significant part motivated by the desire to understand when, how, and why galaxies live and die.

The framing of this book, borrowed deliberately from biology, is meant to make this science more accessible and more vivid without distorting it. Galaxies are not organisms. But the regulatory logic of galaxy evolution, the feedback loops, the switching between active and quiescent states, the dependence on both internal chemistry and external environment, is strikingly parallel to the regulatory logic of biological systems. Biologists have spent a century developing concepts and vocabulary for understanding systems that self-regulate, that switch states, and that have life histories with distinct phases. Some of that vocabulary, applied carefully to galaxies, illuminates things that purely physical descriptions can obscure.

By the end of this book, I hope you will have a clear picture of what we know about galactic life cycles: what galaxies are built from, how they grow, what shuts them down, and whether they can ever restart. I hope you will also have a sense of what we do not know, and why the unknowns matter. The universe overhead is not a static museum piece. It is a dynamic, evolving system of extraordinary complexity, full of objects that have had very different life histories from each other, and from us.

Let us begin with the most basic question: what does it mean for a galaxy to be alive?

 


Chapter One

The Idea of a Living Galaxy



The word galaxy comes from the Greek word for milk, a reference to the Milky Way, that pale band of light stretching across the night sky that ancient observers correctly intuited was something fundamentally different from the stars they could resolve individually. What they could not have guessed was the scale of what they were seeing: hundreds of billions of stars bound together by gravity in a disk stretching more than 100,000 light-years across, orbiting a center containing a black hole of four million solar masses. The Milky Way is so large that light takes 100,000 years to cross it. The human mind was not built to comprehend this comfortably.

And yet we have spent the past century not just measuring galaxies but watching them change. Because galaxies are not permanent fixtures. They were not always as they are now. They formed, grew, evolved, and in many cases transformed so radically from their early selves that the connection between what they were and what they are is readable only in the statistical signatures of their stellar populations. Galaxies have histories. They have life cycles. And the attempt to understand those life cycles has become one of the central projects of modern astrophysics.

A Brief History of Galaxies as Objects of Study

For much of the nineteenth century, the nature of the diffuse nebulae scattered across the sky was debated. Were they clouds of gas within the Milky Way, or were they what the philosopher Immanuel Kant had speculated in 1755: island universes, galaxies like our own separated from us by unimaginable distances? The question was not settled until 1925, when Edwin Hubble used the newly completed 100-inch Hooker Telescope at Mount Wilson Observatory in California to resolve individual Cepheid variable stars in the Andromeda Nebula.

Cepheid variables are stars that pulsate with a period precisely related to their intrinsic luminosity: the longer the period, the more luminous the star. Henrietta Swan Leavitt had established this period-luminosity relationship in 1908 by studying Cepheids in the Small Magellanic Cloud. By measuring the periods of the Cepheids Hubble found in Andromeda, he could calculate their intrinsic luminosities and therefore their distances from their apparent brightness. The result was unambiguous: Andromeda was not a cloud within the Milky Way. It was approximately 2.5 million light-years away, far beyond the known boundaries of our galaxy and a galaxy in its own right.

The universe had suddenly become enormously larger. And with subsequent observations, it became clear that the universe contained not just two galaxies but hundreds of billions of them, distributed across a volume so vast that even the concept of vastness feels inadequate.

Hubble went on to classify galaxies by morphology: their shape as seen in images. His classification system, still in use today in modified form, divided galaxies into ellipticals (smooth, featureless, roughly spheroidal systems), spirals (disk-like structures with arms of star formation), and irregular systems that fitted neither category. This Hubble tuning fork diagram, as it became known from its shape, organized the morphological diversity of galaxies without yet explaining it. The explanatory work came later, slowly, through the accumulation of spectroscopic data that allowed astronomers to determine not just the shapes but the ages and compositions of the stars within galaxies.

The Hubble tuning fork diagram arranges galaxies along two prongs and a handle. Along the handle sit the elliptical galaxies (E0 through E7), ranging from nearly circular to strongly elongated. At the junction point sit the lenticular galaxies (S0). The two prongs diverge into normal spirals (Sa through Sc) and barred spirals (SBa through SBc), with later types indicating more open spiral arms and less prominent central bulges. Hubble originally believed this represented an evolutionary sequence, with ellipticals becoming spirals over time. This was wrong: galaxy morphology reflects star formation history and dynamical state, not position on any evolutionary ladder. The diagram remains useful as a descriptive classification but should be understood as a snapshot of morphological diversity, not a timeline.

