When Mathematics Predicts the Shape of the Universe

By Sanjida Sikder Tithy

Imagine drawing a triangle so large that its corners rest on distant galaxies. Would its angles still add
up to 180°? Surprisingly, the answer might reveal the shape of the entire universe. Long before
telescopes could see billions of light-years away, mathematicians were already asking this question
with nothing but symbols, curiosity, and imagination. Through equations and geometry, mathematics
became humanity’s most powerful tool for exploring the invisible architecture of the cosmos.

Geometry of Everything

First stop geometry. But not the “angle your pencil, measure this line” kind. | mean non-Euclidean
geometry, where straight lines curve and triangles misbehave. Picture a triangle drawn on a sphere—
the sum of its angles is more than 180°. Now imagine applying this to space itself. If the universe
curves like a sphere, like a saddle, or even more exotic shapes, geometry tells us how light travels, how
galaxies drift apart, and even how time ticks.

Enter Friedmann-Lemaitre-Robertson-Walker (FLRW) metrics, the superheroes of cosmological
geometry. The equation is deceptively compact:
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Here, ds? measures distances in spacetime, a(t) is the scale factor that grows as the universe expands,
k encodes the curvature—positive, zero, or negative—and the remaining terms represent the spherical
coordinate system describing space.

What does this mean in plain words? The universe could be a cosmic sphere, flat like a piece of infinite
paper, or saddle-shaped like a ride at a physics amusement park. And mathematics doesn’t just
describe it—it predicts it, even before we have data.
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But equations describing curvature raise a deeper question: how can we actually measure the value of
k (curvature parameter) and discover the universe’s true geometry?



How Could Anyone Discover the Shape of the Universe?

All this mathematics leads to a natural question: how could anyone actually discover the shape of the
universe? The answer is surprisingly elegant. We do not measure the universe directly—we measure its

geometry.

Imagine drawing a gigantic triangle across the cosmos. One point could be Earth, the other two distant
galaxies billions of light-years away. In ordinary flat geometry, the rule is simple:

a+pB+y=180°

But curved space refuses to follow that rule. If the universe is positively curved, like a sphere,

a+B+y>180°

If space bends like a saddle,

Flat (180°) Spherical (>180°) hyperbolic(<180°)
Triangles reveal the curvature of space

By measuring the angles of enormous “cosmic triangles,” astronomers can test the geometry of
spacetime itself. Another method uses the cosmic density parameter; Mathematics provides a simple
but powerful test through the density parameter:

Here p represents the actual average density of the universe, while the critical density (p.)
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acts like a cosmic balance point determined by the expansion rate H. The comparison between these
two numbers decides the geometry of the universe itself. If

Q>1

gravity wins and space curves inward, producing a closed universe like the surface of a sphere. If



Q<1
expansion dominates and space bends outward into an open, saddle-shaped universe. But when
Q=1

something magical happens: spacetime becomes perfectly flat, and Euclidean geometry rules the
COSMOS.

In the language of the FLRW metric, this determines the curvature constant
k=sign (Q-1)
which tells us whether the universe is spherical (k = +1), flat (k = 0), or hyperbolic (k = -1).

So, what is the universe’s ultimate shape? The ultimate shape of the universe is still an open question
in cosmology, but scientists think it can fall into three main possibilities based on the equations from
General Relativity and the solutions developed by Alexander Friedmann. Flat, open, closed, toroidal,
or something we haven’t imagined? The truth is mathematical curiosity gets us close, but it also opens
doors we didn’t know existed.

Infinite and Euclidean. Angles in triangles sum to 180°. Light travels straight. The
safest bet in cosmology.

Geometry: like an infinite flat sheet.

Parallel lines never meet. The universe can expand forever. Evidence from the Planck Space
Observatory and the Wilkinson Microwave Anisotropy Probe suggests the universe is very close to
flat.

This is currently the best-supported model.

Sphere-like. Eventually, the universe may recollapse. Triangles have angles
>180°. Cosmic curvature is a gentle hug.

Geometry: like the surface of a sphere (but in 3-D space).

If you travel far enough in one direction, you could eventually return to your starting point. The
universe is finite but has no edge. In this model, gravity could eventually stop expansion and cause a

collapse called the Big Crunch.

Saddle-shaped. Infinite, but negatively curved. Triangles have angles <180°.
Mind-bending, in a good way.

Geometry: like a saddle (hyperbolic shape).

The universe is infinite. Expansion continues forever and gets faster. This idea connects with
observations of Dark Energy.



Shapes of the Universe

Flat Closed

Measurements of the Cosmic Microwave Background show the universe is very close to flat, but it
might still be extremely large or infinite. Even if the universe is finite, it might not have an edge —
similar to how you can walk forever on Earth without falling off.

The Dance of Gravity and Equations

Now, curvature doesn’t float freely; it’s tied to the matter inside the universe through the majestic
Einstein field equations:
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If this looks intimidating, it’s because it is. Each symbol is a storyteller. G,, describes spacetime’s
curvature, T, describes matter and energy, A is the cosmological constant (the mysterious force
behind dark energy), and the constants G and c are gravity and light speed playing their roles.

