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1 INTRODUCTION

Radio surveys for cosmology are entering a new phase with the
construction of the LOw Frequency ARray (LOFAR, Rottgerin
2003), the Australian Square Kilometre Array Pathfinder (AP,
Johnston et al. 2008) and APERTIF, the new Phased Array Feed

ABSTRACT

We present forecasts for constraints on cosmological nsoseich can be obtained by forth-
coming radio continuum surveys: the wide surveys with theiFEdequency ARray (LOFAR),
Australian Square Kilometre Array Pathfinder (ASKAP) ane Westerbork Observations of
the Deep APERTIF Northern sky (WODAN). We use simulatedlogizes appropriate to the
planned surveys to predict measurements obtained wittotivees auto-correlation, the cross-
correlation between radio sources and CMB maps (the Inedjidachs-Wolfe effect), the
cross-correlation of radio sources with foreground olgjeftte to cosmic magnification, and
a joint analysis together with the CMB power spectrum ancesupvae. We show that near
future radio surveys will bring complementary measuremémbther experiments, probing
different cosmological volumes, and having different systics. Our results show that the
unprecedented sky coverage of these surveys combineddspimylide the most significant
measurement yet of the Integrated Sachs-Wolfe effect. tiitiad, we show that using the
ISW effect will significantly tighten constraints on moddigravity parameters, while the
best measurements of dark energy models will come from galato-correlation function
analyses. Using the combination of EMU and WODAN to providalasky survey, it will
be possible to measure the dark energy parameters with amtaimty of {o(wy) = 0.05,
o(wg) = 0.12} and the modified gravity paramet€is(ny) = 0.10, o(p0) = 0.05}, assum-
ing Planck CMB+SN(current data) priors. Finally, we shoattradio surveys would detect a
primordial non-Gaussianity ofyr, = 8 at 1+ and we briefly discuss other promising probes.

Key words: large-scale structure of the universe — cosmological patara — cosmology:
observations — radio continuum: galaxies.

receiver system for the Westerbork Synthesis Radio Tefesco
(WSRT, Oosterloo et al. 2010). In each case, the increasesi-se
tivity available, together with a very wide sky coveragell ailow
certain cosmological statistics to be measured with snhataac-
curacy. Several studies in the past have concentrated @osneo-
logical constraints that can be determined from the largetiét
surveys using the H21-cm emission line (e.g. Abdalla & Rawl-
ings 2005; Abdalla et al. 2010). However, little attenti@astbeen
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paid to the information that can be gleaned from the largéorad
continuum surveys which will, in many respects, be muchegasi
to interpret than the Hsurveys and allow us to push out to much
higher redshifts. In this paper we consider three experisnas-
ing the deep continuum observations, the auto-correlatioadio
sources, the cross-correlation of radio sources with tre@oMi-
crowave Background (the late Integrated Sachs-Wolfe gffand
cross-correlation of radio sources with foreground olsjéotagni-
fication bias). The level of the accuracy of these measurtanand
the relative significance of the various potential probes tiae key
issues which we wish to address in this paper.

and their expected timescales for observation. A summaitihef
survey properties is shown in Table 1.

2.1 LOFAR

LOFAR (the LOw Frequency ARray for radio astronomy,
Rottgering 2003) is a multi-national telescope that hadiasts
spanning Europe. The core of LOFAR is situated in the noait-e

of the Netherlands, with stations on longer baselines bathirw

the Netherlands and across to Germany, UK, France and Sweden
Other stations may also be added throughout the rest of Eunop

One of the goals of these measurements will be to measure thethe coming years.

cosmological parameters of particular current interestoAg the
biggest challenges in cosmology is to understand if thedstah\
Cold Dark Matter model, and its General Relativity contéxtor-
rect, or if we need a different cosmological model and/owvigaa
tional theory, with the related important implications fondamen-
tal physics. We will therefore present forecasts of the tairgs

on cosmological models and gravitational parameters tlilabes
possible to obtain with the LOFAR, ASKAP and WSRT radio tele-
scopes, in isolation and together.

There are many major optical and near infra-red galaxy sur-
veys (e.g. the Baryon Oscillation Spectroscopic Survey $BO
Eisenstein et al. 2011), BigBOSS (Schlegel et al. 2011) Ditaek
Energy SurveYy (DES), the Panoramic Survey Telescope And
Rapid Response SystérntPan-STARRS), Euclid (Laureijs 2009),
the Large Synoptic Survey Telescdp@ SST)) which aim to im-
prove the precision of cosmological parameter measurentmt
ing this decade. One of the goals of this paper is to discohether
there are also significant and complementary opporturfibiesn-
provement of cosmological constraints by forthcoming eactin-
tinuum surveys. These surveys have a niche because of ahgdr |
sky coverage, high median redshift and number of objects ob-
served.

The paper is organised as follows. In Section 2 we will de-
scribe the next generation of radio surveys, given by LOFARU
and WODAN. In Section 3, we will discuss the predictions for
source densities and bias as a function of redshift for eanreg
and for different source populations. In Section 4 we wigent
the cosmological probes we will use, and in Section 5 we show
our predicted cosmological measurements. In Section 6 wle wi
describe the methodology used to predict the resultingtcainss
on dark energy and modified gravity models, and in Section 7 we
present our results. In Section 8 we present our conclusiods
summarise why LOFAR, EMU and WODAN will be important for
cosmology.

2 FORTHCOMING RADIO SURVEYS

In this section we introduce the three large radio surveyihvh
we will focus on in this paper: LOFAR, EMU and WODAN. We
do not consider the surveys to be conducted with the Souihakfr
SKA Precursor Telescope (MeerKAT, Jonas 2009) as the pagame

Each LOFAR station operates at two broad frequency ranges,
the high band operating at 120 v < 240 MHz and the low band
which operates at 1& v < 80 MHz. The bulk of the early op-
erations of LOFAR will be dedicated to a number of Key Sci-
ence Projects (KSPs): Solar Physics and Space Weathesjdmés)
Cosmic Magnetism, the Epoch of Reionization, Cosmic Rays an
Continuum Surveys. It is the last of these which is pertirterihe
aims of this paper.

The Continuum Surveys KSP will explore the bulk of the
northern sky at low-radio frequencies. Low-frequency oadb-
servations are ideally suited for carrying out sensitivereys of
the extragalactic sky, firstly because the low-frequencsuess a
large instantaneous field of view, allowing an increased/esur
speed compared to similar telescopes operating at higbguén-
cies. Second, the bulk of radio emission detected from gataa-
tic sources is due to synchrotron radiation and therefareeases
towards the lower frequencies, although at the very lowesiifen-
cies one might expect a turnover to occur due to synchrotetin s
absorption.

The LOFAR continuum surveys (Rottgering 2010) follow the
usual strategy of a “wedding cake” tiered survey. The desifgn
these has focused on addressing the original key sciendestop
within the continuum surveys, namely tracing the formatan
massive galaxies, clusters and black holes using highhifeda-
dio sources, measuring the star-formation history of thevérae
through radio emission and tracing intracluster magnegidsi us-
ing diffuse radio emission. However, as we demonstratsgtisar-
veys will also provide key data which can be used to consttan
cosmology and gravitational physics in our Universe.

For the purposes of this paper we concentrate solely on the
120 MHz surveys from LOFAR, as these are the most sensitive fo
our science, i.e. wide-field and highly sensitive. The tigfrshe
LOFAR survey are as follows: the large-area, “Tier-1" syrvall
survey the whole of the northern sky down to an expected rms flu
density at 120 MHz 054120 Mz = 0.1 mJy.

The LOFAR Tier-2 survey will survey to deeper levels over a
smaller area. The baseline strategy is to survey around gidre
degrees at 120 MHz to an rms flux-density&to vu. = 25uJy.

The Tier-3 survey is not considered in this paper due to the re
atively small area it will survey~ 70 square degrees) at 150 MHz
to ~ 6uJy rms.

We also consider what results could be achieved with the LO-

space probed by MeerKAT is towards much deeper and narrower FAR commissioning survey. Although this survey is stillgfully

surveys which are more adept to studying galaxy formatiath an
evolution. In each case we will discuss the properties o$timeeys,

1 http://www.darkenergysurvey.org/
2 http:/pan-starrs.ifa.hawaii.edu/public/
3 http://www.Isst.org/lsst

defined, we take a shallow survey covering the whole northern
hemisphere at 150 MHz and usel@c limit of 7 mJy. This al-
lows us to examine what can be achieved with a very conseevati
survey.

