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ground anisotropies are generated at late times once the
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An important probe of dark energy is the integrated Sachs-Wo Ife e ect, where cosmic microwave back-

dak energy becomes important dynamically. This con-

tribution brie y describes the e ect and summarises the pre sent observational evidence for it. A potential survey
by the Square Kilometre Array (SKA) covering a large fractio n of the sky could improve our understanding of the

e ect greatly.

1. Introduction

One major goal of future surveys like the Square Kilometre
Array (SKA) will be to help us better understand what is
responsible for the late time acceleration of the Universe.
Whether this acceleration is due to some strange type of
“dark energy' or arises because the laws of gravity are mod-
i ed on large scales, future surveys will enable us to better
understand its origin.

If some kind of dark energy is the cause, there is much
we would like to know: How much of it is there? How
did evolve? Is it uniform everywhere, or does it cluster?
Because it is dark, our knowledge of dark energy is nec-
essarily indirect. Constraints on its present mass require
measuring well the densities of the other cosmological in-
gredients: dark matter, baryons, neutrinos, photons, etc.
The dark energy evolution is detected through measure-
ments of the past expansion rate such as type IA super-
novae, or the distance to the CMB last scattering surface.

We can also hope to learn about dark energy through
its a ect on the clustering matter. The rate that structures
form will not only be a ected by the changing the back-
ground expansion rate, but they will also be in uenced
by any inhomogeneities in the dark energy. These can be
studied most directly through observations like gravita-
tional lensing, and through the gravitational anisotropies
they produce in the microwave background. The latter,
which is known as the integrated Sachs-Wolfe (ISW) ef-
fect will be the subject of this contribution.

2. What is the ISW e ect?

The integrated Sachs-Wolfe e ect results from the line of
sight integral in the Sachs-Wolfe equation (Sachs & Wolfe
1967):
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CMB photons pass through peaks and wells of the gravi-
tational potential along their way to us. As they fall into a
potential well, photons gain energy; if the well is not evolv
ing, the photons lose the same energy when they climb
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Fig.1. Large scale CMB anisotropies arising in the early and
late universe. Only the late contributions from the ISW eec t
on large scales are shown; non-linear e ects like the Sunyae-
Zeldovich e ect and the Rees-Sciama e ect will arise on smal ler
scales.

out, leaving no net change. However, if the gravitational
potentials decay while the photons pass through, then the
energy that they lose climbing out is less that what they
gained falling in, leaving a net shift in the photon temper-
ature.

Both the ISW and Rees-Sciama e ect arise in this
way; the ISW e ect is generally taken to be the contri-



bution from the linear evolution of the gravitational po-
tential, while the Rees-Sciama e ect arises from the non-
linear evolution of the potential in clusters (Rees & Sciama
1968). While the non-linear e ect is inevitable, the linear
e ect depends on the cosmological model and requires that
the background equation of state changes. This happens
at early times as the universe goes from being radiation
dominated to matter dominated, and can also occur at
late times as the dark energy (or curvature) takes over
from the matter.

The evolution of the gravitational potential can be re-
lated to the linear density perturbation via Poisson's equa
tion in Fourier space,
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where k is the comoving wave number. Since the mat-
ter density is proportional to ., / a 2, we see that the
gravitational potential evolves as / p=a In the mat-

ter dominated regime, the growth of the perturbations is
given by , / a, meaning the gravitational potential is

constant in time: the collapse of the perturbations is ex-
actly balanced by the dilution of the matter. However,

when dark energy or curvature begins to dominate, the
growth of perturbations is slowed, and the gravitational

potentials begin to decay, giving rise to the late time ISW
e ect.

Unlike the ISW perturbations generated at the earlier
radiation-matter transition, the ISW anisotropies gener-
ated at late times are virtually uncorrelated with the CMB
uctuations generated at the last scattering surface. Thus
the CMB sky we see is e ectively composed of two inde
pendent maps, those uctuations created at last scatter-
ing or soon afterwards, and those created at low redshift
when dark energy or curvature has become dynamicall
important (see Fig. 1.)