Here’s the fun part: You don’t just solve it for a single planet or star; you solve it for the entire
universe. Friedmann did just that in the 1920s, predicting cosmic expansion purely from these
equations. Hubble observed it a few years later—proof that math doesn’t just describe reality; it can
forecast it.

The Prediction Moment

In 1922, the mathematician Alexander Friedmann solved Albert Einstein’s gravitational equations and
discovered something shocking: the equations said the universe cannot stay static.

From Einstein’s field equations, Friedmann derived the Friedmann equation:
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This equation relates

e a - expansion of the universe
e p - density of matter
e k- curvature

e N~ cosmological constant



The equation predicted something incredible:
If the density of matter is not perfectly balanced, space itself must expand or contract.
At the time, no one had observed cosmic expansion.

But in 1929, Edwin Hubble observed galaxies moving away from us. Their recession followed the law

V= H()d

where

v = galaxy velocity

d = distance

Ho = Hubble constant

Exactly what the mathematics predicted.

Topology: The Universe’s Secret Personality

Geometry tells us whether the universe curves like a sphere, a plane, or a saddle. But topology asks a
deeper question: How is space connected?

A space can be perfectly flat and still be finite.

Imagine a video game world where exiting the screen on the right brings you back from the left.
Mathematically, this is called a torus. In three dimensions, the universe could behave similarly—a 3-
torus, where traveling far enough in one direction eventually brings you back to where you started.

In topology this structure is described by a manifold M. Its global structure is captured by the
fundamental group

m, (M)
which records all possible loops in space that cannot be continuously shrunk to a point. If
m (M)=0
space is simply connected, like an ordinary sphere. But if
m(M)20
space contains hidden loops, meaning the universe could wrap around itself.

This idea, first explored deeply by Henri Poincaré and later expanded by William Thurston in the
classification of 3-manifolds, suggests something extraordinary: the universe might not be infinite at
all. It could be finite yet unbounded, like walking forever on Earth without reaching an edge.



e

The universe can loop around itself: explore forever without hitting a wall

If this is true, light from a distant galaxy could travel around the cosmos and reach us from multiple
directions, creating repeating patterns in the cosmic sky.

In other words, the universe might secretly be a cosmic hall of mirrors, and topology is the
mathematics that could reveal it.

Cosmic Microwave Background: Math Meets Reality

Of course, predictions are only half the thrill. To check your cosmic map, you need evidence. Enter the
Cosmic Microwave Background (CMB), the afterglow of the Big Bang. It’s like the fingerprint of the
universe’s shape.

Mathematicians and physicists analyze tiny temperature fluctuations in the CMB using spherical
harmonics:
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Each Y,,is a wave pattern on the celestial sphere, and a,,, tells you how strongly that wave appears.
The peaks and troughs, the patterning of hot and cold spots, whisper about the universe’s curvature
and topology. It’s mathematics turned into a telescope for the invisible.

Cosmic Microwave Background

Inflation: When the Universe Grew Up Fast

But the universe isn’t just static. Early on, it inflated—Llike a cosmic balloon inflating faster than light.
Math predicts this through the inflaton field ¢ and its potential V(¢):
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Here, H is the Hubble parameter, measuring expansion speed, and the dots are time derivatives. This
equation is just Newton’s laws in disguise, applied to the universe’s growth spurts. The result? Tiny

quantum fluctuations stretched to cosmic scales, eventually seeding galaxies.

Inflation and Quantum Fluctuations
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Mathematics didn’t just predict inflation—it predicted the pattern of galaxies we see billions of years
later. That’s some serious time travel.

Chaos and the Edge of Predictability

Now, let’s sprinkle some chaos. The real universe isn’t perfectly smooth. Galaxies tug on each other,
dark matter weaves invisible webs. To understand how these structures evolve, scientists sometimes
turn to ideas from chaos (Lyapunov exponents) theory and dynamical systems.
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This measures how small differences grow over time. A positive A? Chaos—tiny deviations explode
exponentially. A negative A? Stability.
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Even here, mathematics predicts the possible fates of the universe. Will galaxy clusters collide? Will
stars fall into black holes? The equations don’t just guess—they map the landscape of possibility.

Why This Matters



Why care about shapes, loops, and chaotic exponents? Because these shapes determine everything:
how gravity works, how light bends, how galaxies form, how life arises. Mathematics is the script, the
universe the performance.

And here’s the kicker: sometimes, the math predicts something before we even see it. Einstein’s
equations hinted at gravitational waves; LIGO detected them decades later. The cosmological
constant appeared in Albert Einstein’s equations long before observations revealed the accelerating
expansion of the universe. telescopes confirmed it.

The Story Isn’t Over

The adventure is far from done. Mathematicians are still sketching higher-dimensional shapes, exotic
topologies, and complex geometries we can barely visualize. The universe is the ultimate playground
for imagination + equations.

In fact, here’s a sentence to remember:

Mathematics is the telescope that sees beyond the light of stars, and the map that sketches the
invisible shape of everything.

Closing Adventure

The shape of the universe is not just a physical fact—it’s a mathematical revelation, a secret written in
symbols and waiting for curious minds to read it.

Because when mathematics predicts the shape of the universe, the universe listens.

And in the quiet language of equations, the universe finally reveals its shape.