If we assume only the stations situated in the Netherlanels ar
used in carrying out the large area surveys, then the résolat
120 MHz will be ~ 6 arcsec and aroung 5 arcsec at 150 MHz,

(© 0000 RAS, MNRASDOG, 000-000
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Survey Area | Frequency | Ny, Mean z | Median z
LOFAR MS? 21 150 MHz 1.0 x 10° 1.6 1.3
LOFAR Tierl | 2w 120 MHz 6.5 x 10° 1.8 1.1
EMU 3 1400 MHz | 2.2 x 107 | 1.7 1.1
WODAN 17 1400 MHz | 7.3 x 10° 1.7 1.1

Table 1. Parameters of the surveys considered. We usédbdlux-density
limit for each survey. Total number of radio sourceg,\\mean and median
redshifts calculated using our number density models itiGe8.

i.e. very similar to the Faint Images of the Radio Sky at 2 tioss
tres (FIRST) survey (Becker et al. 1995).

2.2 EMU

EMU (Evolutionary Map of the Universe, Norris et al. 2011) is
an all-sky continuum survey planned for the new Australi&\S
Pathfinder (ASKAP) (Johnston et al. 2008) telescope unde+ co
struction on the Australian candidate SKA site in Westerrs-Au
tralia. EMU is one of the two key projects (the other is the WAL
LABY all-sky HI survey) which are primarily driving the ASKR
design. At its completion, expected to be in late 2012, ASKAIP
consist of 36 12-metre antennas spread over a region 6 kratim-di
eter. Although the collecting area is no larger than mangtig
radio telescopes, the phased- array feed at the focus ofaach
tenna provides about 100 dual-polarisation pixels, givi@KAP

a thirty square degree of instantaneous field of view. Thabkas

it to survey the sky some thirty times faster than existirdioaele-
scopes at similar frequencies.

The primary goal of EMU is to make a deepOuJy rms)
radio continuum survey of the entire Southern Sky, extemdmfar
North as+30 deg. EMU will cover the same area (75% of the sky)
as NVSS (Condon et al. 1998), but will be 45 times more semsiti
and will have an angular resolution (10 arcsec) five timesehet
It will also have higher sensitivity to extended structufeMuU is
expected to begin in late 2012 and it will generate a cataazfu
radio sources 38 times greater than NVSS; all radio data tham
EMU survey will be placed in the public domain as soon as the da
quality has been checked.

2.3 WODAN

WODAN (the Westerbork Observations of the Deep Apertif IHort
ern sky survey) is planned to chart the entire northern skyab
Dec > 30° down to a proposed rms flux density at 1.4 GHz of
S1.4 gz = 10pJy/beam (Rottgering et al. 2011). It will be able to
do this because of the new phased array feeds (APERTIF) paing
on the Westerbork Synthesis Radio Telescope (WSRT, Oostetl
al. 2010). The phased array feeds will open up the field-efof
the WSRT to around 8 square degrees allowing very high survey
speeds. Such a survey is extremely complementary to thegedp
LOFAR Tier-1 survey and will allow source spectral indicese
measured down to very faint levels. Although APERTIF inse=a
the field-of-view of the WSRT considerably it will remain dae
tively low-resolution survey instrument, with the resadut limited

to the distribution of the WSRT antennae; as such the reaealut
will be around~ 15 arcsec. However, this resolution is generally
not a problem for the experiments we discuss in this papercih
rent schedule for the commencement APERTIF surveys is 2013.

(© 0000 RAS, MNRASD0Q, 000-000

3 SOURCE POPULATION MODELS

In this section we describe our models for source populatfon
LOFAR, EMU and WODAN surveys; in particular the number den-
sity of different source populations as a function of refisand the
bias of different source populations as a function of reftishhese
are required in order to make predictions for cosmologicabps
such as the auto correlation function, the ISW effect andnifiag
cation bias.

3.1 Number densities

We use empirical simulations to predict the number denditgo
dio sources per redshift interval for the envisaged all-isptrere
LOFAR survey, the WODAN survey, and the ASKAP-EMUr 3
steradian survey. The combination of these surveys wilvideo
complete coverage ofdsteradians of the sky; however, the differ-
ent observing frequencies and depths means that they wiljge
distinct redshift distributions, which need to be undesstm order
to use the combination for cosmological constraints. Thhouit
this paper we assume that no redshift information is aviail&dr
individual radio sources.

We use the simulations of Wilman et al. (2008, 2010), de-
veloped for predictions for the Square Kilometre Array @oumtim
survey. These simulations provide specific prescriptionge red-
shift evolution of the various populations which domindte tadio
source counts: powerful active galactic nuclei at brighték) down
to the less luminous radio-quiet AGN, starburst and stemiiog
galaxies. The simulations cover five different radio fratgies —
150, 610, 1400, 4860 and 18000 MHz. We use the update of the
simulated catalogue (Wilman et al. 2010), which has beemstetjl
to incorporate results from mid- and far-infrared data tovje a
better estimate of the starburst and star-forming galapyladions.

The N(z) from these simulations should in principle be modi-
fied by Redshift-Space Distortions (Rassat 2009) and magtidin
bias (Loverde et al. 2007), which are not included. Howeliese
corrections are small and will not affect our results.

Catalogues are generated from it databasé correspond-
ing to the radio flux-density limits of the proposed LOFAR, BM
and WODAN surveys. As described in Section 2, we assume the
depth of the LOFAR survey over the whole hemisphere to be uni-
form across the sky down to a rms flux-densityoof mJy as given
in the LOFAR Surveys document Morganti et al. (2010). For the
purposes of this paper we use the 151 MHz data fromsthdata
base and extrapolate to 120 MHz using the spectral index-dete
mined between 610 MHz and 151 MHz to predict the number den-
sity distribution. As the simulations include a spectratveture
term, this means that the spectral index between 610 and t&l M
is generally flatter than the canonical~ 0.7 and thus leads to a
decrease in the number of sources one would expect basethgn us
ana ~ 0.7. We adopt these numbers as a conservative approach,
however we note that if the radio spectra do not flatten sicarifily
to low frequencies then the constraints from LOFAR Tier 1l hél
similar to those of the EMU survey, albeit ov&rr sr rather than
3 sr. We then apply a cut to the simulated data and retain only
those sources with an integrated flux density larger therimi@st
the rms noise in the map. Note that for extended sources tine no
inal sensitivity to peak flux densities is then less tharo1®low-
ever, this definition ensures that the virtually all exteshdeurces

4 http://s-cubed.physics.ox.ac.uk
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will be detected. Itis also conservative in the sense tistitlihas to
be proven that all these new instruments can reach theiretieal
thermal noise levels.

For the EMU and WODAN surveys we again use the Wilman
et al. (2008, 2010) simulations, this time at the 1.4 GHzdewy.
EMU will survey ~ 75% of the sky down to an rms flux-density
limit of 101 Jy, while WODAN will survey 10,000 sq. deg. down
to an rms flux-density limit ol 0x Jy; we again extract a catalogue
from the S® database down to this limit and apply cuts atd0
signal-to-noise. Note that Norris et al. (2011) assumesdesnser-
vative 50 threshold and therefore obtain stronger constraints.

In Figures 1 and 2 we show the resulting redshift distrimgio
adopted for the different surveys; in Figure 1 we displayttital
number of radio sources for the LOFAR (M@nd Tierl), EMU
and WODAN surveys, while in Figure 2 we display the number of
sources for the different source types (Star Forming Ges&Star-
Bursts, Radio Quiet Quasars, Fanaroff-Rileyl and Fandibdy?2;
see Wilman et al. (2008) for details of how each of these isddji
within the surveys.

In addition to predictions for the four surveys considened,
will also consider a combination of EMU and WODAN, given that
they will span a similar range of frequencies and depth (sde T
1), in order to have a complete full sky catalogue coveringhbo
hemispheres.

