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The Expanding Universe: Dark Energy

Don Lincoln and Brian Nord, Fermi National Accelerator Laboratory, Batavia, IL

s is true of a far more famous story, it all began a long

time ago, in a galaxy far, far away. It even involved a

binary star system. A small star, called a white dwarf,
had become a burned out husk of its former self and it turned
to gorging on hydrogen and helium from its bloated red giant
neighbor. The transferred gas reignited the fires of the white
dwarf until the temperature from the fusion reaction proved
too much for the gravity that struggled to contain it. In the
blink of an eye, the star detonated in a supernova, a cosmic
maelstrom seen perhaps only once per century in a typical
galaxy.

The death cry of the star roared across the heavens in a
blinding sphere of light that spread throughout the cosmos,
dimming as it expanded. Photons traversed the universe for
eons until about two decades ago, when they entered the ap-
ertures of mankind’s telescopes and told their tales—a bitter-
sweet story of stellar death and the much grander saga of the
life and history of the universe itself. The photons brought
with them news that the makeup of the cosmos is different
than scientists expected—that perhaps there is an energy field
permeating all of space and time. This recent discovery great-
ly alters our understanding of the composition, the origin,
and the very destiny of the universe. This energy field is often
called dark energy, and understanding it is one of the most
pressing questions in modern cosmology.

History: An expanding story

In 1916, Einstein published his theory of general relativity
(GR), a dramatic and revolutionary new formulation of grav-
ity. His theory described a dynamic universe with spacetime
distorting due to the presence of energy and matter in the
universe: spacetime tells matter how to move, and matter
and energy tell spacetime how to curve. This theory is an im-
provement on Newtonian gravity, which failed to accurately
predict the orbit of Mercury and the degree of light deflection
during a solar eclipse.

When applied to the universe as a whole—first by George
Lemaitre, Alexandre Friedmann, and others—GR implied
that the universe started from a single, small cataclysmic
event; what’s more, it predicted that if there was a sufficient
amount of gravitating mass, that mass could pull the universe
back in on itself. This prediction of a dynamic cosmos ran
afoul of the theoretical consensus of the time, which held that
the cosmos was eternal and unchanging, i.e., the steady state
theory. To comply with this theoretical prejudice of a static
cosmos, and in order to counteract the attractive force of
gravity, Einstein added to his equations a term called the cos-
mological constant, A. This term was intended to stabilize the
universe against contraction.

By studying nearby galaxies, Edwin Hubble showed in
1929 that typically galaxies are receding from Earth. What’s
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more, the farther away a galaxy lies from us, the faster it is
moving. The physical mechanism underlying this relation-
ship involves the expansion of space. This is a subtle and cru-
cial point. The galaxies themselves are not moving through
space; rather space itself is expanding, carrying away the
galaxies with it. This statement is substantially true, but not
completely. The velocities of galaxies in the vicinity of the
Milky Way are in random directions and are on the order of
one or two hundred miles per second. The expansion charac-
terized by Hubble is about 41 miles per second per megapar-
sec (distance from Earth). Thus by about five megaparsecs of
distance, the expansion rate is about 200 miles per second, or
enough to overcome the random local velocities of galaxies.
At distances beyond about ten megaparsecs or so, the Hubble
expansion is dominant. The observation of an expanding
universe effectively killed the idea of a static universe and
raised the credibility of the Big Bang as the prevailing theory
of cosmic origins. Einstein dropped his cosmological con-
stant and called it his “biggest blunder”

In the Big Bang theory, the cosmos began 13.8 billion years
ago in a much denser and hotter state than it is in today. It has
been expanding and cooling ever since. As soon as the theory
was proposed, a vigorous and multi-decade debate began
regarding the expansion history and future of the cosmos.
Hubble’s original work only covered distances to about six
million light-years from Earth and revealed that locally the
relationship is simple and linear. Hubble’s discovery can be
summarized by the relationship v = Hd, where v is the veloc-
ity of the galaxy, d is the distance, and H is Hubble’s constant
of proportionality. In the intervening century, scientists have
pushed the distance back to billions of light-years, showing
that when more distant galaxies are taken into account, the
data reveal a more complicated expansion history, and that
H has a strong dependence on the distance from Earth and,
consequently, on time.

