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Measuring up
the universe
In the past century, cosmologists have created
an epic story of an unimaginably vast cosmos
that began billions of years ago in a big bang.
But can we be sure they have got it right?
Stuart Clark audits our cosmological knowledge,
providing an essential overview of what we
think we know about the universe’s vital
statistics – and where there is work still to do

HOW OLD IS THE UNIVERSE?
A CENTURY ago, if you asked a cosmologist the
universe’s age, the answer may well have been
“infinite”. It was a neat way to sidestep the
question of how it formed, and the idea had
been enshrined in 1917 when Albert Einstein
presented his model of a static universe
through his general theory of relativity.
General relativity describes gravity, the
force that sculpts the universe, as the result
of mass warping its fabric, space-time. In the
mid-1920s, astrophysicist George Lemaître
showed that according to the theory, the
universe wasn’t static but expanding – and
would thus have been smaller in the past.
Lemaître’s idea that everything there is
was once contained in a single “primordial
atom” was transformed in the 1960s, when
astronomers discovered the most ancient
light in the universe, the cosmic microwave
background. This indicated that everything
had begun in a hot, dense state: the big bang.
These days, most cosmologists are
confident that happened about 13.85 billion
years ago. The figure is based on estimates
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of the universe’s expansion. There is some
uncertainty there, because methods for
estimating that rate spit out different values
(see “How fast is the universe expanding”,
page 35). The possible range of ages is
between 12 billion and 14.5 billion years.
We can cross-check that against the oldest
star we know. It’s clear that HD 140283, aka
the Methuselah star, is ancient because it
is made almost entirely of hydrogen and
helium, the predominant elements in
existence in the aftermath of the big bang.
Now, astronomers reckon it is 14.46 billion
years old, give or take 0.8 billion years. That
could make it slightly older than the universe.
But the fact that the age of the oldest star
we can find is so close to our estimates of the
universe’s age suggests that the standard
model of cosmology – our general relativistic
model of how the universe evolved, which
supplies these estimates – is secure. How
long the cosmos has existed isn’t really in
doubt. For many other properties of the
universe, we can’t be so sure.
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HOW BIG IS
THE UNIVERSE?
Stare out at the night sky for any length of
time and you’ll ponder how far it all extends.
For most of human history, the universe was
commonly thought to be separate from Earth
and the stars surrounding it – a sort of noman’s land between us and heaven. Yet since
the scientific revolution in the 17th century,
astronomers have come up with various ways
to measure distances to celestial objects.
These methods are collectively known
as the cosmic distance ladder (see “Ladder
to the stars”, page 34). “It’s basically a
bootstrap thing,” says James Schombert
at the University of Oregon. Each part of
the ladder builds on the one below until,
eventually, you reach distant celestial
objects bright enough to be seen across
the grandest cosmic scales: galaxies and
exploding stars called supernovae.
This means we can measure the universe
in its entirety, or at least we can try. The most
distant galaxy known is GN-z11. Light from it
has taken 13.4 billion years to reach us – most
of the age of the universe. In that time,
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space-time has expanded. Working from
the rate of expansion given by the standard
model, this galaxy is probably now about
32 billion light years away from us.
Extrapolating to the entire observable
universe, astronomers estimate it has a
diameter of 93 billion light years, or very
roughly 1026 metres (100 million billion
billion kilometres).
But that is just the distance between the
furthest things we can see. “You don’t walk
1026 metres and then hit a brick wall,” says
Tony Padilla at the University of Nottingham,
UK. “The universe goes beyond that.”
We can’t see past this cosmological
horizon. Instead, we make inferences based
on what the standard model of cosmology
tells us. Most cosmologists believe that,
immediately after the big bang, the universe
underwent a moment of exponential
expansion known as cosmic inflation.
It is the best way to square our observations
of a smooth, uniform universe at the

grandest scales with the big bang,
because quantum theory tells us that
tiny energy fluctuations in random
places would have created an uneven
distribution of matter. Without inflation,
that randomness could not have evened
out during the time since the big bang.
Inflation also happens to suggest a
universe much larger than that we can
see. Whereas the “inflaton” field thought
to have powered it stopped at some point
in our region of the wider universe, it would
continue to spark fresh bouts of inflation
elsewhere. “You get really big universes
in these [eternal inflation] scenarios, and
I mean just off-the-scale huge,” says Padilla.
Whether or not they are part of our
universe, or separate, is a matter of
perspective (see “How many universes
are there?”, page 37). Clearly though, to
understand the size of the universe beyond
the cosmological horizon, we need a better
picture of the universe’s first moments.

