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Introduction



The dark energy puzzleOur current model of cosmology

• We have a superbly detailed 
picture of the early Universe 
[e.g. CMB, nucleosynthesis]

• We have a model for the 
evolution of the Universe 
that matches a range of data 
[e.g. supernovae, galaxy clustering]

• This model invokes 3 new 
pieces of physics : inflation, 
dark matter and dark energy
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Why is the dark sector interesting?

• Dark matter and energy 
show that our understanding 
of physics is incomplete

• Astronomy can provide 
fundamental physical insights 
into quantum theory, gravity, 
and particle physics

• We are working in the 
breakthrough era where new 
data should be revolutionary!



The dark energy puzzle
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FIG. 1.— Stacked regions on the CMB corresponding to supervoid and supercluster structures identified in the SDSS LRG catalog. We
averaged CMB cut-outs around 50 supervoids (left) and 50 superclusters (center), and the combined sample (right). The cut-outs are rotated,
to align each structure’s major axis with the vertical direction. Our statistical analysis uses the raw images, but for this figure we smooth
them with a Gaussian kernel with FWHM 1.4!. Hot and cold spots appear in the cluster and void stacks, respectively, with a characteristic
radius of 4!, corresponding to spatial scales of 100 h"1Mpc. The inner circle (4! radius) and equal-area outer ring mark the extent of the
compensated filter used in our analysis. Given the uncertainty in void and cluster orientations, small-scale features should be interpreted
cautiously.

with previous results (Giannantonio et al. 2008), we measured
a cross-correlation amplitude between our two data sets on 1!
scales of 0.7µK.

To find supervoids in the galaxy sample, we used the
parameter-free, publicly available ZOBOV (ZOnes Bordering
On Voidness; Neyrinck 2008) algorithm. For each galaxy,
ZOBOV estimates the density and set of neighbors using the
parameter-free Voronoi tessellation (Okabe et al. 2000; van de
Weygaert & Schaap 2007). Then, around each density mini-
mum, ZOBOV finds density depressions, i.e. voids. We used
VOBOZ (Neyrinck, Gnedin & Hamilton 2005) to detect clus-
ters, the same algorithm applied to the inverse of the density.

In 2D, if density were represented as height, the density de-
pressions ZOBOV finds would correspond to catchment basins
(e.g. Platen, van de Weygaert & Jones 2007). Large voids
can include multiple depressions, joined together to form a
most-probable extent. This requires judging the significance
of a depression; for this, we use its density contrast, compar-
ing against density contrasts of voids from a uniform Poisson
point sample. Most of the voids and clusters in our catalog
consist of single depressions.

We estimated the density of the galaxy sample in 3D, con-
verting redshift to distance according to WMAP5 (Komatsu
et al. 2008) cosmological parameters. To correct for the vari-
able selection function, we normalized the galaxy densities to
have the same mean in 100 equally spaced distance bins. This
also removes almost all dependence on the redshift-distance
mapping that the galaxy densities might have. We took many
steps to ensure that survey boundaries and holes did not af-
fect the structures we detected. We put a 1! buffer of galax-
ies (sampled at thrice the mean density) around the survey
footprint, and put buffer galaxies with maximum separation
1! from each other in front of and behind the dataset. Any
real galaxies with Voronoi neighbors within a buffer were not
used to find structures. We handled survey holes (caused by
bright stars, etc.) by filling them with random fake galaxies
at the mean density. The hole galaxies comprise about 1/300
of the galaxies used to find voids and clusters. From the final

cluster and void lists, we discarded any structures that over-
lapped LRG survey holes by !10%, that were " 2.5! (the
stripe width) from the footprint boundary, that were centered
on a WMAP point source, or that otherwise fell outside the
boundaries of the WMAP mask.