The next question became, what is the fate of the uni-
verse? How will it evolve in the future? It was thought there
were three possibilities. If there is enough matter in the
universe, then the matter’s self-gravity would cause space on
large scales to close in on itself, resulting in an eventual “big
crunch” (closed universe). If there’s not enough matter, space
could expand forever, slowing but never stopping (an open
universe). In a Goldilocks scenario, there could be just the
right amount of matter-energy, in which space would expand
forever with an expansion rate asymptotically approaching
zero (a flat universe).

The names given to these different scenarios highlight
the intimate connection between the overall geometry of the
universe, its matter-energy content, and its ultimate fate. A
flat universe follows Euclidean mathematics, and the sum of
the angles of a triangle add to 180°. As illustrated in Fig. 1, in
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Fig. 1. The shape of space determines the sum of the angles of a triangle.
In the familiar Euclidean space, this sum is 180°; however, this is not true
for curved spaces. In an open (hyperbolic) space, the sum is lower than the

Euclidean space, while for a closed geometry, the sum is larger.

a closed (spherical) universe, the sum of the angles add to a
number greater than 180°; in contrast, for an open (hyper-
bolic) universe, the sum adds to a number less than 180°. This
connection means that determining the shape of the cosmos
will simultaneously establish the integrated amount of mass
and energy in the universe.

Determining the shape of the universe can be accom-
plished using a clever technique. Since 1964, astronomers
have known of the cosmic microwave background (CMB),!
which is a direct image of the conditions of the cosmos ap-
proximately 380,000 years after the Big Bang, when the uni-
verse cooled enough to become transparent to light and thus
the conditions of the universe at that time. While the CMB
is extremely uniform, in 1992 the COBE? collaboration an-
nounced that they had detected a residual non-uniformity
of about one part in 100,000. Subsequent measurements by
the WMAP and Planck? satellites confirmed and extended
this observation. The size of these non-uniformities reflected
conditions of the early universe. Combining the observed an-
gular separation of the non-uniformities, the distance of the
source of the CMB radiation, and general relativity, cosmolo-
gists were able to establish that the geometry of the universe is
consistent with being flat.* The approach is illustrated in Fig.
2. Given that a flat universe corresponds to a unique quan-
tity of matter and energy, this measurement determined the
energy content of the universe. However, this determination
of the energy content (and, by extension, mass content and
expansion history) of the universe was only inferential and a
direct measurement was preferable.

Large galaxy surveys, like the Center for Astronomy (CfA)
redshift survey> and the Sloan Digital Sky Survey® performed
from the late 1970s through the early 2000s, were able to mea-
sure the mass of the universe and found it to be far too low to
be consistent with a flat cosmos. Even including dark matter,”
the amount of mass in the universe seems to be about only
one-third of that needed. Given the compelling measure-
ments of the geometry of space, it was clear that there was
amystery and the universe contained mass and energy that
had not been identified. Resolving this conundrum would
require a precise understanding of the expansion history of
the universe.

338

Fig. 2. By studying the temperature variations in the
cosmic microwave background, scientists are able
to determine the geometry of space itself. If the uni-
verse were flat, the separation between large adjacent
spots would be about 1°, while for a closed (open)
universe, the separation would be larger (smaller).
Experimentally, the spots appear to be separated by
about a degree to within an uncertainty less than 1%.
(credit: NASA/WMAP Science Team)

Experimental technique

In order to directly determine the expansion history and
future of the universe, astronomers needed to study objects
located at a range of distances from Earth and determine both
their distance and their velocity. This is a very difficult task
and many considerations need to be taken into account to be
successful.

