LIMITS OF THE COSMOS

The far reaches
of space
Using the relative velocities
of galaxies, astronomers in
September 2014 defined the
Laniakea Supercluster (the
region within the outline) as
the one that contains the Milky
Way, the Virgo Supercluster,
and several others. Laniakea
contains more than 100,000
galaxies with a combined mass
of 1017 Suns in a region of space
520 million light-years across.
R. BRENT TULLY, HELENE COURTOIS, YEHUDA
HOFFMAN, AND DANIEL POMAREDE
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Everything astronomers
have learned points to a
universe populated by
superclusters of galaxies,
incredibly long filaments,
and colossal voids.
by Liz Kruesi
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efore extending to what lies in the
distant cosmos, scientists must understand our neighborhood. As we’ve seen,
the force of gravity binds the Milky
Way and its Local Group neighbors
to thousands of other galaxies in the
Virgo Supercluster. For decades, astronomers
believed that this was the largest gravitationally bound object in which we live.
But a study published in 2014 showed that
our home supercluster is just one lobe of a
larger grouping called Laniakea, the Hawaiian
word for “immense heaven.” And although the
Virgo Supercluster spans a worthy 100 million
light-years, Laniakea has a diameter of more
than 500 million light-years.
While distance is an easy value to measure
on Earth and even within our solar system,
it’s much more difficult for locations where
no human-made objects have yet explored.
Astronomers can’t run a tape measure
between another galaxy and Earth. Instead,
they study a celestial object’s light.
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In 2009, a group of astrophysicists from five countries ran
the Millennium-II Simulation,
which created a virtual cube
of space 400 million lightyears on a side. The researchers then traced the evolution
of more than 10 billion “particles,” each made up of 6.9
million solar masses of dark
matter. These four images,
which show a field of view 50
million light-years on a side,
zoom forward in time (from A
to D) 11.4 billion years.
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BOYLAN-KOLCHIN, ET AL. (2009)

Measuring the expanse

Scientists have two different methods to compute
the distance to a faraway galaxy. The simplest is to
use the brightness of the light they collect from it.
The University of Lyon’s Helene Courtois, one of the
researchers who defined the Laniakea Supercluster,
likens this method to determining how far away a
60-watt light bulb is. You already know how luminous the bulb is, so once you measure how bright it
appears, you can calculate its distance.
Because intervening dust blocks visible light
from these galaxies, astronomers look at the
strength of radio waves from them to estimate how
much energy the galaxies release in visible light.
They then compare the intensity of light collected
to their calculations of actual energy released to
determine the distances to the galaxies.

The other method of measurement analyzes the
light from the brightest galaxies in a cluster to
determine how the members it contains are moving. This is a harder process, but it relies on a simple fact: Light can tell scientists about an object’s
movement toward or away from us. The light’s color
shifts bluer if the galaxy is moving toward Earth
and redder if it’s moving away. That movement can
arise from the gravitational push and pull of other
galaxies or from the expansion of the universe.
We now know that the cosmic fabric is expanding, and it’s bringing galaxies along for the ride.
Once scientists compare the movements of many
objects in the same area of sky, they can break apart
the different motions. When mapping galaxies in a
supercluster, astronomers focus on the gravitational
pull of both visible matter and unseen dark matter.
In the Laniakea discovery, Courtois and her colleagues used both methods to study the distances to
and the movements of more than 8,100 relatively
nearby galaxies. They found the boundaries where
some galaxies were moving toward one region and
others were moving in another direction. That tipping point, like the top of a hill where a stone can
roll toward one valley or another, marks the edge of
the Laniakea Supercluster. But what lies farther out?

Filaments and voids

Astronomers began mapping cosmic structure
decades ago by analyzing the light from each glowing galaxy using the two previously mentioned
techniques. In the late 1970s and early 1980s, a pattern began to emerge: galaxies huddling together
with voids in between.
By the late 1980s, astronomers also saw that galaxies near ours are moving toward a specific region

This map of
125,071 galaxies in the
nearby universe shows
how they cluster together.
Astronomers produced this image as
part of the 6 Degree
Field Galaxy Survey.

Astronomy Contributing Editor Liz Kruesi writes about
pieces of the cosmic puzzle from her home in Austin, Texas.