“Cosmic inflation
suggests a
universe much
larger than the
one we can see”

Ladder to the stars
Astronomers estimate the distances from us to celestial objects with a succession of methods
called the cosmic distance ladder, so named because each technique relies on the previous one
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Astronomers search
for cepheids in nearby
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type 1a supernovae
have been observed.
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brightness of those
cepheids to that of
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reveals the distance to
the nearby galaxies.
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Type 1a supernovae all explode with
similar energy, so have similar intrinsic
brightness. Finding such supernovae in
far-flung galaxies and comparing their
brightness to those in nearby ones gives
the distance of each far-flung galaxy.
The light from these far-flung
galaxies is stretched by the expansion
of the universe. This stretching is called
the redshift. By comparing redshift
with distances measured by other
means, we can estimate the rate
at which the universe is expanding.
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Taking the estimated
rate of cosmic
expansion and the
distance to the furthest
known galaxy, we can
extrapolate to the edge
of the observable
universe – estimated
to be 46.5 billion light
years from Earth.
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The most distant
known galaxy is
GN-z11, roughly
32 billion light
years from Earth

HOW FAST IS
THE UNIVERSE
EXPANDING?

Space-time is getting bigger all the time, like
dough rising in the oven. The observational
proof of this came in 1929, when astronomer
Edwin Hubble demonstrated that distant
galaxies are speeding away from our own.
We have even been able to clock the expansion
rate, measured as the speed at which every
million parsecs of space expands per second,
by measuring the distance to numerous
galaxies and comparing those distances
with their redshift – the extent to which
light emitted by each galaxy is stretched
as a result of the universe’s expansion.
In the early 2000s, the Hubble Space
Telescope showed that the current expansion
rate was close to 75 kilometres per second
per megaparsec. Cosmologists thought
they had this one nailed. All that remained
was to measure how much this rate was
slowing as the gravitational pull of all the
universe’s matter and energy fought to
drag things together. When the answer
came, it broke everything.
In the late 1990s, we discovered that the
expansion wasn’t slowing down at all. On the
contrary, it was speeding up – and nothing in

known physics could explain it. The only
thing that might fit the bill was a fudge factor
that Einstein had included in his equations
of general relativity when he thought
the universe was static. Dialled up, this
“cosmological constant” could reverse
the deceleration from gravity and power
an accelerating expansion. This was the
birth of dark energy, a mysterious addition
to the standard model of cosmology that
continues to evade characterisation.
The conundrum only got more intractable
in 2013, when the Planck satellite from the
European Space Agency (ESA) returned
the most precise map yet of the cosmic
microwave background. Feeding that
data into the standard model and running
the clock forwards, researchers calculated
that the universe should be expanding at
68 kilometres per second per megaparsec –
slower than the rate we get from supernovae.
To bring the two values into alignment,
physicists refined their calculations and
better quantified the sources of possible
error, only to see the discrepancy grow.
The tension means that the standard model
is incapable of describing the universe as
we observe it. Now some cosmologists are
wondering if general relativity, the model’s
foundation stone, needs resetting.
There is certainly wiggle room. Tessa Baker,
a cosmologist at Queen Mary University
of London, says that although tests of gravity
across the solar system, and in other specific
situations, are extraordinarily precise, there
is still plenty of scope for gravity to work
differently from how Einstein predicted
at the largest cosmological scales. “The
experimental bounds we have on gravity
operating over distance scales of megaparsecs
or so are really weak,” she says. The strength
of gravity could plausibly be 10 to 20 per cent
stronger on those scales, she adds.
Naturally, theorists are having a field day.
But Chris Van Den Broeck, a physicist at the
National Institute for Subatomic Physics
in Amsterdam, the Netherlands, isn’t ready
to sound the standard model’s death knell
yet. “The tension is there, but I’m not yet
convinced that we should panic,” he says. >
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HOW HEAVY IS
THE UNIVERSE?
Calculating how much stuff there is
in the universe has long preoccupied
cosmologists, largely because it seems
that so much of it is invisible.
Take dark matter, so named because it
doesn’t interact with light. This mysterious
source of mass was invoked to explain
how galaxies and clusters of galaxies
hold together when we realised that the
gravitational pull of ordinary visible matter
alone isn’t enough to do the job. It has since
become a vital component of the standard
model, its hidden gravitational hand
sculpting the structure of the cosmos.
We still haven’t detected dark matter.
Yet by looking at the pattern of temperature
fluctuation in the cosmic microwave
background, indicative of the interplay
of matter and energy in the early universe,
physicists are able to estimate its abundance
compared with ordinary matter. The upshot
is that dark matter outweighs normal matter
by more than 5 to 1. The cosmos is roughly
5 per cent ordinary matter, 27 per cent dark
matter and 68 per cent dark energy – that
other mysterious form of mass/energy.
This much is gospel – at least for now.
Recently, however, a puzzle has emerged
from measurements of the extent to
which galaxies clump together on a
scale of 8 kiloparsecs. The value of this
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quantity, known as sigma-8, depends on
how much mass there is in the universe,
because it is the gravity resulting from
this mass that pulls the clusters together.
We can measure it based on observations
or we can predict it based on the standard
model. Again, precise measurements
produce a troubling discrepancy.
Working from established ratios of the
different kinds of matter and the behaviour of
gravity as described by general relativity, the
standard model predicts that sigma-8 should
be 0.81. But when Hendrik Hildebrandt at
Ruhr-University Bochum, Germany, and his
colleagues measured this value in 2017, they
got a different answer. He and his team used
a technique called weak gravitational lensing,
which measures the extent to which light
from distant galaxies is distorted by massive
objects between us and them. Their value
for sigma-8 came out at 0.74, suggesting that
there is less matter in the universe than we
predict when using the standard model.
Future observatories such as the groundbased Vera Rubin Observatory and the ESA’s
space-borne Euclid mission are scheduled
to devote time to refining this measurement.
If the discrepancy remains, it will need
explaining. If it can’t be explained, then
there’s another reason to think our standard
cosmology needs an overhaul.

