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Abstract

We have detected statistically significant correlations between the cosmic microwave background and two tracers
of large-scale structure, the HEAO1 A2 full sky hard X-ray map (Boldt, 1987) and the NVSS 1.4 GHz, nearly
full sky radio galaxy survey (Condon et al., 1998). The level of correlations in these maps is consistent with
that predicted for the integrated Sachs-Wolfe (ISW) effect in the context of a ΛCDM cosmological model and,
therefore, provides independent evidence for a cosmological constant. A maximum likelihood fit to the amplitude
of the ISW effect relative to the predicted value is 1.13± 0.35 (statistical error only).

Key words: cosmic microwave background, X-rays: general, large-scale structure of the universe
PACS: 98.80.Es, 95.85.Nv, 98.70.Vc, 98.65-r

In the currently favored Λ-cold dark matter
(ΛCDM) cosmological model, the dominant en-
ergy content of the universe is due to a cosmo-
logical constant, Λ, or some other form of “dark
energy”. The primary evidence for this model
comes from supernovae redshift/magnitude ob-
servations (e.g. Barris et al., 2003) that imply the
expansion of the universe is accelerating and from
the spatial power spectrum of the fluctuations in
the cosmic microwave background (Bennett et al.,
2003). One of the consequences of this model is
that a significant portion of the anisotropy of
the CMB is produced recently via a mechanism
known as the integrated Sachs-Wolfe (ISW) effect
(Sachs & Wolfe, 1967). This anisotropy is created
as CMB photons traverse the evolving gravita-
tional potentials of linear density perturbations
(i.e., δρ/ρ ≪ 1) at relatively low redshifts (z . 1).

Crittenden and Turok (1996) suggested that the
ISW effect could be detected by correlating the
CMB with some nearby (z . 1) tracer of matter,
e.g., galaxies or AGN.

A significant ISW effect arises recently in a cur-
vature dominated universe or in a flat universe if
it is Λ dominated. On the other hand, in a flat,
matter dominated universe the gravitational po-
tentials of linearly collapsing structures are con-
stant and there is no ISW effect. It is in this sense
that the ISW effect has a unique sensitivity to a
cosmological constant in a flat universe. If there is
a significant Λ, then the CMB will be correlated
with tracers of mass at low redshift; if not, there
is no such correlation. To be sure, such correla-
tions could be generated at roughly the same level
if the universe is significantly open with Ω . 0.5;
however, the position of the Doppler peaks in the
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Fig. 1. The cross-correlation function of the WMAP
ILC CMB maps with the HEAO1 A2 2-10 keV ,
hard X-ray map. The error bars were determined from
Monte Carlo calculations and are highly correlated. The
solid curve is the predicted ISW effect from the stan-
dard ΛCDM cosmological model and is not a fit to
the data. The units are µK TOT counts s−1 where
1 TOT count s−1

∼ 1 × 10−5erg s−1cm−2sr−1.

CMB anisotropy spectrum measured by WMAP
and other experiments indicate that this is not the
case (Bennett et al., 2003).

We have cross-correlated two mass tracers with
the WMAP ’internal linear combination’ (ILC)
CMB map and found significant correlations in
both cases (Boughn & Crittenden, 2004a). The
HEAO1 A2 2-10 keV all sky X-ray map pro-
vides a good tracer of mass with a median red-
shift of about z ∼ 0.9 (Boughn & Crittenden,
2004b). Likewise, the NVSS 1.4 GHz nearly
full sky (82%) radio catalog also provides a
good tracer with the same median redshift
(Condon et al., 1998). Both of these maps have
significant systematics which we have tried to
identify and correct for (Boughn & Crittenden,
2002; Boughn, Crittenden & Koehrsen, 2003).
However, even if there are still residual contam-
inants, it is unlikely that the systematics in any
of the three disparate data sets are correlated. In
fact, the resulting cross-correlation functions are
largely independent of the corrections.

A standard measure of the correlation of two
data sets is the cross-correlation function (CCF ),
which in this case is defined by

Fig. 2. The cross-correlation function of the WMAP ILC
CMB maps with the NVSS 1.4 GHz radio survey. The
error bars were determined from Monte Carlo calculations
and are highly correlated. The solid curve is the predicted
ISW effect from the standard ΛCDM cosmological model
and is not a fit to the data. The units are mK counts

where the counts are number of radio sources per 1.3× 1.3
degree pixel.