The spectrum of the temperature anisotropies gener
ated by the late-time ISW e ect is shown in Fig. 2. It is
predominantly on very large scales, and for typical models
it is not as large as the anisotropies from the last scatter
ing surface. It is dominated by modes which are of the
horizon size, because it is these modes which will have tt
most time for the potential to change as the photons pas:
through. For smaller scale perturbations, photons can get
many positive and negative smaller amplitude contribu-
tions which will tend to cancel out.
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3. Detecting the ISW e ect with cross
correlations

How can we determine whether the CMB uctuations we
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Fig.2. Typical auto correlation function for the ISW e ect
in a cosmological constant model. The late ISW adds a small
amount of large scale power to the temperature maps, largely
uncorrelated with the anisotropy arising from early times.
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Fig. 3. Typical cross correlation function for the ISW e ect in
a cosmological constant model. The cross correlation (shown
in arbitrary units) peaks on scales of a few degrees.

amplitude is small and where it is largest, cosmic variance

is also large (Fig 2.) This makes direct detection di cult.
However, we do know that the ISW anisotropies will be

produced by local z < 2) uctuations in the gravitational

see are generated at early or late times? Unlike many fore- potential, and this we can determine if we know how the
grounds, the ISW uctuations have the same frequency matter is distributed on large scales. While the gravita-
spectrum as the primordial anisotropies, so we cannot use tional potential is di cult to reconstruct, we can use the

di erent frequency observations to isolate them. We can observed galaxy density as a way of tracing it. If the gravi-
attempt to look for the additional power in the CMB auto-  tational potential is decaying, statistically we expect over-
correlation spectrum, but this is di cult because the ISW  densities of galaxies to align with temperature hot spots



and under densities with temperature cold spots. Thus we . ‘ N ‘
can constrain our cosmological model by looking for cross 1k -
correlations between the CMB maps and large scale distri- i 1
bution of matter (Crittenden & Turok 1995; Kinkhabwala
& Kamionkowski 1999).The power spectrum of the cross
correlations are shown in Fig. 3; while the cross correla-
tions remain on relatively large scales, they are shifted
somewhat smaller scales compared to the auto-correlation
in Fig.2 because the galaxy surveys have a bluer spectrum.
Detecting the cross correlations is dicult, as it re-
quires both a good map of the CMB on large scales and
a map of the galaxy distribution which is both deep and
covers a large fraction of the sky (Crittenden & Turok
1995; Peiris & Spergel 2000; Afshordi 2004). Large sky
coverage is essential because the primordial uctuations
act e ectively like noise when searching for anisotropies 0.01 bt ‘ P
generated recently, and so the measurements are always mean redshift (z)
‘noise’ dominated. The rst attempts of detecting the cor-