3.2 Galaxy Bias

As we will often be using radio sources as a probe of largéesca
structure, it is necessary to model how biased the soureemar
relation to the underlying structures. On large scales vgerae
that the two-point correlation function can be written (Blaese et
al. 1997, Moscardini et al. 1998) as:

&(r, z) = b*(Megr, 2)épm(r, 2) | 1)

where M.g represents the effective mass of dark matter halos in
which sources reside argth s is the correlation function of dark
matter. We derive a model of the bias using the peak-backgrou
split formalism (Cole & Kaiser 1989, Mo & White 1996), follaag

the prescription of Sheth & Tormen (1999); in this context tiass
function of halos, altered from Press & Schechter (1974gjvien

by:
_ _ 2QA2 3H8907rz 6c
ne M) =\ == 3G MDon

()]

N?
|\

q0¢
2D?(z)o%,
wherec?, is the mass variance on scdlé, é. is the critical over-
density for the spherical collapsB,(z) the linear growth factor of
density fluctuations, ang andp are parameters to be fitted with
simulations (Sheth & Tormen 1999); we can describe the hjas b

1 q6?

:1 —_ | —
i {D%z)aif

@)

dln(f]u
dln M

exp {_

b(M, 2) - 1} + (3)

<3 (T me)

5 \1T+ (v73./[D@)om)? )
For the purposes of this paper we use the bias irsthsimulation
for each galaxy population, which is computed using the &dism
of Eq. (2), (3) separately for each galaxy population, wreaeh

b (z)

Figure 3. Bias as a function of redshift for the different source types
calculated for our simulated catalogues in accordance Wittman et al.
(2008).

population is assigned a dark matter halo mass. This dartemat
halo mass is chosen to reflect the large-scale clusteringdfiy
observations. Note that for most of Fig. 3, there are simplpb-
servational measurements available at present, so laggtaim-
ties in bias remain.

The S® simulation provides us with a source catalogue with
the sources identified by type, i.e. starburst, FRII-typkagalaxy
etc. Each of these has a different prescription for the faiasie-
scribed in Wilman et al. (2008). With this framework, one find
that the increasing bia(z) with redshift would lead to exces-
sively strong clustering at high redshift, therefore thaskfor each
population is held constant above a certain cut-off retishg de-
scribed by Wilman et al. (2008). The resulting redshift defence
of the bias we use for the different source types is showndn:i
While this bias evolution is indicative of that expected éxact be-
haviour is not yet well known; to allow for this uncertaintye will
marginalise over the overall bias amplitude, and discussigng
uncertainties in Section 8.1.

4 COSMOLOGICAL PROBES

In this section, we will describe several cosmological potwhich
one can measure with the forthcoming radio surveys, in combi
nation with surveys at other wavelengths. Here we desctibe t
necessary framework for calculating the accuracy with Wwhie
can measure these probes; in the next section we will destréd
signal-to-noise of measurements with the specific planoecegs.

4.1 The Auto-Correlation Function

The first cosmological probe we can examine with the radioeys

is the two-point correlation function of source positiondich is

a measure of the degree of clustering in either the sp&tiaJ, or
the angularw(#), distribution of sources. For the current radio sur-
veys, where individual redshifts will be unknown, therelg lit-

tle radial information, therefore it will be appropriatednly study
the angular two-point correlation functiom,6), which is defined
as the excess probability of finding a radio source at an angul

distanced from another given radio source (Peebles 1980):
§P = n[l +w(0)]5Q, (4)

(© 0000 RAS, MNRASDOG, 000-000
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Figure 1. Redshift distributions found for the different radio syyseLOFAR MS® and Tier 1, EMU and WODAN. All source types are included insthe
overall redshift distributions; on vertical axes are thenber of sources per bin of widthz = 0.3.

where P is the probabilityyn is the mean surface density asi@
a surface area element.

The angular two-point correlation function of a given saenpl
of objects can be computed using one of the many estimatats th
have been proposed (e.g. Hamilton 1993, Landy & Szalay 1993)

Its Fourier transform, the angular power spectrum, can be ca
culated from the underlying 3D matter power spectrum using:

0" = (afafs) = 4n [ LA RWIHRE, )
where W/ is the radio source distribution window function de-
scribed below in Eq. 7, and? (k) is the logarithmic matter power
spectrum today, and,,,, are the spherical harmonics coefficients,
assumed to be standard gaussian random variables.

4.1.1 The radio source window function

Radio source counts are a biased tracer of the underlyingemat
distribution, and thus the projected number density ofaadurces
per steradian is related to the matter distribution via:
. dN R
n(z,n)dzdQ = E[l + b(2)d(z,1)]dzdSQ. (6)
The window function can then be written as (see e.g. Raccanel
al. 2008; Giannantonio et al. 2008a):

W (k) = / N D (2)jelckn(2))dz, @)

dz

(© 0000 RAS, MNRASD0Q, 000—-000

where (dN/dz)dz is the mean number of sources per steradian
with redshift z within dz, brighter than the flux limith(z) is the
bias factor relating the source overdensity to the masglewsity,
assumed to be scale-independdn(;) is the linear growth factor

of mass fluctuationg, () is the spherical Bessel function of order
¢, andr(z) is the conformal look-back time.

4.1.2 Non Gaussian clustering

The amplitude and shape of clustering on large scales, idedcr
by the ACF, can provide important cosmological informatibor
example, a unique way to test aspects of inflationary theasie
given by measuring the statistics of the initial conditimfscos-
mological perturbations. An important goal for forthcoinos-
mological experiments is to test whether initial conditiasf the
probability distribution function of cosmological perbations de-
viate from gaussianity; this can be done using the CMB (Baueb
al. 2004, Komatsu 2010 and references therein) or the Eogk
structure of the Universe (Matarrese et al. 2000, Dalal.€2G08,
Slosar et al. 2008, Desjacques & Seljak 2010, Xia et al. 2
viations from Gaussian initial conditions can be paramettiby
the dimensionless parametgtr,:

dng = ¢+ fau (67 — (87)), (8)

where ® denotes Bardeen’s gauge-invariant potential, which, on
sub-Hubble scales reduces to the usual Newtonian pecubai-g
tational potential. Here is a Gaussian random field, and the sec-
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Figure 2. Redshift distributions of LOFAR, EMU and WODAN surveys, fiifferent source types: Star-Forming Galaxies, Star Biatlio Quiet Quasars,
FR1 and FR2 sources; on vertical axes are the number of sopecéin of widthAz = 0.3.

ond term, wheryxr, is not zero, gives the deviation from gaussian-

ity; in this paper we refer to the so-called “local typgk:, and

we use the LSS convention (as opposed to the CMB one, where
LSS L 1.3fGMB, (Xia et al. 2010)).

One method for constraining non-Gaussianity from large-
scale structure surveys exploits the fact that a posifive corre-
sponds to positive skewness of the density probabilityritistion,
and hence an increased number of massive objects (Matetrake
2000, Dalal et al. 2008, Desjacques & Seljak 2010).

In particular, a non-zergfxt, in Eq. (8) introduces a scale-
dependent modification of the large-scale halo bias, sahleadif-
ference from the usual Gaussian bias, is:

3Qom Hp
“ k2T (k)D(z)’

where b (z) is the usual bias calculated assuming gaussian ini-
tial conditions, assumed to be scale-independet,) is the linear
growth factor and.. is the critical value of the matter overdensity
for ellipsoidal collapseec = de+/q -

Ab(z,k) = [ba(2) — 1] N0, 9)

4.2 The Integrated Sachs-Wolfe Effect

In addition to making an auto-correlation of source posiiat is
possible to cross-correlate the radio source distributith CMB
temperature maps, in order to detect the so-called Inted)Gachs-
Wolfe (ISW) effect (Sachs & Wolfe 1967). Travelling from theest
scattering surface to us, CMB photons pass through grentt

potential wells of intervening matter. In an Einstein-dé&e3iuni-
verse, the blueshift of a photon falling into a well is cateaby the
redshift as it climbs out. However, in a universe with a dar&rgy
component or modification to General Relativity, the locavifa-
tional potential® varies with time, so potential wells are stretched
while photons are traversing the well; this leads to a net-slhift

of the photons, and equivalently to a net change in photopéean
ture, which accumulates along the photon path, and is ptiopai

to the time variation of the gravitational potential.

The integrated Sachs-Wolfe effect only contributes to tive |
¢ multipoles of the CMB fluctuations, and is smaller than thie pr
mary CMB anisotropies even at thoge Thus, to make the ef-
fect detectable, we have to cross-correlate CMB maps wattets
of large scale structure (Crittenden & Turok 1996) such al$ora
sources, since the source density traces the potentiss.Wiethe
evolution of potentials is modified by dark energy we shoubd o
serve a correlation between CMB temperature anisotropie$he
source distribution; for this reason, ISW measurementigwilvide
a signature for dark energy or modified gravity. The WMAP data
have been cross correlated with a variety of radio, IR, aptand
X-ray surveys (e.g. Giannantonio et al. 2006, 2008a, Fietrcet
al. 2006, Raccanelli et al. 2008; see Dupe et al. 2010 foriawenf
recent results and more references) to look for evidencedetay
of the gravitational potential due to the influence of dar&reg.

