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  To Albert Einstein, who gave the universe permission to be finite without having an edge.







  
    
      “Equipped with his five senses, man explores the universe around him and calls the adventure Science.”


    

    
      — Edwin Hubble  


    

  







  
  
  Introduction

  
  




For most of human history, the world was thought to be a vast, flat plane. It was a reasonable belief; we didn’t know better. Nobody had seen evidence to the contrary. Then, in the 4th century B.C., a new way of seeing emerged. 




The philosopher Aristotle is said to have watched ships sail away from port, noticing how they vanished over the horizon, hull first, then sails, then the top of the mast. The ship did not shrink into a tiny point; it appeared to sink. His conclusion, that the Earth must be curved, was a monumental intellectual achievement, an early triumph of observation over intuition.




Today, cosmologists stand on a similar shore, looking out not at an ocean but at the entire cosmos. To our eyes, space seems to extend forever in all directions, an infinite, flat expanse. Yet the same question that troubled Aristotle emerges again, scaled up to an unimaginable degree: Is this apparent flatness an illusion? Could the universe, like the Earth, have a shape, a curvature so immense that it is imperceptible from our single vantage point?




This pursuit of the universe’s form has a long and storied past. Early models placed a stationary Earth at the center of a finite cosmos, a view held by Aristotle and the astronomer Ptolemy. 




The work of Nicolaus Copernicus in the 16th century displaced humanity from this central position, and by the 17th century, thinkers like Giordano Bruno were contemplating an infinity of worlds. 




But it was Albert Einstein who, in 1917, provided a new language to describe the cosmos. Within his theory of general relativity, the universe could be finite yet have no boundary. It could be a place where a traveler, always moving in a straight line, would eventually return to their starting point without ever encountering an edge. This idea transformed the question of the universe’s shape from a philosophical debate into a problem that science could, perhaps, one day solve.
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Albert Einstein
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  The Cosmic Triangle

  
  




To speak of the universe’s shape requires two distinct concepts: geometry and topology. 


Geometry describes the local properties of space, which you would measure in your immediate vicinity. Imagine being inside a colossal, lightless tent. Geometry is the tool you would use to determine the nature of the fabric itself. Is it perfectly flat, like a sheet of paper? 


This is Euclidean geometry, where the angles of a triangle always sum to 180 degrees. Or is the fabric intrinsically curved? 


If it curves uniformly in on itself, like the surface of a sphere, it has positive curvature. On such a surface, triangles are puffier, and their angles add up to more than 180 degrees. If the fabric curves outward at every point, like a saddle, it has negative, or hyperbolic, curvature. Here, triangles are leaner, their angles summing to less than 180 degrees.


Topology, on the other hand, describes the global structure, how the entire tent is stitched together. A flat, rectangular piece of fabric can be sewn into a simple cylinder. Or, its ends can be joined to form a torus, the shape of a doughnut. In both cases, the local geometry of the fabric remains flat, but the overall shape of the tent is finite and connected in a specific way. A universe could be locally flat but globally finite, wrapping back on itself in a manner that creates a hall of mirrors.


This distinction is central to our quest for understanding the shape of the universe. For decades, cosmological measurements have indicated that the universe is remarkably, almost perfectly, flat. Yet this finding is not as conclusive as it seems. A sphere or a saddle with a radius of curvature vastly larger than the portion we can observe would appear flat to our instruments, just as the immense sphere of the Earth appears flat to someone standing in a wide-open field. 


The measurement of flatness, therefore, does not definitively prove that space is infinite and Euclidean. It only establishes a minimum scale for the cosmos. If the universe is curved, its curvature is extraordinarily subtle. This ambiguity led researchers to devise more ingenious methods to discern its true form.


* * *


Reading the Universe’s Baby Picture


The most powerful tool for this search is the Cosmic Microwave Background (CMB), the oldest light in the universe. This faint glow of microwaves permeates all of space, a relic radiation from a time just 380,000 years after the Big Bang, when the hot, dense plasma of the infant cosmos cooled enough for atoms to form and light to travel freely for the first time. The CMB is a snapshot of the universe in its infancy.


This ancient light is almost perfectly uniform in temperature, but it is imprinted with minuscule variations, hot and cold spots that differ by only one part in 100,000. These fluctuations are the primordial seeds from which all galaxies and cosmic structures later grew. They also carry the answer to the geometry question. 
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Map of the Cosmic Microwave Background (CMB)


The physics of the early universe dictates that these spots should have a characteristic physical size. Cosmologists can measure the geometry of the space through which the light has traveled for 13.8 billion years by comparing this known physical size to the apparent size we observe today across the sky.


This measurement results in a cosmic triangle, with the spot in the early universe as its base and Earth as its apex. If space is flat, the light travels along straight lines, and the spots appear exactly as large as predicted. If space is positively curved or spherical, it acts like a cosmic magnifying glass, making the spots appear larger. If space is negatively curved or hyperbolic, it acts as a demagnifying lens, and the spots appear smaller.


The European Space Agency’s Planck satellite, which mapped the CMB with unprecedented precision between 2009 and 2013, delivered the first clues. Its final 2018 data release showed that the spots are the size predicted for a flat universe. 


The measurement is so precise that it constrains the geometry of the observable universe to be flat with a margin of error of only 0.4%. Analysis of the Planck power spectrum, a curve that shows the intensity of temperature fluctuations at different angular scales, shows an almost perfect agreement between the data and the standard model of a flat cosmos, especially at small and intermediate scales. 


This is the most compelling evidence that, at least on the scales we can see, our universe has a flat geometry.


* * *


The Search





















* * *
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