We found 631 voids and 2836 clusters above a 2! signifi-
cance level, evaluated by comparing their density contrasts to
those of voids and clusters in a uniform Poisson point sample.
There are so many structures because of the high sensitivity
of the Voronoi tessellation. Most of them are spurious, arising
from discreteness noise. We used only the highest-density-
contrast structures in our analysis; we discuss the size of our
sample below.

We defined the centers of structures by averaging the posi-
tions of member galaxies, weighting by the Voronoi volume in
the case of voids. The mean radius of voids, defined as the av-
erage distance of member galaxies from the center, was 2.0!;
for clusters, the mean radius was 0.5!. The average maximum
distance between void galaxies and centers was 4.0!; for clus-
ters, it was 1.1!. For each structure, an orientation and ellip-
ticity is measured using the moments of the member galaxies,
though it is not expected that this morphological information
is significant, given the galaxy sparseness.

3. IMPRINTS ON THE CMB

Figure 1 shows a stack image built by averaging the regions
on the CMB surrounding each object. The CMB stack cor-
responding to supervoids shows a cold spot of -11.3µK with
3.7! significance, while that corresponding to superclusters
shows a hot spot of 7.9µK with 2.6! significance, assessed
in the same way as for the combined signal, described below.
Figure 2 shows a histogram of the signals from each void and
cluster.

To assess the significance of our detection, we averaged
the negative of the supervoid image with the supercluster im-
age, expecting that the voids would produce an opposite sig-
nal from the clusters. We used a top-hat compensated filter
to measure the fluctuations, averaging the mean temperature

Dark energy : evidence



The dark energy puzzleDark energy : what do we know?

• Dark energy smoothly fills 
space with a roughly 
constant energy density

• Dark energy dominates the 
Universe today but is 
insignificant at high redshift

• Dark energy propels the 
cosmos into a phase of 
accelerating expansion



The dark energy puzzleDark energy : what don’t we know?

• Physically, is it a manifestation of 
gravity or matter-energy?

• Why now? - why does dark energy 
become important billions of years 
after the Big Bang?

• If dark energy is vacuum energy, 
how can we explain its magnitude?

• How are our observations of dark 
energy affected by inhomogeneity?



The dark energy puzzleDark matter : evidence



The dark energy puzzleDark matter : what do we know?

• Weakly interacting

• Non-baryonic [e.g. 
nucleosynthesis, CMB acoustic 
peaks, microlensing searches]

• Mostly cold [e.g. clumpiness of 
structure formation]

• Average mass density [from 
CMB]

• There is no candidate in 
the standard model of 
particle physics



The dark energy puzzleDark matter : what don’t we know?

• No direct detection

• Specific properties : mass, 
couplings of particles

• The details of galaxy 
formation when baryon 
physics is important

• In what way does dark 
matter extend the 
standard model?  
[supersymmetry?  axions?  sterile 
neutrinos?]



The dark energy puzzle

Modified Newtonian dynamics ...

Is this all due to a failure of gravity?

Effects of cosmic inhomogeneity ...

Higher-dimensional
theories ...



Dark energy



Dark energy : is it a cosmological constant?

A cosmological 
constant matches 
the data so far, but 

its amplitude is 
inexplicable



The dark energy puzzleDark energy : the “w” parameter

Equation of state :

Conservation of energy :

Re-arranging :

Friedmann equation :

Physics of dark energy ...

Matter :
Radiation :

Cosmological constant :
Accelerating fluid :

Key values ...



The dark energy puzzleDark energy : negative pressure?

