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The Dark Energy Survey’s map of 200 million galaxies will help determine
if cosmic acceleration is driven by a cosmological constant, by a new and
dynamic form of energy, or by physics beyond the scope of general relativity.

wo teams of astronomers studying distant
supernovae stunned the physics world in
1998 when they announced evidence that
the expansion of the universe is speeding
up.! That remarkable discovery, since con-
firmed by other observations, was awarded the 2011
Nobel Prize in Physics (see PHYSICS TODAY, Decem-
ber 2011, page 14). In the 15 years since the discovery,
astronomers have taken a number of approaches to
more precisely measure the parameters that define
that acceleration and other aspects of the now-
standard concordance model of cosmology.

Yet the question of why the expansion of the
universe is accelerating remains a mystery. Accord-
ing to general relativity (GR), gravity’s attraction
should slow the expansion over time, just as it slows
the upward motion of a ball thrown from the surface
of Earth. To explain cosmic acceleration, physicists
are faced with two possibilities: Either 70% of the
universe exists in an exotic form —now called dark
energy —that exhibits a gravitationally repulsive
force, or GR must be replaced by a new theory of
gravity on cosmic scales. If dark energy is the cul-
prit, it could be the constant energy density of the
vacuum—equivalent to Einstein’s cosmological con-
stant. But dark energy could also be a new, dynam-
ical component of the universe, one whose proper-
ties evolve over cosmic history.

Josh Frieman is a scientist at the Fermi National Accelerator
Laboratory in Batavia, Illinois; a professor of astronomy and
astrophysics in the Kavli Institute for Cosmological Physics at
the University of Chicago; and the director of the Dark
Energy Survey.
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Figure 1. The Victor M. Blanco Telescope (in the
building with the silver dome) sits between two
other telescopes at Cerro Tololo Inter-American
Observatory in the Chilean Andes. The Large and
Small Magellanic Clouds, satellites of the Milky Way,
are visible above the Blanco; the Milky Way is to the
left. (Courtesy of Fermilab Visual Media Services.)

The Dark Energy Survey (DES) is designed to
address the fundamental question of the accelerat-
ing expansion of the universe and to help uncover
the nature of dark energy. It will do so by measuring
with unprecedented precision the 14-billion-year
history of cosmic expansion and the growth of
large-scale structure. Nearly 300 physicists and as-
tronomers from 25 institutions in the US, Brazil,
Germany, Spain, Switzerland, and the UK make up
the DES collaboration.® During the past several
years, the team built an extremely sensitive, 570-
megapixel digital camera—the Dark Energy Cam-
era (DECam)—to carry out the survey. In 2012 the
DECam was mounted on the 4-meter Victor M.
Blanco Telescope at the National Optical Astronomy
Observatory’s Cerro Tololo Inter-American Obser-
vatory, high in the Chilean Andes (see figure 1). In-
cidentally, the Blanco Telescope obtained much of
the supernova data that led to the discovery of cos-
mic acceleration.

The DECam took its first snapshots of the night
sky on 12 September 2012; figure 2 shows a small
part of one of the first images it obtained. On 31 Au-
gust 2013, DES officially began to survey a large
swath of the southern sky out to vast distances. The
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Figure 2. The galaxy NGC 1365 in the
Fornax galaxy cluster is one of the first
objects imaged with the new Dark Energy
Camera. This photograph was obtained
from just 1 of the 62 primary 8-megapixel
CCDs in the camera’s focal plane.

survey will run from September to February for
each of five Chilean summers—525 nights in total —
and should yield a map of about 200 million galax-
ies, covering one-eighth of the sky. In addition,
roughly every six nights, the camera will be trained
on the same 10 patches of the sky to discover and
measure light curves for an estimated 3500 super-
novae, a sample roughly 100 times as large as that
used in the cosmic acceleration discovery.

In many ways, DES will serve as a successor to
the extraordinarily productive Sloan Digital Sky
Survey, which used a 2.5-meter telescope in New
Mexico, and as a precursor to the Large Synoptic
Survey Telescope, which will use an 8.4-meter tele-
scope on neighboring Cerro Pachdn and is expected
to start survey operations in 2023. Unlike both of
those dedicated facilities, however, the DECam is
also available for astronomers around the world
who want to carry out their own observations.

