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Cosmology with ASKAP :
What will we learn?



Cosmological physics

What is “dark energy” ?

1) new, missing matter-
energy component

2) failure of the laws of 
gravity on cosmic scales

3) failure to correctly 
model inhomogeneity



Image credit : Lawrence Berkeley National Laboratory

We can learn about cosmological physics by measuring
cosmic expansion , gravity and initial conditions

Cosmological physics



Probes of the cosmological model

Probe Expansion Gravity Gaussianity



Probes of the cosmological model

Probe Expansion Gravity Gaussianity

How fast is the Universe 
expanding with time?



How fast are structures 
growing within it?

Probes of the cosmological model

Probe Expansion Gravity Gaussianity

How fast is the Universe 
expanding with time?



How fast are structures 
growing within it?

Probes of the cosmological model

Probe Expansion Gravity Gaussianity

How fast is the Universe 
expanding with time?

What are the 
statistics of the 

peaks and troughs?
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The radio advantage?

• Large-volume optical redshift surveys already exist 
(6dFGS, SDSS, WiggleZ) with others in progress (BOSS)

Expansion history Growth history



The radio advantage?

• Large-volume optical redshift surveys already exist 
(6dFGS, SDSS, WiggleZ) with others in progress (BOSS)Dark Energy with future HI surveys 9

Figure 5. The dependence of the e!ective HI survey volume achieved in 1 yr of observing on the fraction of SKA sensitivity, for various
di!erent values of field-of-view (!!FOV ) and detection threshold n!. See the caption to Fig.3 for other assumptions. A rough benchmark
is plotted for future ground-based redshift surveys in optical and near-infrared wavebands.

Figure 6. The dependence of the e!ective HI survey volume achieved in 1 yr of observing on the fraction of SKA sensitivity, for di!erent
HI evolution models. We assume ! ! FOV = 10 deg2; see the caption to Fig.3 for other assumptions. A rough benchmark is plotted for
future ground-based redshift surveys in optical and near-infrared wavebands.
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The radio advantage?

• Large-volume optical redshift surveys already exist 
(6dFGS, SDSS, WiggleZ) with others in progress (BOSS)

• Radio is catching up! (survey speed scaling)

• Spectroscopy is obtained “for free”

• What is the niche for learning something new?

• Can these datasets help minimize systematics?



Cosmology from WALLABY

• A low-redshift anchor for high-redshift surveys



Cosmology from WALLABY

• A low-redshift anchor for high-redshift surveys

• Baryon acoustic oscillations : low-redshift measurement 
of H0 with 3.7% error [but 6dFGS already gives 4.8%]
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Cosmology from WALLABY

• A low-redshift anchor for high-redshift surveys

• Baryon acoustic oscillations : low-redshift measurement 
of H0 with 3.7% error [but 6dFGS already gives 4.8%]

• Redshift-space distortions : HI-selected galaxies avoid 
dense environments [arguably weaker non-linear 
effects] - see Florian’s talk

• Peculiar velocities - see Morag’s talk



Cosmology from EMU

• Advantages : wide sky coverage, high median redshift 
and density.  Disadvantage : no redshift information



Cosmology from EMU

• Advantages : wide sky coverage, high median redshift 
and density.  Disadvantage : no redshift information

• Late-time ISW effect at high-z (null result expected)
2

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



Cosmology from EMU

• Advantages : wide sky coverage, high median redshift 
and density.  Disadvantage : no redshift information

• Late-time ISW effect at high-z (null result expected)

• Sources for cosmic magnification measurements (using 
lower-z optical photo-z surveys as lenses)

• [See recent Raccanelli et al. paper]



• The amplitude of our local bulk flow is inconsistent 
with the “Lambda-CDM” cosmological model

• More accurate delineation of the local bulk flow : 
constraints on the power in large-scale fluctuations?

• Relation between the velocity and density fields : 
insights into theories of gravity?

• Importance of backreaction : implications for relativistic 
cosmology?

Peculiar velocities



Power spectrum on Gpc scales

• Bulk flows in our local Universe are generated by 
very large-scale matter fluctuations

6 E. Macaulay et al.

Figure 6. Power spectrum shape inferred from dipole, shear, and octupole

moments for the COMPOSITE catalogue. The shaded regions are 1! un-

certainties, marginalized over the growth rate and the other P!. We find a

slight excess of power on scales of ! 1h!1 Gpc. These are the scales at

which we are most sensitive. This excess of power appears to agree with

the largest scales in the 2dFGRS and SDSS surveys, which are plotted here

as in Percival et al. (2007) and have been deconvolved from their survey

window functions.

are very far away. In the formalism we have adopted here, only

one of the bulk flow moments is anomalously high - the other bulk

flow moments, and the shear and octupole moments, are consistent

with !CDM. From one perspective one could argue that the extra
freedom from including 19 moments of the velocity field, and the

growth rate, as opposed to just three moments of the dipole mo-

ment, provide a way to interpret the anomalously high bulk flow

which is consistent with !CDM. On the other hand, all moments
are not equivalent. The dipole moments are special in the sense

that they probe the largest scales (and are also the moments that are

most robustly measured). Consequently the inferred shape of the

power spectrum is different from !CDM.
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Figure 9. Comparison to previous results for the luminosity dependence of bias for all, red, and blue galaxies. Norberg et al. (2002); Zehavi et al. (2005);