The first thing that was needed was to find a population
of very remote objects. We would then compare the objects’
known brightnesses (or intensities, I) to their observed
brightnesses (I,) and infer the distances. While the require-
ments of general relativity dictate a more complex algorithm
is employed, this is conceptually similar to employing the
familiar I = I,/(47r?). Galaxies are visible distant objects, but
the problem is that an individual galaxy’s intrinsic brightness
is unknown and therefore they are unsuitable for this mea-
surement. However, there exists an astronomical event for
which the intrinsic brightness can be determined—exploding
stars of the type that opened this article. Much like the galax-
ies that Hubble observed, supernovae serve as buoys in the
fabric of spacetime to reveal the speed of spatial expansion
(and any changes in it). These Type Ia supernovae are formed
in binary star systems in which one is a white dwarf. As
shown in Fig. 3, the white dwarf siphons off matter from its
companion until the white dwarf’s mass reaches about 1.38
times the mass of our Sun. At that mass, the star explodesina
supernova. This process results in a very bright and predict-
able initial light source, corresponding to an object that, were
it to explode at a distance of 70 light-years from Earth, would
appear to be about 100 times brighter than a full Moon. For
cosmological distance measurements, Type Ia supernovae are
the preferred objects of study.
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The progenitor of a Type Ia supernova
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Fig. 3. A Type 1a supernova begins with a binary star system. The
white dwarf siphons the gas from the other star, and eventually
becomes too massive to remain stable and explodes, ejecting its
contents and what remains of its companion into the interstellar
medium. (lllustration credit: NASA, ESA, and A. Field [STScl])
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Fig. 4. The brightnesses of a sample of supernovae as a function
of the scale of the universe (or, equivalently, time in the past),
overlaid on theoretical predictions from various possible cos-
mologies. Samples like this were used to discern that we live in
a universe in which the expansion is speeding up. (Adapted from
from Fig. 3 of Perimutter’s Physics Today article; see Ref. 18 in
“Further Investigations.”)

The hunt

Comparing an object’s distance to its recessional velocity
is a crucial step. By repeating this procedure over a range of
distances, using both nearby and faraway supernovae, scien-
tists hoped to understand in detail the universe’s expansion
history. In the 1990s, two competing teams investigated this
topic. They were the Supernova Cosmology Project,® headed
by Saul Perlmutter, and the High-Z Supernova Search Team,’
headed by Brian Schmidt, although Adam Riess led the analy-
sis effort. By studying fewer than a hundred supernovae, the

two teams were able to map out the past velocity history of
the cosmos. In contrast with the simplest expectations, they
found out that not only was the universe expanding, but the
expansion was accelerating. Figure 4, which compares the
brightness of supernovae to the size of the universe, illustrates
the key features of their observations. The observations were
announced in 1998 and led to Perlmutter, Riess, and Schmidt
sharing the 2011 Nobel Prize in physics.

Paradigm shift

The realization that the expansion of the universe is ac-
celerating required an explanation. The observed flatness of
space and measured mass content of the universe suggested
that there was a missing mass or energy component of the
universe, but the accelerating expansion required this en-
ergy be of a different form. In fact, it seemed that Einstein’s
cosmological constant, which could overcome the attractive
properties of familiar gravity, might just fit the bill. Thus, the
cosmological constant has experienced a renaissance. Imag-
ine if Einstein hadn’t removed this term from his equations.
The guy could have been famous.

Physicist Michael Turner coined the phrase dark energy to
describe all models of energy of this sort. Einstein’s cosmologi-
cal constant is the simplest possible addition to general relativ-
ity that could explain observations. In this model, dark energy
is a property of space itself and has an energy density that is
constant throughout both space and time. This density is very
low. Using the mass-energy equivalence formula, the current
estimate for the value of dark energy is 1.67X 10727 kg/m3, or
about a proton per cubic meter. This modest amount of ener-
gy contributes only a very small amount to the energy budget
of the universe in small volumes (it amounts to about six tons
in a sphere with a circumference equal to the orbit of Pluto),
but when projected to the universe as a whole, dark energy
appears currently to be about 69.7% of the energy budget of
the universe (see Fig. 5). (The remaining components come
from ordinary matter composed of atoms, 4.7%, and dark
matter, 25.7%.) The existence of dark energy has profound
consequences for its role in the cosmos. If this density is con-
stant, we can illustrate its counterintuitive behavior.

“Imagine if Einstein hadn’t removed
this term from his equations. The guy
could have been famous.”

The most familiar density is that of matter: if both the
amount of matter and its enclosing volume remain fixed, so
will the density. However, if the volume increases, as it does
in an expanding universe, while the matter stays unchanged,
then the matter density will decrease proportional to the
amount that the volume of space has increased. We directly
observe this phenomenon over cosmic history. This is true
for both dark and ordinary matter.