We can write the cross-correlation power spectrum between
the surface density fluctuations of radio sources and CMBpé&sm

(© 0000 RAS, MNRASDOG, 000-000
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ature fluctuations as:

T
A U

Agp) = 4 d—:AQ(k)W;(k)WE(k), (10)
whereW; and W, are the radio source and CMB window func-
tions, respectively, and? (k) is the logarithmic matter power spec-
trum today.

The cross-correlation function as a function of the angsear
arationd is then obtained as:

2041

crO)=>" ?C’lgTLz(cos 0), (11)
e

whereL, are the Legendre polynomials of orddt_egendre 1785).

4.2.1 The ISW window function

In the Newtonian gauge, scalar metric perturbations areifspe
by the gauge-invariant potentialsand ®:

ds® = —a*(7)[(1 + 2¥)dr® — (1 —29)dz%].  (12)

The temperature anisotropies due to the ISW effect are sspde
by an integral over the conformal lookback time from today={
0) to the CMB decoupling surfacg;e.:

6T 1 Ndec .

— == d + U)d

]

wherer is the conformal time, the dot represents a conformal time

derivative and the integral is calculated along the lineightsof

the photon. In the absence of anisotropic stress, the maoment

constraint in GR fixesb = —W, so the ISW modification of the

temperature of the CMB in GR becomes:

0T _ 2 [ 0w,

T 2, an "
The local gravitational potential is related to the matistrd

bution via the Poisson equation:

V20 = 47Ga’ ombm,

Orsw = (13)

C—)ISW - (14)

(15)

where the gradient is taken with respect to comoving coatds
taking the Fourier transform we have:

Hy

®(k,n) = —gQOm (E (16)

2
) atnsio),
where H, is the Hubble constang,(n) = D(n)/a(n) is the linear
growth suppression factor andk) is the mass overdensity field.
Combining Eq. 15 and 16, the window function for the ISW
effect can be written as:

2
Wi (k) = 3Q0m (%) / g—sz[ckn(z)]dz, 17)

where®(z) is the Newtonian gravitational potential.

4.3 Magnification bias

Light rays are deflected by large scale structures alongiriieeof
sight, which therefore systematically introduce diston in the
observed images of distant sources; this is the phenomémpaw
itational lensing. The sources behind a lens are magnifieizi
while surface brightness is conserved; this leads to ara&ser in
the total observed luminosity of a source.

Observationally we can detect the effects of magnificatipn b

(© 0000 RAS, MNRASD0Q, 000—-000

cross-correlating two galaxy surveys with disjoint reftstistribu-
tions; in this paper, we consider the possibility of usingogtical
survey such as SDSS-II (Abazajian et al. 2009) or DES our
low redshift “lens” sample (Pan-STARRS will also be avaliéabn
these timescales and could also be used), which will sertheas
foreground which magnifies the background radio distrdntive
will discuss this further in Section 5.3.

This “cosmic magnification” effect was first detected by
Scranton et al. (2005), who cross-corelated foreground SSDS
galaxies with SDSS quasars. More recently, Hildebrandtlet a
(2009) have detected the effect in samples of normal gaarie
the Canada-France-Hawaii-Telescope Legacy Survey, Waal e
(2011) have detected the effect at longer wavelengths userg
schel, while Ménard et al. (2010) have built on the SDSSyal
by constraining galaxy-mass and galaxy-dust correlatioetions.

The effect can be described in detail as follows. At position
&, we can relate the behaviour of unlensed sources with number
density No (m)dm within a magnitude rangen, m + dm)/, to that
of lensed sources with number dengNym, @)dm. There are two
competing effects in this relationship, namely the flux @ase due
to magnification of distant faint sources, which increabesium-
ber density of observed images above a certain magnitudshthr
old; and counteracting this, the dilution of the number dgrdue
to the stretching of the solid angle by lensing. If the sodheres
have a distribution with a power law slope given by:

. Ollog No(m)]

= 18
a(m) S (18)
one can obtain (Bartelmann & Schneider 2001):
N(m, @)dm = p* ™~ No(m)dm, (19)
where the magnificatiop is:
: (20)

B=
(1= )2 = 7]

where the convergence and the sheaty are two further lensing
distortions. In the weak lensing regime it is possible toldagx-
pand the last equality in Eq. (20) to obtain:

(@) ~ 1+ 26(f).

We therefore see that the magnification is closely relatéagcon-
vergences, which is related to the matter overdensity via a line-of-

sight integral (Bartelmann & Schneider 2001):
= oH 5(fx (w)@, w)
k(g / dwW (w) fx (w) ——""=
@) i (w)fac () =08

with ¢ being the angular position on the skyy the horizon dis-
tance,w(z) the comoving radial distancgx (w) the angular di-

ameter comoving distance, the scale factor, and a quantity’
involving the redshift distribution and geometry:

Y frx (W —w)
W= [ Felw)
for which Z,, (w)dw is the source redshift distribution.
Because of the magnification bias effect described, we can ob
tain cosmological constraints by cross-correlating fovegd and
background objects, and hence investigating how clustereskd
background sources appear to be around foreground souoes,
pared to a random distribution. The most common estimattveof

(21)

~ 3Qom Hj
o 2¢2

» (22)

dw' Zy, (w') (23)

5 http://www.darkenergysurvey.org/
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angular two point correlation (also adopted in this workgyigen
by:

€sr = [NsNL] "' [Ns(@) — Ns][NL(G + ¢) —

where in our cas& and L indexes denote background sources and
foreground lenses and overbarred quantities correspandtaged
quantities.

Large scale structures only slightly magnify or demagnify
sources, so we can write:

Ni],  (24)

ph = (1+6p) 7 2 14 (a— 1)dp, (25)
leading to an over/under-density in background sources:
Ns(p) — N .
Nst@) =5 o (0~ 1)ou() (26)
s

Assuming that foreground sources have bigghe number density
can be related to the underlying matter density contrast by:

NL—NL

Ny = bL(S(‘ﬁ)v (27)

L(t+1)CEE/2n

16

Figure 5. Source power spectrum of EMU radio sources for differeniesl
of the non-Gaussianity parametgx,; shaded regions are errors for the
EMU survey as in Eq. 31.

Then as a consequence (c.f. Bartelmann & Schneider 2001), sub-dominant, and there are no effect from the finite sizéjats

&s1(p) is related to the theoretical magnification density comtras
2-point correlation functiod,,s (7) via:

Es1(P) = (= 1)br(F)Eus (P), (28)
with
Eus(P) = 31;;;)3“ / W EU“;) / kdkPs (k)Jo (k)
(29)

where Ps(k) is the matter power spectrunds(w) is the fore-
ground redshift distribution ant¥ (w) is the source lensing effi-
ciency distribution given in equation (23).

It is only whena # 1 that we obtain magnification bias. We
obtain a positive cross-correlation only when> 1 and anticor-
relation whena < 1. Equations (28) and (29) show how magni-
fication bias observations allow us to measure informatioout
the amplitude, shape and evolution of the matter power spact
together with information about the bias and geometricatofas in
the expanding background.

From (Eqg. 29) we can also obtain the cosmic magnification
power spectrum (Bartelmann & Schneider 2001):

" = (ada) = [ TARWIEWLE), @O
where W/ (k) has the same meaning as in Eq. (5), &g (k)
contains the prefactors andintegral from equations 28 and 29.

5 PREDICTIONS FOR MEASUREMENTS WITH
FORTHCOMING SURVEYS

5.1 Autocorrelation predictions

We computed the predicted auto-correlation source powestsp
for LOFAR, EMU and WODAN using Eq. 5; the errors were as-
sumed to follow:

2(C7 + 4)°
(24 + 1)fsky ’

where fqy, is the sky coverage of the survey ands the mean
number of sources per steradian. This assumes that sy&te st

(31)

O‘cgﬂ ==

(i.e. we are not close to the confusion limit).