Dark energy and cosmic acceleration

The distribution of galaxies and the near isotropy
(lack of directional dependence) of the cosmic mi-
crowave background indicate that the universe is
nearly homogeneous and isotropic on large scales.
In that case, the cosmic expansion is completely de-
scribed by a single function, the scale factor a(t).
Moreover, the physical separation between any pair
of galaxies is, on average, proportional to a. Due to
the cosmic expansion, light emitted by a galaxy has
its wavelength shifted to the red. The relative
change, or redshift, z= AA/A is also completely de-
termined by the scale factor: z = 1/a(t) — 1, where t is
the time at which the light was emitted and a is nor-
malized to unity today.

For a homogeneous and isotropic universe, the
Einstein equations of GR reduce to a dynamical
equation for the scale factor,*

1d%a  4nG
Eﬁ?TZPi(lﬂwi)- 1)

The sum is over all particle or energy species in the
universe—baryons, photons, neutrinos, dark mat-
ter, dark energy, and so forth. The energy density of
species i is p; and its pressure is p,=w,p,;; G repre-
sents Newton’s gravitational constant. If all species
have positive pressure, the second time derivative
of the scale factor is negative: Gravity causes the
expansion to decelerate. If we could monitor the re-
cession speed of a galaxy, we would see it gradually
decrease over time.
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In the GR framework, an accelerating cosmic
expansion requires a component that dominates the
other species and that has a sufficiently negative
pressure that w < /4. Indeed, that condition on the
so-called equation-of-state parameter w is the defin-
ing and peculiar characteristic of dark energy. Alter-
natively, dark energy need not exist at all. Instead,
GR—and along with it, equation 1—could give way
to a new theory of gravity on cosmological scales
that perhaps naturally gives rise to cosmic acceler-
ation at late times.” For the most part, I will couch
the discussion in terms of dark energy.

Local conservation of energy implies that the
cosmic evolution of the dark-energy density py is
determined by the equation-of-state parameter wy,
viadpp/dt + 3Hppe(1 + wpg) = 0; here H is the Hubble
expansion rate (da/dt)/a. If dark energy is just the en-
ergy of the vacuum or, equivalently, Einstein’s cos-
mological constant A, then w,,; = -1 and the energy
density doesn’t change. More generally, both wy,
and pp; vary in time.

It is clear from equation 1 that w,; and p de-
termine the impact of dark energy on the expansion
history a(t) of the universe. Conversely, measure-
ments of the expansion history allow cosmologists
to constrain those properties of dark energy and
thereby learn about the underlying physics of cos-
mic acceleration. In most cases we do not measure
the expansion history directly. Rather, we infer it
from estimates of relative cosmic distances obtained
with objects of standard intrinsic brightness (stan-
dard candles) or size (standard rulers) or volume
density (see reference 2 and the article by Mario
Livio and Adam Riess in PHYSICS TODAY, October
2013, page 41). The two teams that discovered cos-
mic acceleration staked their claim on estimated dis-
tances to type Ia supernovae, events for which the
peak brightness can be accurately inferred from the
supernova’s light curve (light intensity versus time)
and color. They found that type Ia supernovae that
exploded when the scale factor 2 was about two-
thirds its present value appeared to be about 25%
fainter than expected for a decelerating universe.

In addition to their impact on cosmic expansion
history, the properties of dark energy also influence
the growth of large-scale structure in the universe.
For the first half of cosmic history, when dark matter
was the dominant component, the expansion was
slow enough that structures formed and evolved via
gravitational instability. Small density fluctuations
were amplified as overdense regions gravitationally
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attracted surrounding matter. Those regions eventu-
ally collapsed to form dark-matter halos, within
which luminous galaxies formed (see the article by
Tom Abel in PHYSICS TODAY, April 2011, page 51).
However, once dark energy became dominant,
about 7 billion years ago, it began to drive the ex-
pansion fast enough that the gravity of dark matter
could not pull matter together. New structure for-
mation effectively ceased. Thus, as with the expan-
sion history, measurements of the growth of large-
scale structure—the evolution of the clumpiness of
the large-scale matter distribution with cosmic
time— can help illuminate the nature of dark energy.