On the other hand, dark energy of the form repre-
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Fig. 5. The mix of components of the uni-
verse (dark energy, dark matter, atoms,
photons, and neutrons) has evolved over the
universe’s history. (Figure credit: Adapted
from Wikipedia)

sented by the cosmological constant is presumed to be a
property of space itself and its density is constant. Therefore,
if the amount of space increases, the amount of dark energy
increases. In an expanding universe, the constant dark energy
density will eventually exceed the matter density, which is
ever decreasing. In our universe, this transition happened

8.5 billion years ago. In the very early universe, dark energy
played no significant role at all, as quantified in Fig. 5. Figure
6 illustrates the growth history of the universe over cosmic
timescales. The flaring of the size of the universe beginning at
the center of the figure and moving towards the right shows
the effect of dark energy.

It is important to add that the traditional correspondence
between an open, closed, or flat cosmos and the mass content
of the universe is broken if dark energy exists. For example,
with dark energy it is possible to have a closed universe with
an accelerating expansion. This is a very different under-
standing of the cosmos than one usually encounters in sci-
ence popularizations.

Alternatives to constant dark energy

While the cosmological constant is the simplest explana-
tion for the accelerating expansion of the universe, there are
alternative proposals. One idea that is a popular contender
is the idea of quintessence. In contrast to the cosmological
constant, which is a constant energy density, quintessence is
a dynamic energy field. Stated more simply, quintessence has
many of the same properties as the cosmological constant,
but it can vary over cosmic time. In principle, it could remain
similar, disappear entirely, or increase exponentially in the

Dark Ages

Atoms i
Dark Afterglow Light
4.7% Pattern
Energy 380,000 yrs.
69.7%
Dark
Matter ,
25.7% Inflation
TODAY
Neutrinos Dark
10% Matter
63%
Photons
15%
Atoms
12%
13.7 BILLION YEARS AGO
(Universe 380,000 years old)

Dark Energy
Accelerated Expansion

Development of
Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

Fig. 6. This timeline of cosmic evolution shows the flash of the Big Bang
(left), late-time accelerated expansion, and the growth of structure in the
intervening 13 billion years. The multi-colored map of the afterglow pat-
tern on the left is the cosmic microwave background. The boundary of the
observable universe is shown by the gridded cone. The changing shape
represents changes in the expansion rate. Note the periods of accelerated
expansion: at very early times (left; inflation) and at late times (right; dark
energy). (Figure credit: NASA/STSci)

future. Each of these possibilities leads to very different pre-
dictions about the future of the cosmos.

While quintessence has conceptual commonalities with
the cosmological constant, there are alternative proposals to
having a new form of energy. The simplest of these ideas is
simply that general relativity is not an accurate theory at large
distances. General relativity works extremely well and has
passed a large number of experimental tests within the con-
fines of our solar system. While modified gravity is generally
less favored, it is still broadly acknowledged that we must in-
clude it as part of our experimental and theoretical programs
until we are certain it is unnecessary.

Other ideas are based on violations of the cosmological
principle, or at least modifications of it. The cosmological
principle states that, on sufficiently large distance scales, the
universe is both homogeneous and isotropic; essentially, we
do not inhabit a special region of the universe. Within our
observations of the visible cosmos, this principle seems to be
valid. While maps of the matter distribution of the universe
do show clumpy structures, on size scales larger than about
250 million light-years the distribution seems to be statisti-
cally isotropic, a point illustrated in Fig. 7. Further, the mi-
crowave background radiation in the universe seems to be
isotropic to about one part in 10°. This evidence supports the
cosmological principle, although we continuously revisit and
retest this assumption, as it is central to our theoretical think-
ing. It remains possible that density variations (i.e., large-
scale structures) on length scales larger than the visible uni-
verse could explain the observed accelerating expansion of
our universe, although this explanation is not a popular one.
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Fig. 7. The survey area of the Sloan Digital Sky Survey displays
the large-scale structure of the galaxy distribution, including
individual galaxies (the smallest points), clusters of galaxies, and
the filaments that they form. Earth is the observation point at
the center, and distances (and time into the past) increase from
the center. The inset shows an example small image of galaxies
taken by the SDSS telescope. On the largest distance scales,
the universe is statistically isotropic. (Figure credit: SDSS col-
laboration)

Experimental approaches to study dark
energy

In order to distinguish between the various models pro-
posed to explain why the expansion of the universe is accel-
erating, it is crucial to make precise studies of many phenom-
ena. To appreciate the diversity of the experimental program,
itis necessary to describe the various measurements that can
shed light on the situation.