In Fig. 4 we showC?? for the combined source populations of
the four different surveys considered. As shown, the ewworgarge
and small scales are more pronounced since they are donhinate
by cosmic variance and shot noise, respectively; at intdiabe
scales, surveys with higher number density will provide ltlest
measurements (in this case EMU). We will examine what can be
learned cosmologically from these measurements in segtion

In Fig. 5 we plot the predicted source power spectrum of EMU
radio sources for different values of the non-Gaussiaratameter
f~u; the black solid line is the standard Gaussian predictioa, t
other lines being the prediction for non-Gaussian clustgrand
the shaded area isd errors (per mode) as in Eq. 31. The presence
of the non-Gaussian bias of Eq. 9 enhances the clusteriraygs |
scales, thus increasing the amplitude of the autocoroglétinction
at those scales. A? analysis shows that EMU should be able to
distinguish (at 1 level) a fxr, of 8 from a purely Gaussian model;
it is worth noting that the current limit ofivr, from WMAP 7-year
data isfitS = 42427 at 68% CL (Komatsu et al. 20£), and any
detectlon offNL > 1 would rule out all single scalar field inflation
models (Komatsu 2010).

It is intriguing to note that the observed autocorrelationc
tion of the NVSS Survey has a shape that differs fromAiGDM
prediction at relatively large angular separation (Xiale2810);
the observed behaviour can be explained using a non-Gaussia
rection (Xia et al. 2010), a peculiar bias model (Raccaretlil.
2008), or some systematic errors not yet found in the NVS8e§ur
The degeneracy between models of bias and non-Gaussiat-corr
tions can be broken because their effect has a differenhifedad
scale dependence (the non-Gaussian correction is imporignat
large scales, because of thé:? term in Eq. 9).

Itis also interesting to note that a similar excess poweargel
scales has been found in spectroscopic (Kazin et al. 200y Sda
etal. 2011) and photometric (Thomas, Abdalla & Lahav 20Hixd
sets, although Ross et al. (2011) suggest that this is Itkdabe due
to masking effects from stellar sources. With the forthawgall-
sky radio surveys, measuring the angular autocorrelatidinbe

6 Note that in the CMB convention this 82 + 21
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Figure 4.

asin Eqg. 32.

an interesting check for this problem. On the other handCili&
shows a lack of correlation at angular scale$0 degrees (Ben-
nett et al. 2011, Copi et al. 2010), discrepant with the ccoteace
model of cosmology. The significance and origin of this isleac
Certainly radio surveys that cover large fractions of tHesky will
help to resolve this puzzle.

5.2 Cross-correlation predictions

As we have seen in section 4.2, the cross-correlation betiese
CMB and the LSS depends on various factors from both the win-
dow functions in Eq. (10); it is influenced by the evolutiontbé
gravitational potential (Eq. 17) and by the clustering aras tof
structures (Eg. 7), and for this reason it has been used ttarels
constrain cosmological issues such as the evolution arstecing
of structures (Raccanelli et al. 2008, Massardi et al. 28tbaefer
et al. 2009), models of dark energy (Pogosian et al. 2005eXah
2009) and alternative models for the gravitational potgnsiuch as
the DGP, Unified Dark Matter cosmologies and Brans-Dickethe
ries (Giannantonio et al. 2008b, Bertacca et al. 2011, Died-et
al. in preparation).

The detection of the ISW effect via the cross-correlatiothef
LSS with the CMB is cosmic-variance limited, as it affectéycthe
largest angular scales; therefore, the best measuremssibf®is
a complete full sky survey with negligible shot noise. Regzy
the CMB, the data provided by WMAP is already precise enough

(© 0000 RAS, MNRASD0Q, 000—-000
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Source power spectra (Eq. 5) of the combined source popntatblack solid lines) for the different surveys, witlrlerrors (grey shaded regions),

at low ¢, and the improvement that Planck will provide does not
substantially affect the ISW detection significance.

In Figure 7 we show the predicted cross-correlations of the
CMB with the combined radio source distributions. Solicckrare
standard\CDM+GR model, shaded regions are errors, calculated

via (see e.g. Cabre et al. 2007):
2 1
(cg7) +cpert

TogT = \j (20 + 1) fary

wherefq, is the sky coverage of the survey. The shot noise should
be negligible for the cross-correlation of the CMB with LORA
Tierl, EMU and WODAN on the scales of interest, given the high
number density pef mode.

Fig. 8 shows the predicted cross-correlation functionhwit
cosmic variance errors, for the WODAN survey (light greyagre
the WODAN+EMU combination (dark grey area) and the mea-
sured NVSS errors (error bars) as a comparison. Note theéasubs
tial improvement in ISW measurements provided by the aflssk-
vey, compared to NVSS or WODAN alone.

The enhanced clustering due to non-Gaussianity would also
modify the cross-correlation of galaxies with the CMB (Xisag
2010), through the modified bias of Eq. (9) in the galaxy wimdo
function (Eq. 7). The effect is more significant on the latgesles,
as shown in Fig. 6, which presents the cross-correlationeo€tMB
with EMU radio sources for different values fr.. As in the auto-
correlation case, we performedyd analysis to predict what level

; (32
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Figure 6. Cross-power spectrum of EMU radio sources with the CMB
(Eq. 10) for different values of the non-Gaussianity par@mgyy,; shaded
regions are errors for the EMU survey as in Eq. 32.

of non-Gaussianity we should be able to detect; we used dgain
simulations of EMU data as its ISW detection should be thé bes
of the surveys analysed (see Fig. 7), and we found that these d
would detect gfxr, of 11 at 1o level.

As an initial example of cosmological constraints, in Fig. 8
the black dashed line is the predicted cross-correlatinotfon for
Unified Dark Matter scalar field cosmologies, where dark eratt
and dark energy are part of a single component. The key p&eame
in this model is the speed of sound (today) of the dark compione
c2., that has to be different from zero but small enough to let the
dark component cluster (see Bertacca et al. 2008, 2011 failgje
Detecting a non-zero speed of sound would be an indicatian of
non-ACDM universe.

Using NVSS we are able to see differences from AttzDM
case fromeZ, = 1072, while the plot shows that using the com-
bined full sky EMU+WODAN will allow us to constrain values of
the sound of speed ef, = 10~%, using the ISW effect. Further
details and forecasts on how well we will be able to test UDMg-co
mological models with these surveys will be part of a subsatju
paper.

To predict the significance and constraining power of ISW
measurements with the forthcoming radio surveys, in Fige@ler
fine ACYT /9" as the width of the entire &-constraint, i.e.:

ACT

coT

[CIT(0) + ocer] — [C9T(0) — ocor]  2000r
C9T(0) ToCeT

(33)
whereo,r is the error on the cross-correlation function in real
space. In Fig. 9 we showC?” /C97T (Eq. 33) for the total surveys.
We compare these with current measurements@f” /C9” from
cross-correlations of NVSS and SDSS LRGs with WMAP maps,
along with the threshold to actually distinguish betweeBDM
and other cosmological models.

As one can see, for small valuesfothe constraining power is
maximum, and all the surveys considered should have ardsede
discriminatory power; in the case of whole-sky combined/sys,
we obtain thatdAC?” /C97 is less than half of that of NVSS and
SDSS, for smalb.

7005 L L L L L L L L L L L L
0 (deg)

Figure 8. Cross-correlation of WODAN sources with the CMB. Black doli
line is the ACDM prediction, black dashed line is the UDM prediction for
c2, = 1072 (see text for details); shaded regions are errors, light fme
the WODAN survey, dark grey for the EMU+WODAN combinatiomra
bars are NVSS errors.

ACET/CeT

O SDSSLRG
O NVSS -—— EMU === WODAN
—4— UDM ‘(c:;ZIO'Z? —— EMU+WODAN - LQFARM§3

0 2 4 6 8 10 12 14 16 18 20

0 (deg)

UDM (c2=10"%)

LOFAR Tierl

Figure 9. Constraining power of cross-correlation CMB-radio soarfm
the different surveys; lines are radio surveys used in thigep symbols are
measurements from NVSS and SDSS, lines connecting symieoilsrash-
olds to detect UDM models with a non-zero speed of sound Esdefdr
details).