In the context of GR, including dark energy, the
expansion history of the universe uniquely deter-
mines the growth of large-scale structure; in modi-
fied gravity scenarios, the relation between expan-
sion and growth can differ. Thus measuring both
expansion history and structure growth offers a
consistency test for GR and a possible smoking gun
for a modified theory of gravity.

Windows onto dark energy

Recent studies of supernovae,® the cosmic microwave
background,” and galaxy clustering® have determined
the value of the dark energy equation of state param-
eter to be wy; =-1.027 + 0.005, assuming wy; is con-
stant. If w; evolves with time, then its current value
is constrained to be w, =-0.957 + 0.124 and its recent
time evolution to be dwy/da = —w, = 0.336 + 0.552. So
far, the data are consistent with a cosmological con-
stant, for which w,=-1 and w, = 0.

To test the current cosmological paradigm we
want to determine the properties of dark energy
with better statistical precision and improved accu-
racy —that is, better control of systematic errors.
DES was designed to implement four complemen-
tary observational methods that probe different as-
pects and combinations of expansion history and
structure growth.’ Those methods involve measure-
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ments of supernovae, weak gravitational lensing,
the abundance of galaxy clusters, and the large-
scale galaxy distribution. A 30-square-degree sur-
vey that visits 10 different 3-square-degree fields
every six nights will discover and provide light
curves for supernovae; figure 3 shows one of those
fields. The 5000-square-degree main survey will
provide data for the other three approaches.

Cosmic candles

A type Ia supernova, such as that shown in figure 4,
results from an explosion of a white dwarf star at
or near its maximum possible mass—the Chan-
drasekhar limit—precipitated by either accretion of
mass from a companion star or a merger with an-
other white dwarf in a binary star system. The su-
pernova reaches maximum brightness—compara-
ble to the luminosity of a typical galaxy —about two
and a half weeks after the explosion and gradually
fades over the next couple of months. The light ac-
companying a type Ia supernova is powered by the
radioactive decays of nickel-56 and cobalt-56; its
peak brightness is set roughly by the total mass of
*Ni produced in the explosion.

Type Ia supernovae are standardizable candles.
Less luminous type Ia supernovae fade more
quickly and are redder than brighter events; after
one corrects for those trends, the dispersion in peak
brightness is a modest 14%. That means each indi-
vidual supernova yields a distance estimate with
about 7% precision. In principle, a large sample of
supernovae spread over a range of distances should
enable percent-level or better determination of cos-
mic distances. In practice, the accuracy of supernova
distance estimates is limited by a number of system-
atic uncertainties.® To mitigate those systematic ef-
fects, DES will measure high-quality (high signal-
to-noise, with frequent time sampling) multiband
light curves for several thousand supernovae. Its
large sample can be subdivided by different prop-
erties for the study and control of systematic effects.

Traditionally, supernovae are classified spec-
troscopically, and type la supernovae are identified
primarily by a silicon feature in their spectra. The
supernovae that DES will observe will shine rela-
tively brightly for only a couple of weeks and will
be very faint even at peak brightness; given their
large number, it will be impractical to obtain spec-
troscopic observations for the majority of them.
Thus DES will supplant spectroscopic classification

Figure 3. While viewing cosmic fields, such as the one
shown here, the Dark Energy Camera (DECam) will spot
thousands of supernovae during the course of the five-
year Dark Energy Survey (DES). This composite image
taken with the DECam during DES science-verification
tests in late 2012 shows 1 of the 10 supernova fields
that are being imaged every few nights. Evident in it is
the geometry of the DECam'’s 62 primary rectangular
8-megapixel CCDs. The DECam field of view is 3 square
degrees on the sky, roughly 14 times the angular area
of the full moon. This image was processed through
the DES Data Management system at the National
Center for Supercomputing Applications.
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Figure 4. Supernova explosions stand out
against an otherwise unchanging background.
These two images, taken by the Dark Energy
Camera during the Dark Energy Survey’s late
2012 science-verification tests, bracket the
explosion of a supernova—the orange spot
seen at the right of the central galaxy in the
right-hand photo. A spectrum taken by the
OzDES collaboration on 17 December with
the Anglo-Australian Telescope confirmed
the event to be a type la supernova at a
redshift of about 0.2.