The LISA Pathfinder
satellite, a prototype
for a probe that could
reveal the true shape
of the universe

“The latest
measurements
suggest there
is less matter
in the universe
than expected”

WHAT SHAPE IS THE UNIVERSE?
When cosmologists talk about the geometry
of the universe, they are referring to the
overall shape of space-time. In our expanding
universe, there are basically two possibilities.
If the gravity produced by all matter is
stronger than the expansion, it will
ultimately pull everything back together.
In that case, we are living in a “closed” or
spherical universe. If whatever is driving
the expansion overpowers gravity, however,
then we have a perpetually expanding or
“open” universe that looks like a saddle
(see “Cosmic contours”, below).
Intriguingly, however, the universe seems
to be precariously balanced between these
two options. The theory of cosmic inflation
helps to explain this fluke by ironing out our
perception of any overall curvature, and the
idea that we reside in a flat universe is now
hardwired into cosmology’s standard model.
Even so, there are suspicions.
Alessandro Melchiorriat Sapienza
University in Rome, Italy, is part of a team
that analysed the latest data from the Planck
mission, which measured temperature
fluctuations across the cosmic microwave
background to the most precise level ever
achieved. One thing the researchers analysed
was the extent to which light from the

Curious contours
The cosmos is most likely
to be closed and positively
curved (top) or open and
negatively curved (middle).
And yet it seems to be flat
(bottom) – or does it?

cosmic microwave background is distorted
by the process of weak gravitational lensing
as it travels towards us. They found
more lensing than the standard model of
cosmology predicts – unless you remove the
assumption of a flat universe. “If you perform
a model fit, leaving the curvature to vary, you
see that the best solution is a closed universe
with more dark matter,” says Melchiorri.
But as Melchiorriand his colleagues
demonstrated in a follow-up study earlier
this year, a closed universe exacerbates
the discrepancies cosmologists are seeing
elsewhere in the standard model, not least
the fact that the universe seems to be
expanding faster than predictions suggest
it should. Explaining that gets even harder
if the universe is spherical rather than flat.
Pretty much every other measurement
we have suggests that the universe is flat.
It is possible that this latest observation is
a statistical fluke that disappears with new
cosmological surveys from the Vera Rubin
telescope or the Euclid satellite, for instance.
If not, however, then the best way forward
is to extract better data about the true nature
of the big bang and cosmic inflation. This is
where gravitational waves come in. These
ripples in space-time, best known as the

result of collisions between distant black
holes, can also open a window onto the
early universe if we can detect any that
have made their way to us from the
furthest reaches of the cosmos. “There are
a bunch of [cosmological] mechanisms
that could conceivably have caused a flash
of gravitational radiation a fraction of a
second after the big bang,” says Van Den
Broeck – mechanisms like inflation.
Primordial gravitational waves would
be visible today as a background of ripples,
coming from all directions. They are distinct
in the sense that they would have much
longer wavelengths than the ones we have
detected from black hole collisions, thanks
to the expansion of the universe. Our best
ground-based gravitational wave detectors
operate at too high a frequency to see
them. But the ESA’s planned space-based
detector, the Laser Interferometer Space
Antenna (LISA), could.
“If we could also see primordial
gravitational waves that would be really
thrilling,” says Padilla. “Then we would really
start to learn a lot about the universe.”
Perhaps most importantly, we could learn
whether inflation truly happened – and
whether the universe is flat after all.