5.3 Magnification Bias

We compute the power spectra for the magnification bias using
equation (30); we consider the experiment where backgroand

dio sources from LOFAR, EMU and WODAN are cross-correlated
with foreground galaxies from SDSS for the northern hengsph
and DES for the southern one. We note that we expect to havie muc
better and wider data than the SDSS on the timescale of the ra-
dio surveys considered with the Pan-STARRssr survey (Kaiser

et al. 2010), which when complete will provide imaging dataat
depth between SDSS and DES so our analysis should be consid-
ered as conservative. In the northern sky we use SDSS galaxie
up toz = 0.35 and radio sources as the background for higher
redshift, while for the southern sky we use DES foregroungls u
to z = 1 and EMU sources as a background. To avoid the over-
lap between foreground and background galaxies, we renfave t
LOFAR, EMU and WODAN galaxies at < 1, i.e. we assume
that via cross-matching between optical and radio bandg,zlo
radio sources can be removed from our sample. We assume that

(© 0000 RAS, MNRASDOG, 000-000
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Figure 7. Cross-correlations of radio sources with the CMB (Eg. 1d)idSines are the theoreticdl CDM prediction, the shaded area corresponds to cosmic

variance errors, as in Eq. 32.

the bias for the foreground galaxies is unity since they acated
at low redshifts. We follow Scranton et al. (2005) to meaghee
weighted average power law slogea — 1 >, wherea is given by
Eq. 18; from our simulations, we obtain0.219, —0.147, 0.1027
and0.121, for LOFAR MS?, LOFAR Tier 1, EMU and WODAN
respectively.

In Fig. 10 we show the cross-correlation of radio background
with optical foreground sources power spectra, computireger-
rors according to Zhang & Pen (2006):

o \/ng + (Cg + Csl,)hot)(cgf + Csfhot)
Ucfﬂ =

20+ 1) fory ’

(34)

where f andb denote the foreground and background sources, re-
spectively, and “shot” stands for the shot noise.

We can see that using this probe we have better constrain-

ing power when we have higher number density and magnifica-
tion index. EMU will provide moderate constraints for thipe in
combination with DES; we emphasise that a limiting factartfe
northern surveys (LOFAR and WODAN) in our analysis is adyual
the optical data. We would therefore be able to tighten caimgs

for these surveys if Pan-STARRS data were used as a foregjroun
instead of SDSS.

(© 0000 RAS, MNRASD0Q, 000—-000

6 COSMOLOGICAL MODEL CONSTRAINTS

Having calculated the constraints on each cosmologicddeyrivis

now possible to determine how the LOFAR, EMU and WODAN

surveys can improve measurements of cosmological paresnete
Starting from Einstein’s field equations:

87G
o e

Gu = (35)
whereG ., is the Einstein tensof,,,, is the energy-momentum ten-
sor and’ is Newton’s gravitational constant, we study the improve-
ments these surveys will bring to the measurement of pasmiet
the dynamical dark energy (DE) and modified gravity (MG) sce-
narios; we investigate these issues using Fisher Matrhnigaoes,
following Zhao et al. (2009).

6.1 Dynamical Dark Energy

In the cosmological framework of General Relativity, it Haesen
necessary to modify Eq. 35 to account for the observed aecele
ation of the expansion of the Universe; the simplest moditica

is the introduction of a cosmological constant, as first ssted by
Zel'dovich (1967), that can be interpreted as vacuum enéngiiis
case one modifies the right hand side of Eq. 35:
Tvac

Gl“’ = THV + 727881 (36)



12 A. Raccanelli et al.

LOFAR MS3

L(t+1)C 8/ 2m

EMU

1072+ 1072+
3 R
1073 A 1073
~ ~
= =
EOEd B>
L 10 O 104+
~ ~
— —
+ +
= 1% < 10
Ed —

1 1
100 1000

¢

Figure 10. Magnification power spectra for LOFAR-SDSS, EMU-DES and
regions are errors, as in Eq. (34).

where throughout this section we $8t= 1/87 andc = 1 for
simplicity, and:

vac
T, =

—Agu. (37)

The first step toward understanding the nature of dark ernergy
clarify whether it is a simple cosmological constant or igorates
from other sources that dynamically change in time. The dyna
cal models can be distinguished from the cosmological eongty
considering the evolution of the equation of state of dasrgy

(38)

w= -,
Q

wherep and ¢ are the pressure density and energy density of the
fluid, respectively. In the cosmological constant model= —1,
while for dynamical models = w(a).

To evaluate the potential of the considered radio surveys to
constrain the dynamics of different models of dark energyadopt
the following parametrisation for the DE equation-of-stéEoS)w
(Linder 2003):

w(a) = wo + wa (1l — a). (39)

We use the best fit mod€lwo, w.} = {—0.89,—0.24} from
current data (see Zhao & Zhang (2010) for details) as the fidu-
cial model, which is consistent with the prediction of thengom
model (Feng et al. 2005), and consistently include the daekgy
perturbations in the calculation using the prescripticomppsed in
Zhao et al. (2005).

{(E+1)C &/ 2n

LOFAR Tierl
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WXDBSDSS; black solid lines are theoretical predictions.(B@), shaded

6.2 Modified Gravity

An intriguing alternative to dark energy for the explanatif the
accelerated expansion of the universe is the “modified tyraap-
proach (Durrer & Maartens 2008), which states that gravigds

to be modified, i.e. weakened on large-scales; an attrafetatare

of modified gravity models is that one can alter the Einstéilbert
action so that accelerated solutions of the backgroundeottti-
verse can be obtained without the need for a dark energy compo
nent.

In this case we modify the geometric side of Eq. 35:

Guv + Go™ =Ty, (40)

Modified gravity models can mimic th&CDM model in the
sense that they include the background expansion, but iergen
they predict different dynamics for the growth of cosmiaistures.
Radio source number counts and ISW measurements direothg pr
structure formation, therefore they can constrain modifjevity
scenarios.

Here we follow Zhao et al. (2010) and consider scalar metric
perturbations around a FRW background for which the linmelat

in the conformal Newtonian gauge is:
ds® = —a®(7) [(1 +2¥) dr? — (1 — 2®) di”] , (41)

where® and¥ are functions of time and space.
We use the following parametrisation to describe the r@fati
specifying how the metric perturbations relate to each rotued

(© 0000 RAS, MNRASDOG, 000-000
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how they are sourced by the perturbations of the energy-mame
tensor:

o =nla,h) (42)
o —4nGa*u(a, k)oA (43)

k2 ’
whereA is the gauge-invariant comoving density contrast defined
as:
aH

n(a, k) and u(a, k) are two time- and scale-dependent functions

encoding the modifications of gravity that can be written as:

14 BiA3k%a®
1+ Nk2as

(44)

n(a, k) = (45)

14 BaA3k%a®

1t paokia 46
1+ A2k2as (46)

pla, k) =
where)? and; are parameters and gives the time dependence
of the deviation from GRy(a, k) = u(a, k) = 1in GR, while in
a modified gravity model: and» can in general be functions of
both time and scale (Bertschinger & Zukin 2008; Zhao et &0920
Linder 2011).

Since we are interested in testing GR at late times, we will
consider a simple approximation to Equation 45 and 46 where w
assumeu(a, k) = n(a,k) = 1 at early times, with a transition
to some other values at late times. This is natural in thetiagis
models of modified gravity that aim to explain the late-tinceed-
eration, where departures from GR occur at around the presgn
horizon scales. Also, the success in explaining the BBN avi@ C
physics relies on GR being valid at high redshifts.

To model the time evolution gi andn we use the hyperbolic
tangent function to describe the transition from unity te ton-
stantsuo andno:

11— 2 — Zs

w(z) == (1 + tanh X ) + 1o, (47)
_1—mno 2 — Zs

n(z) == (1 + tanh X, ) + 1o . (48)

where z, denotes the threshold redshift where we start to mod-
ify gravity, and u0, 70 are free parameters; following Zhao et al.
(2010), we fix the transition width z to be0.05.