with photometric classification based on the super-
novae’s colors and light curves. Simulations and ex-
perience with other surveys indicate that the result-
ing supernova la sample will nonetheless be pure
enough for us to robustly constrain cosmological
parameters.’® Spectroscopic redshifts for many of
the galaxies that host the observed supernovae will
be obtained by the OzDES collaboration, which has
been awarded 100 nights of observing time on the
3.9-meter Anglo—Australian Telescope over the next
several years.

Subtle imprints on the cosmos

Light rays from distant galaxies are bent by the
gravitational field of the foreground clumpy distri-
bution of dark matter. That bending leads to a small,
correlated distortion, or shear, in the images of those
galaxies—an effect known as weak gravitational
lensing. (See reference 11 and the article by Leon
Koopmans and Roger Blandford, PHYSICS TODAY,
June 2004, page 45.)

The cosmic shear due to weak lensing by large-
scale structure was first reported by several groups
in 2000, and it has since been measured in a number
of surveys. The cosmic shear signals for source
galaxies at different redshifts depend on the relative
distances of the source galaxies and the lensing mat-
ter and on the clumpiness of the lensing matter dis-
tribution; weak lensing therefore probes both the
expansion history and the growth of structure. Once
DES is completed, it will have measured the corre-
lated distortions of its 200 million galaxies observed
at various redshifts. To precisely measure galaxy
shapes for weak lensing, the DECam was designed
to produce very sharp images of stars and galaxies.

Clusters of galaxies are the largest gravitation-
ally bound objects in the universe. With a mass that
can exceed 10" times the mass of the Sun, a cluster
typically contains tens to hundreds of bright galax-
ies embedded in a massive halo of dark matter. Once
the dark-matter and dark-energy contents of the
universe are specified, the formation of those mas-
sive halos can be accurately predicted with simula-
tions that track the growth of cosmic structure
beginning from small-amplitude density perturba-
tions laid down early in the history of the universe.
A census of dark-matter halos at different cosmic
epochs should therefore help reveal the nature of
dark energy.

Since we cannot see dark matter directly, DES
will use luminous galaxy clusters as proxies for the
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dark-matter halos in which they reside. The survey
will discover tens of thousands of clusters out to
redshifts beyond 1. But for clusters to serve as an
effective probe of dark energy, scientists need to as-
sociate a cluster’s underlying dark-matter mass
with observable quantities such as the number of lu-
minous red galaxies it contains, the luminosity or
temperature of its x-ray-emitting gas, or the amount
of Compton scattering of cosmic microwave back-
ground photons by its hot electrons.” (That scatter-
ing is called the Sunyaev—Zeldovich effect.) We will
correlate optical DES data with multiwavelength
data from other surveys—for example, the South
Pole Telescope Sunyaev-Zeldovich effect survey.”
We will also use weak gravitational lensing to cali-
brate the relations between cluster observables and
the masses of the dark-matter halos.

In the early universe, photons and baryons
form an ionized plasma and are tightly coupled by
Compton scattering. Gravitational attraction of the
baryons drives overdense regions to become denser,
but the radiation pressure of the photons resists
clumping. The competition between the two effects
sets off so-called baryon acoustic oscillations
(BAOs) in the photon-baryon fluid (see the article
by Daniel Eisenstein and Charles Bennett, PHYSICS
TODAY, April 2008, page 44). In time, the protons in
the plasma combine with the electrons to form neu-
tral hydrogen; baryons and photons are no longer
coupled and the BAOs become frozen in place. The
characteristic length scale of those frozen oscilla-
tions, about 150 megaparsecs, is set by the sound
horizon—that is, the distance that acoustic waves
had traveled by the time of decoupling. That scale
is manifest in the spatial distribution of galaxies as
a slight preference for pairs of galaxies to be sepa-
rated by that characteristic distance rather than by
other comparable distances.