1. Supernovae surveys: This approach is identical to
those initially used to observe the accelerating expansion
of the universe.

Surveys of galaxy populations: This method com-
pares measurements of large numbers of galaxies (thou-
sands to hundreds of millions) with predictions of the
density of galaxies per unit of volume for various cosmo-
logical models. When the universe was denser and hotter,
sound waves were transmitted across the cosmos, with
higher- and lower-density portions of the universe reflect-
ing the wavelength of the sound. This is entirely analogous
to how familiar sound is transmitted in air. However, at

n

Fig. 8. Simulation of the growth of large-structure of matter in the universe. At early times
(far left), matter was distributed more evenly throughout the universe than today (right). As .
time grew on, gravity's influence was revealed as galaxies, filaments, and clusters of galax- Of magnitude and reach even further
ies formed. This is a computer simulation of dark matter evolving over cosmic time under into the past. The goal of DES is to

the influence of gravity, and dark energy must be taken into consideration in the calculations. {etect the potentially varying nature
(Nustration credit: Center for Cosmological Physics/U Chicago)

about 380,000 years after the Big Bang, the universe cooled
enough to decouple the matter and energy existing at the
time, stopping the transmission of sound waves and freez-
ing the pattern of rarefication and concentration. Gravi-
tational attraction amplified these variations in density in
the early universe, resulting in variations in the location

of galaxy formation. In essence, galaxies preferentially
formed in regions of high density and were less likely to be
formed in regions of low density, with separations that are
easy to calculate. The expansion of the universe has caused
these patterns of concentrations of galaxies to similarly ex-
pand. Studying the actual size of these patterns as a func-
tion of distance from Earth (and, consequently, time) tells
us a lot of the history of the universe and how its size has
varied.

3. Large-scale structure: Among the structures in the
universe are collections or clusters of galaxies, which are
formed over billions of years via gravitational attraction.
Dark energy can act against gravitational attraction, influ-
encing the size and concentration of these clusters. When
we measure the numbers of clusters at different times in
the universe’s history, this gives us a window into how
strong dark energy was at those times. This technique is il-
lustrated in Fig. 8.

4. Gravitational lensing: According to general relativity,
matter can distort space. One of the consequences of that
fact is that if you have two concentrations of mass, one
distant and one closer, and the distant one emits light in
your direction, the closer mass can distort the image of the
more distant mass. This phenomenon is called gravitation-
al lensing. While dark energy does not directly distort the
passage of light, dark energy does affect the formation of
large clusters of galaxies. By studying gravitational lensing
as a function of the distance of the lensing masses, one can
determine their distribution. Because of the link between
dark energy and how mass accumulates over time, we can
use these observations to constrain our models.

Current and Future Experiments

The techniques we just described are employed by sev-
eral experiments that have either begun operations or will
do so in the near future. We gather data on celestial objects,
like galaxies and supernovae, by scanning the sky with large
telescopes for many nights across
several years. The Sloan Digital Sky
Survey (SDSS) observed a quarter
of the sky and characterized tens of
millions of galaxies and hundreds
of supernovae. The Dark Energy
Survey (DES),!% which is about a
year into its five-year mission, will
increase those numbers by an order
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Fig. 9. One of the authors (Nord) in front of the
telescope used by the Dark Energy Survey.

of dark energy: i.e., if dark energy is quintessence. For regu-
lar updates on DES and easy-to-read descriptions of how we
search for dark energy, check out DarkEnergyDetectives.org.
Figure 9 shows this instrument. The Large Synoptic Survey
Telescope (LSST)!! will take this yet another step further, ob-
serving more objects and even deeper into the past.