6.3 Observables and Fisher Matrices

We use the observables including the LOFAR, EMU and WODAN
radio source auto-correlatior;y?, cross-correlationCy”, and
magnification biasC{", functions in a Fisher analysis. To obtain
the auto-correlation functions we consider radio soureslipted
distributions for LOFAR, EMU and WODAN; for the ISW sig-
nal we cross-correlate the radio source distributions thighCMB,
while to obtain the magnification correlations we use SDSSY DR
and DES galaxy populations as foreground lenses for théert
and southern hemispheres, respectively. The two-pointtitums
we use can be generalised as:

O =an [ LA WWERWT (1), (49)
whereA? (k) is the power spectrum arW’ZX’y(k:) denote angular
window functions. HereX,Y € [T, g, i, whereT', g and n indi-
cate the CMB temperature, radio source counts and magioficat
respectively.
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Given the specifications of the proposed future surveys, the
Fisher matrix (Fisher 1935, Tegmark et al. 1997) enablesous t
quickly estimate the errors on the cosmological parametensnd
the fiducial values. For Gaussian-distributed observalsiesh as
C7Y, the Fisher matrix is given by:

14

o~ 20+1 0Cy ~_10C, ~,_
Fap = fay D =5 (—apa o 5 Ci 1) . (50)
=Lmin

where p, (g is the a(f)-th cosmological parameter ar@, is

the “observed” covariance matrix with elements ¥ that include
contributions from noise:

CXY =Y + N}V . (51)

Eqg. (50) assumes that all field5(n) are measured over contiguous
regions covering a fractiofik, of the sky. The value of the lowest
multipole can be estimated froffin ~ [7/(2fsky)], Where the
square brackets denote the rounded integer; for the noisgxma
NXY we use Eq. (31, 32, 34).

To perform the Fisher analysis, we first parametrize our cos-
mology using:

P = (wb7w6798777nS7A87N73)7 (52)

wherew;, = Q,h? andw. = Q.h? are the physical baryon and cold
dark matter densities relative to the critical density ezspely,©

is the ratio (multiplied by 100) of the sound horizon to thgan
lar diameter distance at decouplingdenotes the optical depth to
re-ionization,ns and A, are the primordial power spectrum index
and amplitude, respectively, alde [wo, 70], 3 € [wa, o] are the
parameters we want to measure. We assume a flat Universe and an
effective dark energy equation of state= —1 throughout the ex-
pansion history; we also combine the latest supernovaarimbs-
ity distance from the UNION2 sample (Amanullah 2010) to tegh
the constraints.

Finally, given the uncertainties in the measurement of the b
and the redshift distribution for radio surveys, we martigeaover
the amplitude of the produéfz) x N (z). We note that the models
we use are constrained by the total radio source counts armlipu
rent knowledge of the evolution of the sub-populations. Tran
uncertainties in these distributions is in the high-redgif > 1)
evolution of the FRI radio galaxies (see e.g. Clewley & JaR004;
Sadler et al. 2007), however rapid progress on pinning ddwen t
evolution of these source should be made over the next fevs yea
by combining deep multi-wavelength survey data with deelora
continuum data (e.g. SmolCic et al. 2009; McAlpine & Jar2011).
The final results also depend on the shape of this producthwhi
is not precisely known; however, we verified that modificasi@t
the level of a few percent in the peak position, amplitude withv
do not significantly affect our results. A complete analysfishe
impact of this uncertainty on the measurement of cosmatbgia-
rameters is beyond the scope of this paper and it is left frauréu
work. Of course, a careful treatment of this issue will beurszg
in the real data analyses, as we mention in Section 8.1.

We useMGCAMB (Zhao et al. 2009) to calculate the observ-
ables in modified gravity for LOFAR, EMU and WODAN, and
use Eq. (50) to calculate the Fisher matrices using the ipeefe
model of current data as a fiducial model; following Zhao et al
(2009) and Zhao et al. (2010), we assume as fidyeial, w.} =
{-0.89, —0.24} for the dynamical dark energy parameters, and
{no, no} = {1.3,0.87} for the modified gravity parameters.

7 http://userweb.port.ac.uk/ zhaog/MGCAMB.html
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7 RESULTS

The results of our forecasts are shown in Fig. 11, 12, 13, dnd/d
plot the limits it will be possible to obtain, using the swyseonsid-
ered, in the measurements of the dynamical dark energy add mo
fied gravity parameters. To highlight the constrainingigbdf dif-
ferent observables, we show the contours for different damabi-
nations: lighter grey areas are limits from the Planck CMftus
Supernoveela measurements (Amanullah 2010), while darkgr g
areas are improvements we will have adding the auto-ctioela
of radio sources, the radio sources-CMB cross-correlglisw),

the foreground galaxy-background radio source crosslaiion
(Cosmic Magnification) and a combination of all the measure-
ments; the crosses refer to the standard model (cosmolagina
stant and General Relativity), stars indicate the curreat fit from

a combination of probes using WMAP, SDSS and CFHTLS (see
Zhao et al. 2010 for details).

We can see that the precision in the measurements of cosmo-

logical parameters will be significantly increased by theiton of
the probes considered; in particular we note that the IS\acefs
more powerful in testing models for gravity than models akdan-
ergy. If it turns out that gravity needs to be modified, the I18fféct
measured with radio surveys will be a powerful probe to measu
the modified gravity parameters, the physical reason béiagit
o transits from 1 to another value at lowyindicating a deviation
from GR, the growth will be enhanced; this will change + ¥)
significantly, hence generating a large ISW signal (Eq. 13).

Analyses of clustering and magpnification bias also tighten t
constraints on gravity; the magnification signal measur&stna-
tion about the power spectrum ob (+ ¥), which is largely con-
trolled byno, and also testg via growth of structures. The ACF is
also sensitive t@u, for this reason. These probes will also be useful
in measuring parameters of the dark energy component, ifSGR i
correct even at the largest scales. This is becaysg changes the
growth in a very smooth way; so while it does not generategelar
ISW signal, it does chang@(+ ¥) power integrated along the line
of sight, so can be noticed by magnification bias and the preje
ACF.

Looking at the different surveys, we can see that they will
allow precise measurements of cosmological parameterBARO
Tierl, EMU and WODAN should all be able to increase the preci-
sion in the dark energy and modified gravity measurements; co
pared with that predicted for CMB+SNe, by a significant antpiin
is also interesting to note that adding measurements froffARD
MS?, which is the least powerful of the surveys we considereé (du
to the lower number density of sources), will already deseche
errors in the measurements on modified gravity parametets wi
respect to the CMB+SNla ones.

Finally, in Fig. 16 we show the constraints on the parameters
of dynamical dark energy and modified gravity that will begibke
to obtain using the combination of EMU and WODAN, and we
compare them to the current best measurements availakde @h
al. 2010). We see that there is substantial improvementwive
quantify in Table 2; this reports limits on the measuremeinthe
four parameters for the different techniques using thdsisigrveys
and the EMU+WODAN combination.

8 http://www.rssd.esa.int/index.php?project=planck

8 DISCUSSION AND CONCLUSIONS

In this paper we have presented a forecast of the cosmologéeza
surements that will be possible with data from the forthaayiO-
FAR, EMU and WODAN radio surveys. We have used the correla-
tion spectra of radio sources: the auto-correlation, thieetations
with the CMB and with foreground galaxies, alone and in ceambi
nation, to predict measurements of cosmological parameter

As mentioned in Section 3.1, the EMU and WODAN surveys
can be combined in order to obtain a complete full sky catadog
and so the largest possible sky coverage, and Fig. 16 shaws th
improvements this combination will produce in constraintos-
mological parameters. However, this combination and allntea-
surements we highlighted will require a very careful treztinof
observational data and systematic errors; future workaeificen-
trate on detailed analysis of these issues.

8.1 Implications for Survey Design

The tests described in this paper will be very sensitive &iesy-
atic errors. For example, to measure magnification biasinegju
that the background source samples are uniformly surveyratigt

the threshold variation and completeness are well undedstver
large areas, placing a stringent requirement on the flubredion

of the surveys. Systematics such as these lead to a number of r
quirements on the surveys; here we make some initial comament
about the nature of these requirements:

e Uniformity and completeness. It is important that the tests
described in this paper are either conducted on a unifornpleam
or one where fluctuations are well understood. For instance a
uniform sample could be created by imposing a flux-density
cut which is sufficiently above the sensitivity limit at theost
insensitive part of the survey, so that there are few spsriou
sources, and so that sources are not being lost to systegifatits.
Detailed simulations will be necessary to check the impéthe
flux threshold given the consequent non-uniform signatdise.

e Calibration accuracy of individual surveys. Most surveys
typically aim for a 1% calibration accuracy; it will be imgant to
try to maintain this level, given the need for uniformity debed
above, and the problems arising if these calibration erooir
systematically and not randomly across the field.

e Dynamic Range. If a strong radio source causes low-level
artefacts, then that will affect the claimed number of fgiand
therefore typically distant) galaxies, resulting in a $pus cor-
relation between low-redshift and high-redshift galaxiesfirst
order one will see this as an increase in rms map noise towards
bright sources. Any of the cosmic measurements need to ke t
into account, possibly through masking the affected ardth, tve
consequence of reducing the sky-coverage slightly.