The BAO scale provides a standard ruler for
measuring cosmic distances and the expansion his-
tory. Over the past decade, the BAO imprint has
been detected in several galaxy redshift surveys.®!*
It and more general features of large-scale structure
will be observed by DES in the angular clustering of
galaxies at various redshifts. As the equation-of-
state parameter of dark energy is varied, the appar-
ent angular scale of the BAO feature also changes.

All four probes of dark energy reviewed above
will come together under the DES umbrella. They
are complementary in their sensitivities to expansion
history, structure growth, and systematic errors. The
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DES collaboration will employ a unified analysis
framework to combine the probes, since they pro-
vide correlated information. In addition to address-
ing the nature of dark energy, the DES supernova
survey and the data DES collects on hundreds of
millions of galaxies, stars, and quasars will enable a
broad array of other astrophysical studies. For ex-
ample, within the DES project, scientists are explor-
ing galaxy evolution, strong gravitational lensing,
high-redshift quasars, and, to help illuminate the
nature of dark matter, the structure and neighbor-
hood of the Milky Way galaxy. The DES data will be
released to the public in stages, and a permanent
archive will facilitate scientific exploration.

Enter the DECam

For 50 years the Cerro Tololo Inter-American Obser-
vatory (CTIO) has operated telescopes in the Andes
mountains of northern Chile. Cerro Tololo is an ex-
cellent astronomical site, with dark skies, a high frac-
tion of clear nights, and generally smooth atmos-
pheric conditions. With a primary mirror 4 meters
in diameter, the Blanco Telescope, completed in
1976, is the largest telescope at the site.

In late 2003 the newly formed DES collabora-
tion proposed to build the DECam and to deploy it
on the Blanco to carry out a deep, wide-area survey
probing dark energy and cosmic acceleration. The
US Department of Energy and NSF, augmented
with substantial support from the participating in-
stitutions and foreign agencies, funded construction
of the camera, its data management system, and a
number of telescope upgrades.

The heart of the DECam," shown in figure 5, is
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Figure 5. Individual rectangular CCDs appear as
various shades of blue and green in this image of
the Dark Energy Camera’s focal plane. Also evident in
the corners of the photograph are four thermally
controlled crates housing the electronics for CCD
readout and control. The entire focal plane, roughly

a half-meter across, sits in a vacuum vessel cooled by
liquid nitrogen. (Courtesy of Fermilab Visual Media
Services.)

a 570-megapixel imager comprising 74 CCDs. The
science array includes 62 of those CCDs, each with
2048 x 4096 pixels. The remaining 12 CCDs, each
with 2048 x 2048 pixels, lie at the edges of the focal
plane and are used for guiding, focus, and align-
ment. The silicon CCD devices are 250 pm thick and
have much better quantum efficiency for red and
near-IR light than do conventional, thin CCDs. That
efficiency boost enables DES to measure properties
of galaxies and supernovae at redshifts near 1 at a
much faster rate than previously possible.

Nothing quite like the DECam, with its large
focal plane of novel CCDs, had ever been made be-
fore. So the collaboration constructed a full-scale
prototype of the imager and used it to test various
aspects of the design. At Fermilab, we also built a
two-story-high telescope simulator, which com-
prised two large, concentric steel rings mounted on
a large frame via pivot points. The rings, to which
the DECam was attached, were built to the same di-
mensions as the rings at the top end of the Blanco
Telescope and could be rotated to different orienta-
tions. With that setup, we could extensively test the
installation and operation of the DECam before we
shipped the apparatus to Chile.

To obtain the sharpest possible images, the
DECam must be kept in focus and its focal plane
precisely aligned with the primary mirror. To that
end, eight of the CCDs on the edges of the field of
view are mounted slightly above or below the focal
plane. On those CCDs, stars appear as out-of-focus
“donuts,” which are analyzed in real time to deter-
mine the best focus and alignment. Before the next
image is taken, the system is mechanically posi-
tioned into alignment and focus.