relation using the COBE data and maps of the X-ray back- rig 4. A summary of the ISW cross correlation measurements
ground (believed to trace AGN) or radio galaxy distribu- o date (from Giannantonio et al. 2006). The lower redshift
tion produced no detections (Boughn et al. 1998; Boughn points represent the WMAP correlations with the APM and
& Crittenden 2002). 2-MASS surveys, the median redshift points arise from the
However, the picture improved greatly with the correlations with the SDSS galaxy and LRG surveys, and the
WMAP observations (Bennett et al. 2003; Hinshaw et al. highest redshift points come from radio galaxy, x-ray and SD SS
2007). Correlations were quickly seen with the hard X-ray duasar surveys. The results from all the various surveys are
background (Boughn & Crittenden 2004), the NVSS ra- consistent with each other and the theoretical predictions of
dio galaxy survey (Boughn & Crittenden 2004; Nolta et he standard concordance model.
al. 2004), the APM galaxy survey (Folsalba & Gaztanaga
2004), the SDSS (Fosalba et al. 2003; Scranton et al.
2003; Padmanabhan et al. 2005) and the 2MASS survey be able to break parameter degeneracies of the dark en-
(Afshordi et al. 2003). While all the detections are ata low €rgy model (Garriga et al. 2004; Pogosian 2005; Pogosian
Signi cance (2 3 ), it is encouraging that they are seen et al. 2005) HOWeVer, the “noise' from the primordial
is such a broad range of surveys, from the radio and in- aniSOtrOpieS fundamenta”y limits how well cross corre-
frared to the optical and X-ray. More recent analyses have lations can ever be detected, with an ideal signal to
improved the signi cance of the detections using wavelet hoise of approximately 10 in the most optimistic models
techniques (Vielva et al. 2006; McEwan et al. 2007), and (Crittenden & Turok 1995; Afshordi 2004).
seen correlations with new SDSS data (Cabre et al. 2006;  The amplitude of the nal signal will depend on the
Giannantonio et al. 2006). actual strength of the correlations and the data so far
The observational evidence of the cross correlations has shown slightly higher correlations than expected, but
between the CMB and large scale structure is shown in the signi cance of this excess is not great. Obtaining the
Fig. 4, where the correlations at a particular angle are best possible limits will require very good CMB and large
shown as a function of the mean redshift of the survey. scale structure data. While data from WMAP and Planck
Despite the wide frequency range of the observations (from should be su cient from the CMB side, much progress is
the radio to the X-ray) and the very di erent systematics needed in the large scale structure data, and here is where
in these surveys, the cross correlations are all consistent the SKA could play a vital role.
and are consistent with the theoretical expectations for The present surveys are limited by a number of fac-
the ISW e ect in a cosmological constant cosmology. tors. Some, like the 2-MASS infrared survey, simply do
not go deep enough in redshift to see the largest part
of the e ect. Others, like the NVSS radio galaxy survey,
are deep enough but the exact redshift dependence and
The various cross correlation measurements have already bias of the sample are uncertain. These surveys also su er
been combined to give constraints on cosmological modelsfrom having relatively few objects, leading to signi cant
(Gaztanaga et al. 2006; Corasaniti et al. 2005). While the Poisson uncertainties. The biggest limiting factor in most
limits are still relatively weak, the cross correlation mea surveys is sky coverage; the only way to beat down the
surements constitute direct physical evidence of dark en- noise of the uncorrelated early CMB map (Fig. 1) is to
ergy, giving independent con rmation of our cosmological cover the largest fraction of sky available. The signal to
model. With improved large scale structure data, future noise is roughly proportional to the square root of the area
observations will improve these measurements and may of the survey, meaning that bigger is generally better.
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4. Prospects for the future and the SKA



Recently, cosmological surveys have been proposed forLue, A., Scoccimarro, R., & Starkman, G. D., 2004,

the SKA which could be ideal for the study of the ISW
e ect. For example, Blake et al. (2004) describe a survey
with of order 10° HI emission line galaxies covering half
of the sky, with full three dimensional information out to
redshifts of orderz = 1:5. Such a survey (were it only able
to cover the whole sky) would be able to measure virtu-
ally the entire ISW signal, with su cient number densities
that Poisson errors would not be a problem.

Phys. Rev. D, 69, 124015
McEwen, J. D., et al., 2007, MNRAS, 373, 1211 arXiv:astro-
ph/0602398.
Nolta, M. R., et al., 2004, ApJ, 608, 10
Padmanabhan, N., et al., 2005, Phys. Rev. D, 72, 043525
Peiris, H. V. & Spergel, D. N., 2000, ApJ, 540, 605
Pogosian, L., 2005, JCAP, 0504, 015
Pogosian, L., 2005, Phys. Rev. D, 72, 103519
Rees, M. J. & Sciama, D. W., 1968, Nature, 217, 511

However, even in such perfect conditions the cosmic sachs, R. K. & Wolfe, A. M., 1967, ApJ, 147, 73

variance would prevent the signal to noise from being too
high. Despite this limitation, cross correlation studies are
crucial as they o er an important window on the clus-
tering of the dark energy. Few other probes are on su -
ciently large scales to see this clustering, and includingte
dark energy perturbations makes a signi cant impact on
the ISW anisotropies (Bean & Dore 2004; Weller & Lewis
2003). Given the uncertainties, the present constraints on
the sound speed are fairly weak; however, ultimately cross
correlation measurements should be able to discriminate
between di erent sound speeds (Hu & Scranton 2004).

In addition, the ISW e ect provides a means for dis-
tinguishing dark energy from modi ed gravity, even if the
background expansion is identical (e.g. Lue et al. 2004;
Song et al. 2006). The modi ed gravity models can change
the rate of gravitational collapse at higher redshifts, gen
erating additional correlations. Thus, it is vital that we
continue looking for correlations in future surveys like the
SKA and keep pushing the bounds to higher and higher
redshifts.
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