These imaging surveys collect precise two-dimensional
information on the plane of the sky about these objects and
relatively poor information about their positions in the third
dimension along the line of sight, the dimension that extends
away from Earth and thus into the past. Spectroscopic sur-
veys provide the highest possible three-dimensional measure-
ment of positions. The Baryon Oscillation Spectroscopic Sur-
vey (BOSS, part of the SDSS campaign)!2 was among the first
of the major 3-D surveys. The Dark Energy Spectroscopic
Instrument (DESI)!3 will likely follow in the coming years
and look even deeper into the past. Next-generation spectro-
scopic experiments will permit unprecedentedly precise mea-
surements of how the universe expands, hopefully leading to
the best chance we have of finding out if it changes in time.

The next few years ... and eons

Over the next few years, it is expected that experiments
will be able to shed some light on dark energy, which appears
to be the single largest ingredient in our universe. Is the cause
of the accelerating expansion of the universe the constant en-
ergy density called the cosmological constant? Or is it quin-
tessence, which varies in time? Or is it something else? Ifit
is quintessence that increases over time, will the acceleration
expand exponentially, with galaxies, stars, planets, and even

Big Crunch
Quintessence in which
dark energy reverses

Future fates of the dark-energy universe

Big Bang

*

nt un;,
S .
S 2 X
K =RN°

Indefinite expansion Big Rip
Cosmological constant Quintessence in which
dark energy destabilizes

Fig. 10. Some of the potential fates of our universe, from big crunch to big
rip, caused by different kinds of dark energy. (Image credit: NASA/ESA and
A. Riess [STScl])

atoms ripped apart? Figure 10 shows some of these possible
futures.

Even if the simplest model of dark energy is true, the fu-
ture of the universe is bleak. In many billion years, our galaxy
will begin to merge with others in our local group of galaxies,
first the Milky Way and Andromeda, perhaps then followed
by the others. However, other galaxies at greater distances
will be carried away by the expansion of space until they
move outside our observable universe. In tens of billions of
years, our descendants will live within a single galaxy formed
by the merging of our local group, surrounded by darkness.
The future promises to be a lonely, seemingly empty universe
and we live in a privileged time to study dark energy, asa
civilization that evolved billions of years from now would not
observe distant galaxies and would imagine a much simpler
cosmos. Research over the next several decades may confirm
or falsify this prediction of the fate of the universe.

Carl Sagan is oft quoted as saying, “We are all star stuft”
The elements of which we are made were forged in the core
of aging stars and in the raging fires of supernovae. Even
in more recent times, the dramatic death of stars has had a
profound effect on humanity throughout our history by oc-
casionally punctuating our night sky in ways that have been
interpreted as messages from the heavens—harbingers of
events yet to come. It is perhaps fitting that even in our more
enlightened era, we, the children of supernovae, better under-
stand those distant flashes of light and yet we still use them to
predict the grandest future of them all—the evolution and the
very fate of the universe.

References

1. J.Vander Veen et al., “Small-scale anisotropies: The final fron-
tier;” Phys. Teach. 36, 529 (Dec. 1998); See also http://map.gsfc.
nasa.gov.

342 THE PHYSICS TEACHER ¢ Vol. 52, SEPTEMBER 2014



L

10.
11.

12.

13.

J. C. Mather et al., “Measurement of the cosmic microwave
background spectrum by the COBE FIRAS instrument,” Astro-
phys. J. Part 1420 (2), 439-444 (1994); http://adsabs.harvard.
edu/abs/1994Ap]...420..439M. See also http://lambda.gsfc.
nasa.gov/product/cobe.

G. Hinshaw et al., “Nine-year Wilkinson Microwave Anisot-
ropy Probe (WMAP) observations: Cosmological parameter
results,” Astrophys. J. Supp. 208 (2), 19 (2013); http://adsabs.
harvard.edu/abs/2013ApJS..208...19H. See arXiv:1303.5076;
http://adsabs.harvard.edu/abs/2013arXiv1303.5076P. Also
http://www.rssd.esa.int/index.php?project=planck.

See http://map.gsfc.nasa.gov/universe/uni_shape.html.