Other key components of the DECam include a
five-lens optical corrector, a high-precision mechan-
ical shutter that provides a uniform exposure time
over the focal plane, and a filter changer capable of
holding eight filters. DES uses five different filters
that cover wavelengths from 300 nm to 1000 nm;
their transmission as a function of wavelength is
nearly constant across the focal plane. Remarkably,
the filters were produced in Japan only months after
the devastating tsunami of 2011. DES observations
are coordinated by an automatic controller that
takes into account current conditions and recalls
which parts of the survey region have already been
observed. It then decides where the DECam should
look next and which filters should be used.

Galaxy redshift estimates rely on precise deter-
minations of galaxy colors, which are obtained via
measurements of the relative fluxes of galaxies in
the different wavelength bands. Precision photom-
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Figure 6. Mounted at the prime focus of the Victor M. Blanco
Telescope is the Dark Energy Camera (DECam), the long
cylindrical object extending up and to the right from the red
end cap at the center of the image. In this fish-eye view, the
4-meter-diameter primary mirror, surrounding a cylindrical
black chimney-like structure, is to the lower left of the DECam.
Light from the sky reflects off the mirror and passes through
the DECam’s optical-corrector lenses (inside the black barrel
partially hidden by the white top-end rings) before arriving at
the camera’s CCD focal plane. Three arms of the supporting
hexapod outside the barrel are also visible just to the right of
the top-end rings. The imager electronics crates are at the
upper right, just below the DECam’s black end cap. The blue
tubes and backing are part of the telescope support structure.

(Courtesy of Fermilab Visual Media Services.)

etry is also critical to estimating the brightness and
distance of supernovae. On very cloudy nights,
when the telescope dome remains closed, a state-of-
the-art photometric system calibrates how much of
the light impinging on the telescope gets recorded
by the CCDs as a function of wavelength and posi-
tion in the focal plane. In addition, before each
nightly observing session, broadband light sources
are employed to monitor changes in pixel response
across the CCD array.

Another important ingredient in calibrating
DES data is a knowledge of cloud cover on viewing
nights. To that end, DES collaborators built a new
robotic IR camera, RASICAM, which is now in-
stalled and operating at the CTIO mountaintop.

While the DECam was being built, the observa-
tory staff at CTIO worked to improve the telescope
and its support systems. They replaced the radial
supports for the primary mirror and modernized
the telescope control system to facilitate guiding
and tracking on the sky. In addition, they improved
control of the thermal environment of the telescope,
and further enhancements are under way.

Finishing touches

The installation of the DECam was a careful, lengthy
process. In February 2012 the primary mirror of the
Blanco Telescope was removed, and scaffolding was
erected on the telescope for those carrying out the
installation. The old prime focus cage was removed,
and a new one, which houses the DECam, was put
in place in early May. During the northern summer,
workers dressed the telescope with electrical cables
and cooling lines that must move smoothly as the
telescope searches the sky. In September the imager
was fitted on the Blanco and cooled down. Figure 6
shows the DECam fully installed.

The DECam took its first images of the sky on
12 September 2012. Then the DES team, working
closely with CTIO, carried out several months of sci-
ence-verification observations to assess whether the
system met the science requirements for the survey.
In the course of those observations, DES imaged
several hundred square degrees of sky out to depths
about as far as it will map in the full five-year sur-
vey; verification runs also exercised the supernova
survey. During the science verification period and
shortly after, DES and CTIO scientists improved the
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telescope and camera system with numerous
tweaks and some more substantial improvements.
At present, the collaboration is analyzing the sci-
ence-verification data, which will form the basis for
the first DES science publications this year.

The five-year survey officially began on the
night of 31 August 2013, and the first 105-night sea-
son ended on 9 February 2014. In its first season,
DES covered a roughly 2000-square-degree patch of
sky. It observed that patch four times in each of the
five filters and thus obtained multiband images for
tens of millions of galaxies. The supernova survey
visited its 10 supernova fields about once a week
and discovered hundreds of type Ia supernovae. The
next major step in the hunt for dark energy and the
origin of the accelerating universe is well under way.
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