Dark energy can be cast as a general scalar field
sometimes known as quintessence 



Dark energy : determining its nature

Cosmic 
expansion 

history

Cosmic 
growth 
history



Can measure cosmic expansion and
growth history simultaneously

A powerful tool : galaxy redshift surveys

2-degree Field Galaxy 
Redshift Survey



Cosmic expansion : standard candles and rulers



Cosmic expansion : baryon oscillations

Baryon Acoustic Oscillations 5

Fig. 2.— The large-scale redshift-space correlation function of the
SDSS LRG sample. The error bars are from the diagonal elements
of the mock-catalog covariance matrix; however, the points are cor-
related. Note that the vertical axis mixes logarithmic and linear
scalings. The inset shows an expanded view with a linear vertical
axis. The models are !mh2 = 0.12 (top, green), 0.13 (red), and
0.14 (bottom with peak, blue), all with !bh2 = 0.024 and n = 0.98
and with a mild non-linear prescription folded in. The magenta
line shows a pure CDM model (!mh2 = 0.105), which lacks the
acoustic peak. It is interesting to note that although the data ap-
pears higher than the models, the covariance between the points is
soft as regards overall shifts in !(s). Subtracting 0.002 from !(s)
at all scales makes the plot look cosmetically perfect, but changes
the best-fit "2 by only 1.3. The bump at 100h!1 Mpc scale, on the
other hand, is statistically significant.

two samples on large scales is modest, only 15%. We make
a simple parameterization of the bias as a function of red-
shift and then compute b2 averaged as a function of scale
over the pair counts in the random catalog. The bias varies
by less than 0.5% as a function of scale, and so we conclude
that there is no e!ect of a possible correlation of scale with
redshift. This test also shows that the mean redshift as a
function of scale changes so little that variations in the
clustering amplitude at fixed luminosity as a function of
redshift are negligible.

3.2. Tests for systematic errors

We have performed a number of tests searching for po-
tential systematic errors in our correlation function. First,
we have tested that the radial selection function is not in-
troducing features into the correlation function. Our selec-
tion function involves smoothing the observed histogram
with a box-car smoothing of width "z = 0.07. This cor-
responds to reducing power in the purely radial mode at
k = 0.03h Mpc!1 by 50%. Purely radial power at k = 0.04
(0.02)h Mpc!1 is reduced by 13% (86%). The e!ect of this
suppression is negligible, only 5! 10!4 (10!4) on the cor-
relation function at the 30 (100) h!1 Mpc scale. Simply
put, purely radial modes are a small fraction of the total
at these wavelengths. We find that an alternative radial
selection function, in which the redshifts of the random

Fig. 3.— As Figure 2, but plotting the correlation function times
s2. This shows the variation of the peak at 20h!1 Mpc scales that is
controlled by the redshift of equality (and hence by !mh2). Vary-
ing !mh2 alters the amount of large-to-small scale correlation, but
boosting the large-scale correlations too much causes an inconsis-
tency at 30h!1 Mpc. The pure CDM model (magenta) is actually
close to the best-fit due to the data points on intermediate scales.

catalog are simply picked randomly from the observed red-
shifts, produces a negligible change in the correlation func-
tion. This of course corresponds to complete suppression
of purely radial modes.

The selection of LRGs is highly sensitive to errors in the
photometric calibration of the g, r, and i bands (Eisenstein
et al. 2001). We assess these by making a detailed model
of the distribution in color and luminosity of the sample,
including photometric errors, and then computing the vari-
ation of the number of galaxies accepted at each redshift
with small variations in the LRG sample cuts. A 1% shift
in the r " i color makes a 8-10% change in number den-
sity; a 1% shift in the g " r color makes a 5% changes in
number density out to z = 0.41, dropping thereafter; and
a 1% change in all magnitudes together changes the num-
ber density by 2% out to z = 0.36, increasing to 3.6% at
z = 0.47. These variations are consistent with the changes
in the observed redshift distribution when we move the
selection boundaries to restrict the sample. Such photo-
metric calibration errors would cause anomalies in the cor-
relation function as the square of the number density vari-
ations, as this noise source is uncorrelated with the true
sky distribution of LRGs.