Li et al. (2006), and Wang et al. (2007) use correlation function measurements, Tegmark et al. (2004b) use the power spectrum, and Croton et al. (2007) use

counts in cells. To better illustrate the similarities and differences in the trends as a function of luminosity, we have normalized all measurements to match

our results using the bin closest toM! = !20.83. The error bars shown are all relative: they do not include uncertainties due to the normalization. Numbers
in parentheses denote the scale in h"1Mpc at which the measurements were done. Also shown are theoretical models from van den Bosch et al. (2003) (we
show their model B as a representative example) and Cooray (2005) – these are also normalized to match our results atM!.
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Figure 8. Luminosity dependence of bias for all (open circles), red (solid

triangles), and blue (solid squares) galaxies at a cell size of" 20 h"1Mpc
from null-buster results. The solid line is a model fit to the all-galaxy data

points, the dotted line shows the model from Tegmark et al. (2004b), and

the grey dashed line shows the model from Norberg et al. (2001). The

Norberg et al. (2001) model has been computed using the SDSS r-band

value ofM! = !20.83.

in Fig. 8, we need to calculate

b!,red

b!,all
=

b4,all

b!,all

b4,red

b4,all

b!,red

b4,red
(31)

and

b!,blue

b!,all
=

b4,all

b!,all

b4,red

b4,all

b4,blue

b4,red

b!,blue

b4,blue
. (32)

The factor b4,all/b!,all is simply the normalization factor cho-

sen for the above model to give b (M!) /b! = 1. To determine
b4,red/b4,all, we use best-fitting values of !2

1 from the likelihood

analysis described in Section 3.5 at the resolution with cell sizes

closest to 20 h"1Mpc: !1 from the comparison of dimmer and

more luminous galaxies in V3 gives b4,all, and similarly !1 from

the comparison of blue and red galaxies in L4 gives b4,red, so

b4,red

b4,all
=

 

!2
1,red vs. blueL4

!2
1,lumvs. dimV3

!1/2

. (33)

The blue points are then normalized relative to the red points using

b4,blue/b4,red equal to the measured value of brel from the likeli-

hood comparison of blue and red galaxies in L4. Thus the shapes

of the red and blue curves are determined using the luminosity-

dependent bias from the null-buster analysis, but their normaliza-

tion uses information from the likelihood analysis as well.

Splitting the luminosity dependence of the bias by colour

reveals some interesting features. The bias of the blue galaxies

shows only a weak dependence on luminosity, and both luminous

(M ! "22) and dim (M ! "17) red galaxies have slightly higher
bias than moderately bright (M ! "20 ! M!) red galaxies. The

previously observed luminosity dependence of bias, with a weak

dependence dimmer than L! and a strong increase above L!, is

thus quite sensitive to the colour selection: the lower luminosity

bins contain mostly blue galaxies and thus show weak luminosity

dependence, whereas the more luminous bins are dominated by red

galaxies which drive the observed trend of more luminous galax-

ies being more strongly biased. It is instructive to compare these

results with the mean local overdensity in colour-magnitude space,

as in fig. 2 of Blanton et al. (2005a). Although our bias measure-

ments are necessarily much coarser, it can be seen that the bias is

strongest where the overdensity is largest, as has been seen previ-

ously (Abbas & Sheth 2006).

c# 0000 RAS, MNRAS 000, 000–000

Cosmology independent of galaxy bias

• Galaxy redshift surveys probe the galaxy density field, 
not the matter density field!  Do we understand bias?

Swanson et al.
(2007)



The velocity-density connection

• Peculiar velocity surveys give you the velocity field 
across a region of space

• Can this be competitive with redshift-space 
distortions?

Depends on the theory of gravity, i.e. dark energy



Backreaction

• Our cosmological model is almost 100 years old!

• The Universe is inhomogeneous and this affects the 
interpretation of cosmological measurements

• Difficulty in interpreting volume-averaged quantities 
(“backreaction”)

• One of the cleanest ways to trace these effects is to 
study the variance in the Hubble flow



Backreaction

• Two sources of variance, can WALLABY distinguish 
between them?4

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 importance of N-body simulations

• Realistic tests of the robustness of algorithms which 
reconstruct the velocity field or power spectrum

• Measurement errors using ensemble of realizations

• Generate simulations for modified gravity models to 
study the velocity-density mapping

• Generate simulations with boost in large-scale power 
to investigate consequences for structure formation

• Constrain velocity bias between galaxies and matter 



• Wide field-of-view is essential for ASKAP cosmology

• ASKAP can perform tests of gravitational physics, 
competitiveness still uncertain

• WALLABY measurements of the velocity field can 
potentially test gravity theories and backreaction and 
refine measurements of the local bulk flow

• EMU offers prospects of measuring late-time ISW 
effect and cosmic magnification

• N-body simulations will be crucial to understand the 
measurements and errors

Conclusions