e Cross-calibration of different surveys. It would be usdturl
all of the surveys to overlap in some regions of the sky to ensu
an accurate absolute flux scale.

e Large scale gradients, especially in the declination tivac
are virtually unavoidable due to changing UV coverage as a
function of declination and increased system temperatordsw
elevation observations. These need to be carefully cedect

e Bias and redshift distribution uncertainties; this is a lwel

(© 0000 RAS, MNRASDOG, 000-000
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Figure 11. Forecast of constraints for dark energy (left) and modifieiity (right) parameters, for the LOFAR MSsurvey. Ellipses show constraints for
different combinations of probes (see text for details).
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Figure 12.Forecast of constraints for dark energy (left) and modifieVity (right) parameters, for the LOFAR Tier 1 survey. gdies show constraints for
different combinations of probes (see text for details).
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Figure 13. Forecast of constraints for dark energy (left) and modifieVigy (right) parameters, for the EMU survey. Ellipseswstanstraints for different
combinations of probes (see text for details).
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Figure 14.Forecast of constraints for dark energy (left) and modifiedity (right) parameters, for the WODAN survey. Ellipsé®w constraints for different

combinations of probes (see text for details).

known issue for both the galaxy-galaxy and galaxy-CMB terape
ture spectra and for the redshift distribution only for casmagni-
fication. To take this uncertainty into account, we margseal over
the amplitude ob(z) x N(z) (see Section 6.3 for more details). A
reliable measurement of redshift and bias for the radioiconm
population will allow us to improve the constraining powéttoe
techniques considered in this paper. This is the subjectfofuae
paper (Lindsay et al. in prep.).

8.2 Additional Measurements

In addition to the techniques presented in this paper, LOFNRU
and WODAN data will enable several other cosmological asesdy
which will be useful to test and improve our models. As exaapl
we briefly mention two interesting possibilities: the meaasoent
of a dipole anisotropy and a study of the CMB Cold Spot.

The measurement of a dipole anisotropy in the distribution
of radio sources can be used to test the distribution of matte
different distances and constrain our local motion withpees to
the comoving cosmic rest frame.

The dipole anisotropy in the cosmic microwave background
has been detected with good precision, so an accurate reaasutr
of the dipole anisotropy in the large scale mass distrilogidower
redshift will allow a test of the homogeneity of the mattestdbu-
tion in the universe: if there is agreement between the difol
the CMB and the dipole of galaxies, this will suggest a lagpes

to perform a number count analysis in order to search for d voi
in the direction of the Cold Spot (Cruz et al. 2005) in the Cos-
mic Microwave Background. Several models have been prapose
in order to explain this anomaly, e.g. voids (Inoue & Silk 800
Rudnick 2007), second order gravitational effects (To&itaoue
2008) or a brane-world model (Cembranos et al. 2008); Cruz et
al. (2007) showed through a Bayesian statistical analysisthe
cosmic texture explanation is favoured over the Rees-Sceffact
(Rees & Sciama 1968) due to a void or the Sunyaev-Zel'dovich e
fect (Zel'dovich & Sunyaev 1969) caused by a cluster. Radio a
optical data have been used to test the void hypothesis éGrain

al. 2010, Bremer et al. 2010), trying to find a gap in the nundleer

sity in the direction of the Cold Spot; no gap was found, hasvev
a further analysis using the EMU survey will be helpful, besa
the larger number density of sources at high redshifts wiljae
much better S/N for a potential void. Such an anomalouslyelar
void will also leave an imprint on ISW measurements (Graaett
al. 2008), and that again can be examined using EMU data.

8.3 Conclusions

In this paper we have shown the potential of SKA pathfinder-
generation radio surveys to provide competitive cosmaklgnea-
surements able to test cosmological models and constraimea
ters describing fundamental physics models.

Using simulated catalogues, we have predicted which mea-

homogeneity; while a discrepancy between the CMB and nearby surements we will obtain with the source auto-correlatitirg

dipole would cast doubt on the general assumption of isptaoyl
homogeneity of the Universe on large scales.

It is valuable to have radio sky surveys at different frequen
cies (such as LOFAR and WODAN), as the amplitude of the radio
dipole is not only a function of our peculiar velocity, busalof the
spectral index of radio emission (Ellis & Baldwin 1984).

A detection of the dipole anisotropy in the radio sourcerdist
bution has been reported using NVSS (Blake & Wall 2002), het t
significance of this measurement depends strongly on théaum
of sources; the surveys considered here will provide anésgive
improvement in the precision of the dipole anisotropy measu
ment, being able to move from an uncertainty~af5 degrees in
dipole direction of (Blake & Wall 2002), to an improved acacy
of ~2 deg, at 1s level (Crawford 2009).

Using the radio source distribution, it will also be possibl

cross-correlation between sources and the CMB, the maajidfic
bias, and a joint analysis together with the CMB power spectr
and Supernovae la.

We have shown examples of the constraining power in testing
cosmological models alternative to th€ DM+GR model, looking
for modifications coming from non-Gaussianity, alternativodels
for dark energy or modifications to the theory of gravity. Wevé
assumed that the surveys will achieve their target datasét a
treatment of systematic errors, but have tried to be coatigevin
our analyses (e.g. marginalising over the amplitude ofetation
power spectra, and using objects detected at dignal-to-noise
threshold).

There are a number of other galaxy surveys at different wave-
lengths, which aim to measure cosmological parametersyhiuh

(© 0000 RAS, MNRASDOG, 000-000
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Figure 15. Comparison of median redshift and sky coverage of selected
future imaging surveys.

are already collecting data or are being actively prepanedThe
radio surveys discussed in this paper are complementatyetet
surveys, because of the difference in area, redshift andauden-
sity covered, and so they will be able to provide useful infation
using some specific probes (i.e. ISW and Cosmic Magnificagien
their constraining power is increased for larger sky cayerand
higher redshifts). In the period before SKA, 3D redshiftveys
such as BOSS will provide more information on the power spec-
trum on intermediate scales and at low redshifts; photamstir-
veys such as Pan-STARRSand DES will also span a different
part of the parameter space, as they will observe a largebeum
of objects, but at a lower median redshift and, in some cases,
smaller region of the sky. Radio surveys cover larger vokiraed
so provide more large-scale information; thus they will benple-
mentary to these other surveys. Next generation experarserth
as Euclid and LSST will improve the quality of available ddiat
for some aspects the radio surveys of the current generatimn
still competitive, as can be seen from Fig. 15. In the radigSIS
has been used to perform cosmological analyses (e.g. Ratican
et al. 2008, Xia et al. (2010)), and the surveys we consideezd
will have higher median redshift and number of objects olesar
so they should improve the precision of the cosmologicalsues
ments available.

Our results show that the unprecedented combination of sky
coverage, redshift range and sensitivity will enable hpgbeision
measurements, competitive with current surveys in a cuatee
scenario. Examining Fig. 16 and Table 2, it is clear that tlea-m
surements that LOFAR, EMU and WODAN could provide are po-
tentially decisive in ruling out a large part of the cosmabad) pa-
rameter space for dark energy and modified gravity models.
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Probe Owy | Owa | Tng | Tug
CMB + SNe 0.14 | 0.64 | 0.66 | 0.24
CMB + SNe + LOFAR MS ISW 0.13 | 0.59 | 0.38 | 0.18
CMB + SNe + LOFAR MS ACF 0.12 | 0.51 | 0.64 | 0.28
CMB + SNe + LOFAR MS MAG 0.14 | 0.64 | 0.66 | 0.24
CMB + SNe + LOFAR MS ALL 0.14 | 049 | 0.38 | 0.17
CMB + SNe + LOFAR Tierl ISW 0.11 | 0.51 | 0.35| 0.16
CMB + SNe + LOFAR Tierl ACF 0.07 | 0.29 | 0.54 | 0.19
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CMB + SNe + LOFAR Tierl ALL 0.07 | 0.28 | 0.32 | 0.14
CMB + SNe + EMU ISW 0.07 | 0.25 | 0.22 | 0.11
CMB + SNe + EMU ACF 0.05 | 0.14 | 0.11 | 0.07
CMB + SNe + EMU MAG 0.08 | 0.34 | 0.60 | 0.21
CMB + SNe + EMU ALL 0.05 | 0.13 | 0.10 | 0.05
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Table 2. Errors on measurements of dark energy and modified gravity pa
rameters for the different surveys and probe combinati@osrént best
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