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Galaxies visible with the naked eye in the Southern hemisphere 



Image taken with the Dark Energy Camera 

Galaxies: ~60,000 light-years across, contain ~10 billion stars     
                                               
                            

NGC 1398 in Fornax 



Galaxy M33 

Vera Rubin 
(1970’s) 



Dark Matter (V. Rubin) 
•  The stars in a galaxy like M33 are moving 

around faster than we can explain. 
•  The gravity of something that we can’t see 

must be keeping the stars from flying off 
into space: Dark Matter  

•  Galaxies are mostly made of dark matter: 
stars are like sprinkles on dark matter ice  
cream. 

•  We know dark matter is there because it 
exerts gravitational pull on the stars we can 
see in galaxies. 



Evidence for Dark Matter from  
Weak Lensing by Galaxies 

 
•  Measure the shapes of a large sample of distant 

`background’ galaxies, the images of which are 
very weakly distorted by the gravity of the Dark 
Matter of a foreground population of galaxies 

 
•  This method probes the average mass of a 

population of galaxies. 



December 14, 1999

Lensing  
results:  
 
 
 
Luminous 
Galaxies are  
surrounded by  
Extended,   
Massive Halos  
of Dark Matter 



Dark Matter 

•  Is dark matter made of atoms? 
•  Very faint stars, planets, and other things 

made of atoms can’t do it: there aren’t 
enough atoms in the Universe to account for 
all the dark matter we infer in galaxies. 

•  Dark matter must be made of something 
other than atoms: likely a new kind of 
elementary particle that we’ve never seen 
before.  



What is the Dark Matter? 
It might be a Weakly Interacting Massive Particle (WIMP). 
Deep underground experiments are searching for them. 
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XENON 
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Experiments 
searching 
for Dark 
Matter 
particles 



WIMPs might also be produced at the  
Large Hadron Collider now operating in Switzerland,  
where the Higgs Boson was discovered in 2012. 



Dark Matter Annihilation 

•  A third method to discover WIMPs would be annihilation 
of WIMP particles and anti-particles at the center of the 
Milky Way or in nearby dwarf galaxies. 

  
•  WIMP/anti-WIMP annihilation would produce intense 

beams of gamma rays observable with NASA’s Fermi 
gamma-ray satellite.  

•  Last year, we discovered 17 new nearby dwarf galaxies 
and worked with Fermi to hunt for dark matter in them.  



New Milky Way Dwarf Satellite Galaxies 

17 New Dwarf Satellites 
discovered by DES last year 
in our cosmic backyard 



The  
Expanding 
Universe 
 
 Run it 
backward: 
expansion 
started in a 
Big Bang  
13.8 billion 
years ago 
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The distance 
between galaxies 
increases with time 
 
A galaxy 100 Million 
light years away is 
moving away from 
us at 2000 miles per 
second. 
 
Galaxies are not  
expanding: they are 
bound together by 
the gravity of dark 
matter.



Edwin Hubble 
(1889-1953) 
U Chicago grad 
 
 
Proved that  
Spiral nebulae are 
galaxies outside 
the Milky Way 
 
Discovered the   
Expanding 
Universe 
 
Catalogued 
galaxies 

Palomar 48-inch 
Telescope used  
for Sky Surveys 



University of Chicago         1909 National Champions 

Edwin 
Hubble 



Does the expansion of the 
Universe change over time? 



Does the expansion of the 
Universe change over time? 

    Gravity:  
 

 Milky Way is tugging on all the receding galaxies  
 
 
 

             they should slow down over time 
 



Discovered in 1998 by 
2 teams of 
astronomers. 
 
Nobel Prize in 2011 
for this discovery. 
 

The Expansion is Speeding Up 
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Supernova: an exploding star. The 
brightness of distant supernovae 
showed that expansion is speeding up. 
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500 supernovae from SDSS survey in 2005-2007 



Type Ia Supernovae: Exploding White Dwarfs 

Colliding 
White Dwarf 
Model 

Accreting 
White Dwarf 
Model 

Carbon/Oxygen core of dead star 
accretion from 
companion star 

Chandrasekhar 
mass (~1.4 MSun) 

thermonuclear 
explosion: 
runaway Carbon 
burning 

losing orbital 
energy via 
gravitational 
waves 

Nearly standard candle (uniform luminosity) 

10 billion times brighter than the Sun: as bright as an entire galaxy of stars 



Why is this a mystery? 

When you throw a ball straight up in the air, 
imagine it first slows down but then, instead 
of falling back to Earth, it starts speeding 
up and rockets out of the atmosphere.  