M. Davis, M. J. Geller, and J. Huchra, “The local mean mass
density of the universe - New methods for studying galaxy
clustering,” Astrophys. J., Part 1, 221, 1-18 (1978 ), http://
adsabs.harvard.edu/cgi-bin/bib_query?1978Ap]...221....1D.
See also https://www.cfa.harvard.edu/~dfabricant/huchra/
zcat.

K. Abazajian et al., “The Seventh Data Release of the Sloan
Digital Sky Survey,” Astrophys. J. Supp. Series 182, 543 (2009);
See also http://www.sdss.org.

Don Lincoln, “Dark matter,” Phys. Teach. 51, 134-138 (March
2013).

S. Perlmutter, “Measurements of Q) and A from 42 high-red-
shift supernovae,” Astrophys. J. 517 (2), 565-586 (1999); http://
adsabs.harvard.edu/abs/1999Ap]...517..565P. See also http://
supernova.lbl.gov/.

Adam G. Riess et al., “Observational evidence from superno-
vae for an accelerating universe and a cosmological constant,”
Astronom. J. 116 (3), 1009-1038 (1998); http://adsabs. harvard.

edu/abs/1998A]J....116.1009R. See also http://www.cfa. harvard.

edu/supernova/HighZ.html.; Brian P. Schmidt et al., “The
High-Z supernova search: Measuring cosmic deceleration and
global curvature of the universe using Type Ia supernovae,”
Astrophys. J. 507, 46-63 (Nov. 1998); http://iopscience.iop.
0rg/0004-637X/507/1/46/ pdf/0004-637X_507_1_46.pdf.
See http://www.darkenergysurvey.org.

See arXiv:0912.0201; http://adsabs.harvard.edu/
abs/2009arXiv0912.0201L. Also http://www.Isst.org.

Kyle S. Dawson et al., “The Baryon Oscillation Spectroscopic
Survey of SDSS-III,” Astr. J. 145 (1), 10 (2013); http://adsabs.
harvard.edu/abs/2013A]....145...10D. See also http://www.
sdss3.org/index.php.

See http://arxiv.org/abs/1308.0847 and http://desi.lbl.gov/.

Further Investigation

14.

15.

16.
17.
18.

Tain Nicolson, Dark Side of the Universe: Dark Matter, Dark
Energy, and the Fate of the Cosmos (Johns Hopkins University
Press, 2007).

Timothy Clifton and Pedro G. Ferreira, “Does dark energy
really exist,” Sci. Am. 300, 48-55 (April 2009). http://pil.phys.
uniromal.it/~sylos/darkenergynot.pdf .
http://www.youtube.com/watch?v=THT_BAdKe6g.
http://www.DarkEnergyDetectives.org.

Saul Perlmutter, “Supernovae, dark energy, and the accelerat-
ing universe,” Phys. Today, 53 (April 2003).

Don Lincoln is a senior scientist at Fermilab, with 30 years of research
experience under his belt and over 800 refereed publications. Among his
more noteworthy scientific achievements are contributing to the discovery
of the top quark and the Higgs boson. In addition to his research, he is a
tireless popularizer of science. He has written four books, including The
Large Hadron Collider: The Extraordinary Story of the Higgs Boson and
Other Stuff that Will Blow Your Mind (September 2014). He has written for
Scientific American, blogged for the television show NOVA and published
many magazine articles, including in The Physics Teacher, for which

this is his fourth cover story. You can follow him on Facebook at http.//
www.facebook.com/ar.don.lincoln. Website: http://drdonlincoln.fnal.gov.
lincoln@fnal.gov

Brian Nord received his PhD in physics from the University of Michigan
and now works as a post-doctoral researcher at Fermilab. He works
primarily on the Dark Energy Survey, studying clusters of galaxies,
gravitational lensing and dark energy. A few times per year, he travels
to Chile to observe for DES on the Blanco Telescope at the Cerro Tololo
Inter-American Observatory. Nord also frequently engages in public
outreach and endeavors to express science through art, like large-scale
visualizations of the cosmos. He also writes the blog at http.//www.
DarkEnergyDetectives.org. You can find him on Twitter at briandnord.
nord@fnal.gov

THE PHYSICS TEACHER ¢ Vol. 52, SEPTEMBER 2014 343