Morphology as Biography

The insight that morphology encodes history came gradually. By the mid-twentieth century, spectroscopic surveys were revealing that elliptical galaxies, despite their smooth and featureless appearances, harbored stars that were predominantly old and red, while spiral galaxies like the Milky Way contained a mixture of old and young stars, with ongoing star formation concentrated in the spiral arms. The blue color of spiral arms was not arbitrary: it reflected the presence of hot, short-lived, massive stars that could only be blue if they were recently formed.

This color-morphology correlation pointed toward a deeper truth: elliptical galaxies had stopped forming stars at some point in their past, and spiral galaxies had not. The shape of a galaxy was, in part, a record of its star formation history. Ellipticals were not simply a different type of galaxy from spirals in the way that a circle and a square are different shapes. They were galaxies that had lived differently, that had undergone different histories, and whose current appearance was a consequence of those histories.

The language astronomers began reaching for was inevitably biological. Galaxies were said to be active when forming stars and quiescent when they were not. Active galaxies were described as star-forming and quiescent galaxies as red and dead. The analogy to organismal biology was never made formal, but it was clearly present in the vocabulary.

The Biosphere of the Universe

There are approximately two trillion galaxies in the observable universe, a number revised upward dramatically in 2016 by Conselice et al. (Conselice et al. 2016 Astrophys. J. 830, 83), who used data from the Hubble Space Telescope and deep galaxy surveys to estimate that the total number of galaxies within the observable volume was roughly ten times larger than previous estimates. The observable universe has a radius of approximately 46 billion light-years (not 13.8 billion, because the universe has been expanding during the time light has been traveling to us). Within that volume, two trillion galaxies.

These galaxies are not uniformly distributed. They form the cosmic web: a network of filaments, sheets, and nodes separated by vast voids that contain almost nothing. The filaments and nodes are where the mass is concentrated, and where the densest galaxies, the most massive and the most evolved, tend to be found. The voids are populated by smaller, less evolved, lower-mass galaxies that have had quieter histories and are often still forming stars today. The environment of a galaxy, whether it sits in the heart of a cluster or in the outskirts of a filament or in an underdense void, turns out to have a profound influence on its life history.

It is worth sitting with the implications. The universe contains two trillion galaxies, each containing tens of billions to hundreds of billions of stars, each with a history of birth, growth, regulation, and in many cases quiescence. If we wanted to draw an analogy to terrestrial biology, the universe is not a single organism. It is an ecosystem, containing enormous diversity of life histories, regulated by both internal biology and external environment.

Why the Biological Frame Works

I want to be explicit about both the power and the limits of the biological analogy before we go any further, because this framing is central to everything that follows.

The power of the analogy lies in its organizational clarity. Biology has developed, over a century of research, a sophisticated vocabulary for systems that self-regulate, that have feedback loops, that switch between active and dormant states, and that have characteristic life histories. These concepts translate remarkably well to galaxies. Star formation rate is analogous to metabolic rate: both measure the rate at which a system converts stored resources into functional activity. The interstellar medium, the gas and dust between stars that is the raw material for star formation, is analogous to the nutrient reservoir of an organism. Quenching, the cessation of star formation, is analogous to dormancy: a transition from active to quiescent metabolic state that may or may not be reversible. AGN feedback, the injection of energy into the surrounding galaxy by an accreting supermassive black hole, is analogous to immune system activity: a regulatory response that can protect the organism by preventing runaway growth, but that can also cause damage if uncontrolled.

The limits of the analogy are equally real. Galaxies do not reproduce. They do not have genomes. They do not evolve by natural selection: no galaxy becomes more fit through its history and passes on its improvements to successors. Galaxy mergers produce new galaxies, but the process is nothing like reproduction in any biological sense. The analogy breaks down precisely where biology requires information to be faithfully copied and transmitted, because galaxies have no such mechanism.

Used carefully, with these limits in mind, the biological frame provides a powerful organizing principle for this book. It will not be used to make claims about galaxies that go beyond what the physics supports. But it will be used, consistently, to draw attention to the regulatory logic of galaxy evolution, to the feedback mechanisms that control star formation, and to the life-history perspective that asks not just what a galaxy is now but what it was, and how it got from there to here.