 
That’s what the Universe appears to be doing. 
          



What causes Cosmic Speed-up? 

Two possibilities: 
 
1. The Universe is filled with stuff that gives  
     rise to `anti-gravity’. We now call this   
 
                           Dark Energy 
 
2. Our understanding of gravity—Einstein’s 

Theory of General Relativity–-is wrong. 
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   95% of the Universe is Dark 

Ordinary 
Matter: atoms 
 
Dark Matter:  
holds galaxies 
together, helps 
them form 
 
Dark Energy: 
`gravitationally 
repulsive’ stuff 
that speeds up 
cosmic expansion 
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Cosmic Microwave Background Radiation 

Planck  
satellite 

Snapshot of the Universe when it was 380,000 years old (and 
had a temperature of a few thousand degrees) 

3o above zero 

Temperature map 



30

 
 
 
 
 
 
 
 
Supernovae 
 
Cosmic 
Microwave 
Background 
(Planck satellite) 
 
CMB+Large-
scale structure  
 

Progress 
over the last 
18 years: 
evidence for 
acceleration 
more robust 
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What is Dark Energy? 

•  We don’t know: a component with negative 
pressure. 

•  Most conservative hypothesis is that it’s the 
energy of empty space: the vacuum. 

•  Quantum theory predicts vacuum energy per 
unit volume should be infinite. Major 
embarrassment for theoretical physics. 

•  Other ideas (e.g., the energy of a much, much 
lighter cousin of the Higgs boson) even more 
speculative.  



Why is Dark Energy important? 

• Nature of Dark Energy will determine 
the future evolution of the Universe 
(but its effects on Earth or in our galaxy 
are now extremely tiny). 

• It’s 70% of the Universe now and will 
be more dominant in future.  

• Mapping the Universe can give us 
clues to what Dark Energy is.                 
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The Dark Energy Survey 

•  Probe Dark Energy and 
the origin of Cosmic 
Acceleration: 
–  History of cosmic expansion 
–  History of growth of 

structure 

•  Two multicolor surveys: 
       300 Million galaxies, 1/8 sky 
       3000 supernovae 

•  Five-year Survey started 
Aug. 31, 2013 

www.darkenergysurvey.org 



Cerro Tololo Inter-American Observatory  
in the Andes mountains of northern Chile 

Blanco 4-meter telescope 



570-Million pixel  
Dark Energy Camera 
 
 
Built at Fermilab 
 
Installed on the Blanco 
telescope in 2012 
 



NGC 1512 at 38 million light-years 





Cluster of 
Galaxies 





properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ¼ ðm1m2Þ3=5

ðm1 þm2Þ1=5
¼ c3

G

!
5

96
π−8=3f−11=3 _f

"
3=5

;

where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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Discovery of Gravitational Waves by LIGO 

Merger of 30 solar-mass Black Holes 

DECam Search for an Optical Counterpart to GW150914 3

(LIB; Veitch et al. (2015)) analyses. The cWB online
trigger analysis makes minimal assumptions about sig-
nal morphology by searching for coherent power across
the LIGO network. The LIB analysis is a version of the
LALInference analysis Bayesian forward-modeling-based
follow up tool that uses a Sine-Gaussian signal morphol-
ogy instead of models of compact binary mergers (Veitch
et al. 2015); for information on both algorithms see Es-
sick et al. (2015). The maps provided initial spatial local-
ization of 50% and 90% confidence regions encompassing
about 200 and 750 deg2, respectively.
Our first observations with DECam took place on 2015

September 18 UT. Overall, we imaged 102 deg2 covering
38% of the total probability in the initial cWB map; see
Table 1 for a summary of our DECam observations. As
shown in Figure 1, 18 deg2, were centered on the LMC.
For the remaining 84 deg2 we obtained 3 separate epochs
of imaging. At each epoch we acquired one 90-sec ex-
posure in i band and two 90-sec exposures in z band.
The first epoch spanned 4–5 days post-GW trigger (2015
September 18–19 UT), the second epoch 7 days post-GW
trigger (2015 September 21 UT), and the third was ob-
tained 24 days post-GW trigger (2015 October 08 UT).
Subsequently, in January 2016, the LVC released a re-

vised sky map of localization probabilities from a LALIn-
ference analysis that used the assumption that the signal
arises from a compact binary coalescence (CBC). That
analysis also showed that the data are most consistent
with models of a binary black hole merger (BBH). The
LALInference-based map is considered the most accu-
rate and authoritative localization for this event. Our
102 deg2 cover a total of 11% probability in this new
map, as the localization region has shifted significantly
southward (see Figure 1) relative to the initial cWB map.
Our single-epoch exposures achieve median 5� point-

source limiting magnitudes of i = 22.5 and z = 21.8
with an rms variation among the images of ±0.5 mag.
This value is a consequence of night-to-night variations
in the observing conditions (see Table 1) and of a strong
gradient in stellar density and extinction along the major
axis of the region imaged (see Figure 1).