Assessments of calibration errors based on the color of
the stellar locus find only 1% scatter in g, r, and i (Ivezić
et al. 2004), which would translate to about 0.02 in the
correlation function. However, the situation is more favor-
able, because the coherence scale of the calibration errors
is limited by the fact that the SDSS is calibrated in regions
about 0.6" wide and up to 15" long. This means that there
are 20 independent calibrations being applied to a given
6" (100h!1 Mpc) radius circular region. Moreover, some
of the calibration errors are even more localized, being
caused by small mischaracterizations of the point spread
function and errors in the flat field vectors early in the
survey (Stoughton et al. 2002). Such errors will average
down on larger scales even more quickly.

The photometric calibration of the SDSS has evolved



The 6-degree Field Galaxy Redshift Survey
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Measurement of baryon acoustic 
peak in local Universe



The WiggleZ Dark Energy Survey

• 1000 sq deg , 0.2 < z < 1.0

• 200,000 redshifts

• blue star-forming galaxies

• Aug 2006 - Jan 2011



The WiggleZ Dark Energy Survey

Figure thieved from Simon Driver ...



WiggleZ : baryon oscillations



WiggleZ : the distance-redshift relation



WiggleZ : the value of “w”



WiggleZ : Alcock-Paczynski measurement

True appearance of
cluster of galaxies :

Appearance in assumed
cosmological model :
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WiggleZ : the expansion rate over time

Physical evidence for the
accelerating Universe!



observer

infalling
galaxies

coherent
flows

virialized
motions

Cosmic growth : redshift-space distortions



WiggleZ : growth of structure



WiggleZ : what have we learnt?



WiggleZ : what have we learnt?

• Baryon acoustic oscillations measure cosmic distances 
to z=0.8 and provide cross-check with supernovae

• Alcock-Paczynski effect allows direct measurement of 
the cosmic expansion [H(z)] at high redshift

• Redshift-space distortions provide accurate 
measurement of growth of structure to high redshift

• General Relativity + cosmological constant models 
have been tested in a new way and remain a good fit

• If dark energy behaves as Lambda, what is its physics?



Dark matter



The dark energy puzzleDark matter : mapping it out with astronomy4

Fig. 2.— 2MRS peculiar velocity field: Top panel shows a thin
slice of the 2MRS peculiar velocity field adaptively smooth on a
grid with 1283 sites sampling a cube with an edge of 240 h!1 Mpc.
The velocity field is then subsampled 4 times before being shown.
The underlying density field has been computed by putting objects
at their redshift position. Bottom panel: Peculiar velocities of indi-
vidual 2MRS galaxies in a 40 h!1 Mpc slice, centered on the super-
galactic plane SGZ=0 km s!1. 2MRS becomes severely incomplete
after 120h!1 Mpc. Hy-Cn stands for the Hydra-Centaurus super-
cluster, Hr for Hercules, Co for Coma, P-P for Perseus-Pisces.

the peculiar velocity vector and f ! !5/9
m , and x is

the reconstructed real position computed by MAK. Con-
sequently, a specific model defines positions that can
be tested against observed positions, as shall be pur-
sued here. The method has already been tested suc-
cessfully on N-body simulations (Mohayaee et al. 2006),
mock catalogs (Lavaux et al. 2008) and a real catalog
(Mohayaee & Tully 2005).

4. RESULTS: I. 2MRS VELOCITY FIELD AND
COMPARISON WITH MEASURED DISTANCES

In a reconstruction of the velocity field using
MAK based on priors, we fix !m = 0.258 as in-
dicated by WMAP5 results and set the bias pa-
rameter (Kaiser & Lahav 1989) to 1 using 2dF
and SDSS/WMAP results (Dunkley et al. 2008;
Tegmark et al. 2004; Cole et al. 2005). The velocity
of each galaxy in 2MRS is reconstructed using these
parameters. The first approach is to measure the
3,000 km s!1 bulk flow in both cases as it is done
in Section 4.1. In a parallel approach, discussed in
Section 4.2, we leave !m free and then constrain
its value by maximizing the correlation between the
reconstructed and observed peculiar velocities. The
2MRS velocities are reconstructed using a uniform grid
of size 1303 sampling a cubic volume of 2603h!3Mpc3

as shown in Fig. 2. The motion of the Local Group is
obtained using an interpolation based on the adaptive
weighting of the peculiar velocities of the objects that
lie within 4-5h!1 Mpc from us (method detailed in
Appendix C). We have checked that increasing the
reconstruction resolution does not significantly change
the reconstructed velocities.