HOW MANY
UNIVERSES
ARE THERE?
As mentioned earlier, when cosmologists
came up with cosmic inflation, the idea that
the early universe ballooned exponentially
in a moment, they quickly realised they
may have got more than they bargained for.
“Inflation can happen anywhere in space
and time,” says Padilla, “It happened in our
patch of the universe a long time ago, and
it made our corner of the universe very
large, but there could be different parts
of the universe where it’s still going on.”
This scenario, known as eternal inflation,
produces a pantheon of different “bubble”
universes, all crowded together, with more
budding off all the time. Welcome to the
inflationary multiverse. There is no way
to observe or measure it because all the
>
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bubble universes it contains lie outside the
limits of our observable universe. Instead,
many cosmologists are convinced it exists
because it is a logical consequence of two
theories, inflation and quantum mechanics,
that have been demonstrated to be valid to
varying degrees.
Not being able to see them hasn’t
prevented people from speculating
about how many universes there might
be, and what they might contain.
With the standard-issue inflationary
multiverse, the number of universes is
endless. What we find in each one could be
something wildly different from the universe
we know. This idea of a cosmic pick-and-mix
grew out of attempts to explain gravity in the
same way as the other three forces of nature,
as a quantum force. These string theories
replace familiar point-like particles with
tiny vibrating strings that exist in multiple
dimensions – normally 10 or 11 of them,
depending on your preferred version – and
predict a vast landscape of at least 10500
different possibilities for how physics might
look in the myriad bubbles of the inflationary
multiverse. Each would have different
physical laws and different values for the
constants of nature.
Or maybe there is just one other universe,
and we have already seen tangible evidence
of its existence. In 2016, the Antarctic
Impulsive Transient Antenna (ANITA)
detected a high-energy particle that instead
of heading in from space, appeared to be
blasting out of Earth. Two years later, it made
a second such discovery. One explanation
is that the particle might have come from a
parallel universe created concurrently with
our own, but travelling backwards in time.

“You’d barely
notice the end
of the universe.
Blink and it will
all be over”
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The fate of the universe
depends on the true
nature of dark energy

WHEN WILL THE UNIVERSE END?
Before the discovery of dark energy, the
mysterious force thought to be pushing
space-time apart, the future of the universe
depended on geometry. Either the cosmos
was closed and would collapse in on itself
in a “big crunch” or it was open and would
expand forever. Now, however, cosmology’s
standard model assumes that we live in a
flat universe that, thanks to dark energy,
will expand eternally.
If dark energy is nothing more exotic than
a cosmological constant, meaning it doesn’t
fluctuate over time, then the expansion of
the universe will itself eventually become
a constant, carrying the clusters of galaxies
ever further away from one another. “We’ll
be left pretty much alone in the universe,”
says Baker. In this scenario, sometimes called
the heat death of the universe, or the big
freeze, all the stars eventually die, black holes
grow larger and the remaining matter in the
universe tends to equalise in temperature.
With no difference in temperature, energy
cannot flow and gradually the universe
enters a kind of cosmic senescence, where
nothing much happens at all.
An alternative is the big rip. Here, the
dark energy keeps getting stronger and the
expansion of the universe keeps accelerating.
“This is more exciting,” says Baker, “Even
gravitationally bound objects like a galaxy
can eventually get pulled apart”, as dark
energy overpowers the gravity holding
the celestial objects together.

Which of these scenarios is correct will
only be revealed once we know the nature
of dark energy. But before you get too
comfortable thinking that this is all so far
in the future that you don’t need to worry
about it, there is one way that the universe
could end tomorrow. It rests on the idea, from
string theory, that there is a vast landscape
of universes with different physical laws. If so,
our universe could perform a quantum trick
called tunnelling, in which it would suddenly
transform itself into a universe with different
properties. The constants of nature and
perhaps even the laws of physics would
be nothing like the ones we know.
That wouldn’t be ideal, to say the least,
because the structure of atoms relies on
the delicate balance between the forces of
nature. Upset it, and the atoms that comprise
everything could disintegrate in a flash.
“If we undergo one of these phase transitions
at teatime tomorrow, you’d barely notice it,”
says Baker. “Blink and it’ll all be over.”
The ultimate question for cosmologists,
then, might be whether or not they can
figure out if their beloved standard model
is correct before quantum oblivion beckons.
Watch this space-time continuum. ❚
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