2.1. Observing Strategy

We chose the location and sequence of DECam ob-
servations using an automated observing strategy algo-
rithm. The algorithm utilizes the GW localization map,
an estimate of the event distance, and a model of the
expected optical emission (e.g., Barnes & Kasen 2013).
This information is folded in with observational informa-
tion, including a map of sky brightness (using the DES
sky brightness model; Neilsen 2012), the atmospheric
transmission (using information on airmass and the in-
terstellar dust extinction from Planck; Abergel et al.
2014), the expected seeing (from scaling laws with air-
mass and wavelength), and the confusion-limit proba-
bility (based on stellar density maps) to produce a full
source-detection probability as a function of sky location.
We used this map to observe the highest probability re-
gion that included area both inside and outside the DES
footprint.
In the case of GW150914 the localization region in-

tersected the Large Magellanic Cloud (LMC), so we de-
signed a separate set of short observations to observe the
brightest LMC stars. We obtained 5-sec i and z band ex-

posures covering 18 deg2 centered on the LMC on 2015
September 18 and 27. This shallower data set was used
to search for a potental failed supernova in the LMC;
the results are reported in a separate paper (Annis et al.
2016). Figure 1 shows a sky map computed for the end
of the first night of observations, zoomed in to the region
of interest and detailing the fields observed in each of the
three epochs in red.

Fig. 1.— The color image shows the estimated limiting point-
source magnitude for a 90-sec i band exposure as a function of
sky position for our first night of DECam observations just be-
fore sunrise. In this area and for this time of night, the variations
are mostly due to interstellar dust extinction. The dotted con-
tours show the initial (September 2015) skyprobcc cWB complete

map, while the solid contours are for the final (January 2016)
LALInference skymap. There is an island of significant probability
in the Northern hemisphere in the skyprobcc cWB complete map,
not present in the LALInference skymap, so the dotted contours do
not show the complete 50% or 90% areas. The hexagonal DECam
fields observed are shown, with red for the main search and orange
for the short exposure LMC data. Fields located on the west (left)
side of the region of interest overlap with the DES area (footprint
boundary shown in light-gold). The excluded region (dark grey) is
beyond the horizon limit that could be observed with DECam at
that time. The total area inside the camera pointings is about 102
deg2. We covered about 11% of the total localization probability
in the final map, and 38% of the initial map. The projection shown
is an equal-area McBryde-Thomas flat-polar quartic projection.

2.2. Image Processing

Our data analysis relies on subtracting earlier tem-
plate images from the science images taken for this pro-
gram. In the area that overlaps the DES footprint (25%
of the total), we used DES images from the first two
seasons of the survey as templates. In the 75% of the
area outside of the DES footprint, we used publicly
available DECam data from the NOAO Science Archive
(portal-nvo.noao.edu), requiring exposures of at least
30 sec in i and z bands.
We processed the DECam search and template im-

ages using the DES Data Management single-epoch im-
age processing software (Desai et al. 2012; Mohr et al.
2012; Sevilla et al. 2011; Gruendl et al. 2016). Its out-
put images were used as input to the di↵erence imaging
pipeline, which we developed from the DES Supernova
pipeline (Kessler et al. 2015). The main adaptation of the
pipeline for our purposes was to generalize to the case of
search and template images with arbitrary relative align-
ment. A candidate requires two SExtractor (Bertin &
Arnouts 1996) detections in the first epoch in both i and
z bands. To reduce the large number of detected arti-
facts, each detection must satisfy quality requirements

DES search for optical counterpart 



Orion nebula Orion nebula 



                            

Comet Lovejoy 



Planet 9 Likely Orbit 
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Summary 

•  The Universe is: 
– 13.8 billion years old 
– 95% dark (25% dark matter, 70% dark energy) 
–  filled with galaxies that are mostly dark matter 
– expanding from a Big Bang 
–  speeding up, likely due to Dark Energy 

• With the Dark Energy Survey, we are 
embarked on a 5-year journey to address 
this mystery and learn more about the 
evolution of the cosmos.  


