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Spaces without and within  
 
 
“I know that I am mortal by nature, and ephemeral; but when I trace at my pleasure the 
windings to and fro of the heavenly bodies, I no longer touch the earth with my feet: I stand 
in the presence of Zeus himself and take my fill of ambrosia” exclaimed Ptolemy in the 
second century CE. Although few of us would have expressed this experience as poetically 
as the ancient astronomer, many will share the elation that comes with glancing skyward 
and recognising the movement of celestial bodies. When pondering the stars, we 
sometimes even experience a sudden feeling of lightness, as if our bodies were suspended 
in nothingness, floating in space.  
 
Of course, we have ceased to attribute gods when the vast expanse of space strikes us with 
a sense of the sublime. Instead, we turn to physics and its awe-inspiring abstractions to 
understand the heavenly bodies above. Perhaps more than any other human endeavour, 
physics epitomises our remarkable talent for abstraction. To describe the material world, 
physicists venture into the most theoretical realms of thought far removed from our 
sensory experiences. This interplay of material phenomena and abstract concepts makes 
physics an intriguing proving ground for theories of embodied cognition. These theories 
assume that we can understand the workings of our mind by characterising the body’s role 
in cognition. And it is at the crossroads of physics and cognitive science that we see how 
space gives structure to our world both physically and conceptually.  
 
To illustrate how space enables and restricts our abilities to make sense of the cosmos, let’s 
look at a familiar example. At this moment, instead of floating through space, you are safely 
stuck to the floor. Why is that so? Fundamental to our experience is that things fall down 
and not up. Already six-month-old infants have built an experiential understanding of a 
world in which things tend to fall downwards. And children in primary school can readily 
explain that gravity keeps them stuck to the ground. Originally, gravity comes from the Latin 
word “gravitas”, meaning “weight”. The name traces back to Plato and Aristotle, who 
thought gravity was proportional to the weight of falling objects. Today, the Oxford English 
Dictionary defines gravity as the “force that attracts a body towards the centre of the Earth, 
or towards any other physical body having mass”. The idea of an attractive force pulling you 
to the centre of the Earth is associated with familiar sensations and, therefore, intuitively 
appealing.  

 
The force of gravity seems so self-evident a concept that we hardly think twice about our 
ability to describe and reason about the world in such abstract terms. How do scientific 
concepts, such as forces, and mathematical models, such as the universal law of gravitation, 
arise from our brains, bodies, and experiences? Space presents a partial answer because 
human cognition depends crucially on how we navigate space. “We have bodies, and we 
stand erect. Almost every movement we make involves a motor program that either 
changes our up-down orientation, maintains it, presupposes it, or takes it into account in 
some way. Our constant physical activity in the world, even when we sleep, makes an up-
down orientation not merely relevant to our physical activity but centrally relevant”, write 
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cognitive linguist George Lakoff and philosopher Mark Johnson in their book Metaphors We 
Live By. Lakoff and Johnson argue that we routinely project patterns of sensorimotor 
experiences onto more abstract domains. In fact, we quickly accept the force of gravity as a 
theoretical model because it aligns so well with the way our cognitive system is tuned to the 
spatial concept of up and down and the embodied experience of push and pull.  
 
However, the obviousness of gravitational attraction hides the underlying assumptions 
embedded in the force model of gravity. This model, and the methods of classical physics 
more generally, embody the idea of flat space: space that is absolute, uniform, and that 
follows the rules of Euclidean geometry. Although intellectually satisfying, this conception of 
space is long superseded, and with it the gravitational force. Or, as Bertrand Russel put it 
aptly: “The supposed necessity of attributing gravitation to a ‘force’ attracting the planets 
towards the sun has arisen from the determination to preserve Euclidean geometry at all 
costs. If we suppose that our space is Euclidean, when in fact it is not, we shall have to call in 
physics to rectify the errors of our geometry.”  
 