C. FLUKE/6DF SURVEY

billion light-years

58

12
A ST R O N O M Y • D E C E MBER 2015

12.25

C

D

of space in the Southern Hemisphere. The force of
gravity encourages this movement, which means
that this region must contain a huge amount of
mass; scientists called it the Great Attractor. All the
galaxies in the Laniakea Supercluster are falling
toward this spot.
More discoveries followed as astronomers conducted bigger surveys to cover larger areas on the
sky. Telescopes and cameras continued to evolve
rapidly, and their larger light-grasp and more sensitive detectors allowed scientists to see farther out
and further back in time.
Researchers looked at a large-scale view reaching
halfway across the universe to determine the distribution of galaxies. They saw that galaxies and their
home clusters congregate in clumps connected to
other clumps by strings of galaxies, which create
seemingly empty voids. This pattern forms the
“cosmic web.” And it appears to repeat, showing
that no location in the universe is more important
than any other at the largest scales.
But there’s even more material that no telescope
can see. The strings of galaxies lie upon a thicker
scaffolding of dark matter, a mysterious material
that only shows itself through its gravitational
interactions with stars and galaxies that we can
detect. Dark matter oozes between galaxies in clusters and holds together the strings, or filaments,
between superclusters. This universe holds five to
six times as much dark matter as normal matter.
Because astronomers can’t see dark matter, the
bulk of cosmic structure is invisible. To understand
what it looks like, scientists build universes in complex computer simulations that compress all of cosmic evolution into mere weeks. They know roughly
how much normal matter and how much dark matter the universe has now. They load this information, along with the laws of physics, into the
computer model.
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“At the end of the simulation, when the virtual
universe is mature, we compare it to the observed
universe,” says Courtois. The computer model
reveals more structure than observers detect, a cosmic web stretching back billions of years into cosmic history.

Brilliant signposts

Even the brightest galaxies can’t compete with the
luminosity of actively dining supermassive black
holes. While every large galaxy harbors one such
behemoth, only a fraction of them are feeding, a
classification that astronomers call “active.” A quasar is one type of active galactic nucleus.
The black hole feeds on material like stars or gas
clouds that pass too close. As gravity funnels that
material toward the high-mass black hole — like
water spiraling toward a drain — it forms a disk.
The material rubs against itself and glows due to
friction. This light is visible across vast distances
— so far, in fact, that the light from the nearest
quasar has taken 600 million years to reach us.
Astronomers have found quasars scattered across
the universe. The most distant one existed just 750
million years after the Big Bang. Its light has traveled for more than 13 billion years to reach us.
Quasar light is a multiuse tool for studying the
distant universe. Scientists can map these objects in
the same way they map other galaxies to find structural filaments and voids. Quasars also can act as
flashlights to illuminate the gas that lies around
their home galaxies, the gas between galaxies, and
even the gas falling along nearby filaments.
University of California, Santa Cruz, astronomer
J. Xavier Prochaska and colleagues have studied
some 20 distant quasars, and they’ve made two big
discoveries. First, they saw a huge clump of hydrogen surrounding a quasar that was much larger
than the galaxy should be. They reason this gas lies

THE
DIFFICULTY
OF DEFINING
DISTANCES
The fabric of space-time
has been expanding since
the universe came into
existence 13.82 billion
years ago. That expansion
ignores the speed limit
that governs moving
objects — the speed of
light. Whereas on Earth
(but not just on Earth),
nothing can travel faster
than light, the cosmic fabric can. That means two
spots in our universe that
were near each other and
could send signals to
each other right after the
Big Bang have been
pulled apart by cosmic
expansion to much farther than 13.82 billion
light-years distant. In fact,
they now lie some 95 billion light-years apart. This
topic commonly causes
confusion, and it is one
reason why when talking
about distant galaxies,
astronomers state how
long the light has been
traveling through the cosmos instead of a distance
value. — L. K.
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How it all formed
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First stars
and
galaxies form

Clouds
of neutral
hydrogen
IONIZATION

Logarithmic scale

Three
minutes

EPOCH OF
REIONIZATION

DARK AGES

10,000
years

100,000
years

1 million
years

10 million
years

100 million
years

BIG
BANG

Astronomers think a span of time that lasted hundreds of millions of years called the
reionization era began when the first stars and galaxies emitted radiation that turned hydrogen
atoms (one proton, one electron) into hydrogen ions (a proton without an electron). ASTRONOMY: ROEN KELLY

VOIDS AREN’T
EMPTY

along a filament that contains the quasar. Its light
has been traveling for nearly 11 billion years.
Second, the researchers recently found four quasars close to one another and embedded in an enormous cloud of hydrogen. “It’s a structure that will
evolve into something like [the] Virgo [Cluster]
today,” says Prochaska.
In both discoveries, the light he and his colleagues see comes from fluorescence, he says,
“where the quasar shines at a range of energies onto
a galaxy and the galaxy actually shines back.”
Prochaska thinks that with the observing tools set
to come online in the next five to 10 years, astronomers will find hundreds of quasars embedded in
filaments and forming galaxy clusters.