4.1. Measuring the 3,000 km s!1bulk flow

The reconstructed velocities of objects lying only
within the 3,000 km s!1 radius can be compared to
the measured distances given by the 3k distance cata-
log. The measured distances give a velocity of the Lo-
cal Group with respect to the 3k volume of VLG/3k =
302 ± 22 km s!1, l = 241 ± 7, b = 37 ± 6. The observa-
tion indicates that most of this velocity comes from the
push from the Local Void and the gravitational pull of the
Virgo cluster (Tully et al. 2008). The velocity of the Lo-
cal Group with respect to the 3k volume (VLG/3k) is ob-
tained using our reconstructed 2MRS velocities. The re-
constructed VLG/3k is compared with the observed value
in Fig. 3. The coordinates of the reconstructed dipoles
are given in Table 1.(a). On one hand, we observe an ac-
celeration at 60h!1 Mpc probably linked to the peculiar
influence of the Perseus-Pisces on the whole 3k volume.
On the other hand, the influence of other structures, like
the Hydra-Centaurus-Norma at 40-50h!1 Mpc, seems
marginal. So we conclude that the reconstruction indeed
shows that the VLG/3k motion seems mainly generated
within the 3k volume. From the results of Section 4.2,
we estimate a systematic error of ! 9% on reconstructed
peculiar velocities due to the assumed values of cosmo-
logical parameters. To this error, we add in quadrature
a random reconstruction error of 40 km s!1 according to
the mean (both on amplitude and by component).

4.2. Estimating the local !m

We present, in Fig. 4, the result of the comparison of
observed peculiar velocity field vs. reconstructed pecu-
liar velocity field in the volume of radius 3,000 km s!1.
Both fields have been obtained using adaptive smoothed
interpolation on the the line-of-sight component of the
velocities (observed or reconstructed) of the objects put
at their redshift position (Appendix C). As we are using
the redshift coordinates, and not the distance-induced
coordinates, we should be free of the so-called volume



The dark energy puzzleDark matter : direct detection

• Observe direct interactions 
between dark matter 
particles and detector

• Constrain interaction 
cross-section and mass

• Would reveal presence of 
dark matter particles, but 
not necessarily physics

• No clear detections yet, 
but intriguing hints!



The dark energy puzzleDark matter : indirect detection

• Excess gamma ray 
annihilation products seen 
at the Galactic centre?

• Excess energetic neutrinos 
resulting from WIMPs 
gravitationally captured in 
the Sun or the Earth? 



The dark energy puzzleDark matter : prospects from the LHC

• Large Hadron Collider 
should produce an 
abundance of dark matter

• Potential to directly 
detect supersymmetric 
particles and determine 
parameters of SUSY

• Missing energy in 
reactions correspond to 
escaped WIMPs



The dark energy puzzleDark matter : summary and outlook

• WIMPs are excellent dark matter candidates, 
consistent with astronomical observations

• Supersymmetric extensions to the standard model of 
particle physics provide good theoretical framework

• WIMPs can be detected directly , indirectly or at 
colliders , within the grasp of current experiments

• Other plausible candidates : axions, sterile neutrinos

• Very good prospects for convincing detections!



The dark energy puzzleConclusions

• Dark matter and dark energy are amongst the few 
direct observational probes of fundamental theory

• Data coming available over the next few years could 
provide revolutionary breakthroughs

• Australia will continue to contribute, particularly via 
survey science