It took the intellectual prowess of Albert Einstein to rectify that error and link the physics of 
gravity to the curved geometry of our universe. Einstein recognised that nature had played a 
trick on us. Where physicists assumed that space was flat and the force of gravity pulled 
massive objects towards each other, it was the other way round: space was curved and the 
gravitational attraction between objects merely an expression of this curved geometry. “You 
see, when a blind beetle crawls over the surface of a globe, he doesn’t notice that the track 
he has covered is curved. I was lucky enough to have spotted it”, observed Einstein. The 
physicist realised that we were not much different from beetles on the surface of a globe: 
unaware of our universe’s curved and changing shape, we couldn’t help but interpret this 
curvature as a gravitational force deviating our movement.  
 
While Einstein’s insight revolutionised our scientific worldview, it took more than a stroke of 
genius to develop a geometric theory of gravity. Einstein also needed the conceptual tools 
to describe his insight mathematically. And the curved geometry developed by 
mathematicians in the 19th century provided just that. This geometry came to Einstein’s 
rescue in the form of new mathematical possibilities that, incidentally, provide glimpses into 
the potency of spatial cognition, too. For two millennia, scholars had subscribed to the 
geometry of flat spaces set out in Euclid’s Elements. In Euclidean geometry, the sum of the 
angles of a triangle is 180°, and parallel lines never intersect. Importantly, it was widely 
believed that such statements expressed geometric truths about our world. Yet, at the 
beginning of the 19th century, mathematician and geometer Carl Friedrich Gauss started to 
entertain the possibility of vastly different spaces. Encouraged by his studies in geodesy and 

the mechanics of triangulation, Gauss proposed to test the geometry of our world 
experimentally: “We must admit with humility that, while number is purely a product of our 
minds, space has a reality outside our minds, so that we cannot completely prescribe its 
properties a priori.” 
 
This suggestion led to a paradigm shift in geometry. Gauss imagined spaces where the 
angles of a triangle did not add up to 180° and where parallel lines did not stay the same 
distance apart, yet where geometry was self-consistent and free of mathematical 
contradictions. The surface of the Earth provides an example of such a space. Although all 
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lines of longitude are parallel to one another (they cross the equator at right angles), the 
distance between the lines gets shorter towards the poles, where they eventually cross. 
Inspired by these ideas, Gauss’ student Bernard Riemann developed higher-dimensional 
generalisations of curved geometries and constructed new types of non-Euclidean spaces. 
Riemann went even so far as to speculate that our universe, too, was curved and, therefore, 
finite, analogous to the Earth, whose volume is bound by its curved surface.  
 
By modifying Euclid’s axioms, Gauss and Riemann introduced a new mathematical domain 
and demonstrated the extraordinary effectiveness of our spatial cognitive tools: space 
became a constraint way of ordering higher-dimensional realms that would be too abstract 
to understand on their own. In the end, it was Riemannian geometry that allowed Einstein 
to complete his geometric theory of gravity. In Einstein’s universe, space and time are 
interwoven into a four-dimensional fabric that ripples and warps under the influence of 
massive objects. In this setting, gravitational phenomena arise from the dynamic interplay 
between matter and spacetime: instead of imagining a force that pulls you down, think of 
curved spacetime pushing you up.  
 
In 1915, a few months before he put the finishing touches on his equations, Einstein gave a 
series of lectures on general relativity in the quaint German town of Göttingen, the very 
same place in which Gauss had carried out his geodetic surveys a century before. Although 
general relativity is widely praised for its conceptual elegance, the theory builds on a 
sophisticated mathematical notation. Even Einstein admitted: „No man can visualise four 
dimensions, except mathematically. I think in four dimensions, but only abstractly. The 
human mind can picture these dimensions no more than it can envisage electricity. 
Nevertheless, they are no less real than electromagnetism, the force which controls our 
universe, within, and by which we have our being.“ If you find yourself struggling with 
Einstein’s mind-bending abstractions, just look up at the sky and take pleasure in the to-
and-fro of the heavenly bodies. Remember how space has shaped your ability to make 
sense of the universe and how the curvature of this universe keeps you safely stuck to the 
Earth. 
 
 
 