pieces. The cosmos has been expanding since that
moment 13.82 billion years ago.
Once it had expanded enough for the temperature throughout the universe to cool to about
4,900° F (3,000 kelvins), each proton grabbed a
nearby electron to form a neutral hydrogen atom.
With fewer particles floating around, the pinball
game was over.
At that point, light was free to stream about the
cosmos. That light has been traveling along the fabric of space-time ever since. Today, it bathes the sky
in a cool microwave glow, its wavelength stretched
by cosmic expansion.
This cosmic microwave background (CMB)
looks nearly the same in every direction. It reveals
to astronomers what the universe looked like just
To the early cosmos
380,000 years after the Big Bang: an almost featureThe farther astronomers look from Earth, the less
less soup of hydrogen and helium.
organization they see. That’s because they’re seeThe tiny differences in temperature it contains
ing the cosmos at an earlier stage, and modern-day
reflect tiny differences in density. Eventually, those
structures — like spiral galaxies and dense clusters
denser areas grew into galaxies and galaxy clusters,
of thousands of galaxies — didn’t exist. The uniwhile the least dense regions emptied.
verse was not born complex. Instead, after the Big
“Understanding that transition, from a simple
Bang, it was dense and hot, filled with electrons,
universe to something with interesting structure in
protons, and light bouncing between those atomic
it, is a crucial missing piece in astronomy,” says
Steve Furlanetto of the
University of California, Los
GRB 090423
(farthest
EGSY8p7
Angeles.
gamma-ray
(farthest
This transformation hapburst)
galaxy)
pened
in the astronomical Dark
ULAS J1120+0641 (farthest quasar)
13.10 billion
13.14 billion

The spaces between galaxies are not empty. Huge
reservoirs of hot gas —
invisible to human eyes but
glowing in X-rays — fill the
gaps. And even the largescale voids in the cosmic
web structure aren’t
vacant. The Cosmic
Infrared Background
Experiment (CIBER), with its
onboard Wide Field Imager
(WFI) took four 7-minute
rides on sounding rockets
between 2009 and 2013.
WFI collects near-infrared
radiation with two 4.4-inch
telescopes. During two of
those rides, WFI found a
brighter glow in the universe than expected. The
scientists involved with
CIBER think there are far
more stars wandering
through the cosmic voids,
likely flung from their
home galaxies by gravitational interactions. — L. K.
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Present day
13.8 billion years
1 billion
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This image of 3C 348 combines visual data from the Hubble Space Telescope with radio data
from the Karl G. Jansky Very Large Array (VLA). Hubble captured the yellowish elliptical galaxy
at center. The VLA revealed an active galactic nucleus (AGN) with 1.5-million-light-year-wide
jets of high-energy plasma coming from the region of a 2.5-billion-solar-mass black hole.
Astronomers use quasars, another type of AGN, to study the distant universe. NASA/ESA/S. BAUM AND
C. O’DEA (RIT)/R. PERLEY AND W. COTTON (NRAO/AUI/NSF)/THE HUBBLE HERITAGE TEAM (STSCI/AURA)

Ages when material wasn’t yet dense enough to
form stars, which could light the way. When the
first stars and the galaxies they congregated in
formed, the overall mix developed into today’s cosmos. But the first galaxies, says Furlanetto, were up
to a million times smaller than the Milky Way and
lie so far away from us that telescopes cannot see
them. Instead, astronomers search for these first
objects by how they affected material around them.
Finding this intermediate range, which lies
between the CMB (380,000 years into the universe’s
history) and the quasars and galaxies that lived 1
billion years after the Big Bang, revolves around the
most prevalent element in the cosmos: hydrogen. As
stars and galaxies lit up, they spewed high-energy
light. This radiation is powerful enough to knock
away the one electron a hydrogen atom contains,
creating a hydrogen ion.
Those light sources continued to emit energy,
“and then bit by bit, the first sources carved cavities
of ionized material,” says Saleem Zaroubi of the
Kapteyn Astronomical Institute in the Netherlands.
These cavities grew while more stars lit up, eventually ionizing all of the neutral hydrogen in their
regions of space.
The key to spotting the transition is the prediction, from 1944, that neutral hydrogen can emit
radio energy with a wavelength of 21 centimeters.
Ionized hydrogen, however, doesn’t emit this radiation. Because neutral hydrogen filled the early
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cosmos, researchers expect there was enough of it
to faintly glow as radio waves. This makes for a
region nearer to us with no 21-centimeter signal
and a stronger radiance farther away.
The search for this radiation — evidence of an
epoch astronomers call reionization — has only just
begun, and no instrument has picked up this faint
glow yet. Radio telescopes with the ability to detect
this emission started operating recently, and
another will come online in a few years.
Scientists who are on the hunt to map reionization point out that the transition between the neutral, bland universe and the ionized, lumpy universe
is a long process — hundreds of millions of years.
That is a major missing section along the cosmic
distance scale. Zaroubi agrees: “It’s an important
step in this scientific narrative of the formation
of the universe from the beginning until now.”
Astronomers have learned an incredible
amount about how our universe looks at the
largest scales and also what it was like in its
infancy. Unfortunately, they still are missing
a major chapter in the cosmic story.
Yet the scientists who study reionization, like
Zaroubi and Furlanetto, are confident that in the
next couple decades observations will uncover the
distant radio light that tells the history of how our
universe evolved from a neutral bath of hydrogen
into the complex web of galaxies, stars, and planets
we now call home.

Cosmic
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background
radiation
13.82 billion
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Big Bang
13.82 billion
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