CCF (θ) =
1

Nθ

∑

i,j

(Si − S̄)(Tj − T̄ ) (1)

where the sum is over all pairs of pixels separated
by an angle θ, Si is the signal strength of the ith

pixel of the tracer map, S̄ is the mean signal, Ti

is the CMB temperature of the ith pixel, T̄ is the
mean CMB temperature, and Nθ is the number of
pairs of pixels separated by θ. In the case of the
HEAO X-ray map, S is the 2-10 keV X-ray inten-
sity and for the NV SS radio catalog, S is the sur-
face density of radio sources. Figure 1 is the X-ray
CCF and Figure 2 is the NV SS CCF . In both
cases, the error bars were computed from Monte
Carlo simulations and are highly correlated. These
errors are primarily due to the fluctuations inher-
ent in the X-ray, radio, and CMB backgroundswith
only minor contributions due instrument noise and
this is why they are so highly correlated. Photon
shot noise in the X-ray map and Poisson noise due
to finite source counts are important and account
for roughly a half of the error.

The solid curves in the two figures are predic-
tions of the currently favored ΛCDM cosmologi-
cal model and are not fits to the data. The sta-
tistical significance of the detection of the correla-
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tion is roughly 2.5 σ in both cases and it is clear
that the correlation is consistent with the predicted
ISW effect. Recall that in a flat, matter dominated
universe, there is no expected correlation. A max-
imum likelihood fit to both data sets, taking into
account that the two tracer maps are themselves
correlated with each other, yields an ISW ampli-
tude of 1.13± 0.35 relative to the predicted ampli-
tude for the WMAP best fit cosmological model.
This implies a 3.2 σ detection of the ISW effect
with an amplitude consistent with that predicted
by the standard ΛCDM cosmological model.

The predicted ISW effect is sensitive to the
biases of the two tracer maps, the redshift distri-
bution of the sources, and to the the cosmological
model. The redshift distributions were taken from
model luminosity functions (Dunlop & Peacock,
1990; Cowie et al., 2003) and the biases were de-
termined from the the clustering of the sources in
the two tracer maps (Boughn & Crittenden, 2002,
2004b), the source redshift distributions, and
the standard cosmological model. Even though
there is considerable uncertainty in the luminosity
functions and concomitant source redshift dis-
tributions, the predicted ISW effect is relatively
insensitive to these uncertainties. For example, if
the redshift distribution is artificially low, so will
be the implied bias. However, in a ΛCDM uni-
verse at these redshifts, the intrinsic ISW effect
is somewhat larger at low redshifts and these two
errors tend to cancel each other. For this reason,
we conclude that this type of systematic error will
be considerably smaller than the statistical errors
indicated in Figures 1 and 2.

Another possible systematic error in the case
of the X-ray/CMB analysis is nearby, unresolved
source contamination if such sources emit signifi-
cantly in both X-rays and microwaves. We masked
the CMB map with the most aggressive WMAP
mask (k0) that includes both the plane of the
Galaxy and high latitude sources. The Galactic
plane was also removed from the X-ray and, in
addition, we masked high Galactic latitude X-ray
sources in a variety of ways. However, the X-ray
CCF is largely independent of how these sources
are masked.

The NVSS/CMB CCF is less sensitive to high
Galactic latitude sources since it is based on ra-

Fig. 3. The cross-correlation function of the HEAO X-ray
map with the 41 (solid curve), 61 (dashed curve) and 94
GHz (dot-dashed curve) WMAP CMB maps. The points
are the cross-correlation with the internal linear combina-
tion map plotted in Figure 1.

dio number counts rather than source flux. More
insidious is microwave emission from distant X-
ray and radio sources since it is these sources that
are purported to map the mass distribution that
generates the ISW signal. Models of AGN and ra-
dio sources indicate that they are not a source of
contamination but an even stronger constraint can
be obtained from the different WMAP CMB fre-
quency bands (41, 61, and 94 GHz) maps. Most
radio/microwave sources have spectral indices, α,
ranging from α ≃ −0.7 for a synchrotron spectrum
to α ≃ −0.1 for a Bremsstrahlung spectrum. On
the other hand, the blackbody spectral index of
the CMB is α ≃ +2.0 in the Rayleigh-Jeans part
of the spectrum. If the CCF we observe were due
to radio source contamination then one would ex-
pect the CCF with the 94 GHz WMAP map to
be from 5.7 to 9.4 times larger than the CCF with
the 41 GHz map. Even inverted spectrum sources
with spectral indices as large as α ≃ +1.2 would
imply a factor of two difference between these two
CCFs.

Figures 3 and 4 are CCFs of the X-ray and
NVSS maps with the 41, 61, and 94 GHz CMB
maps. (These three maps were corrected for Galac-
tic emission using the synchrotron, free-free, and
dust maps from the WMAP data public data set.)
The solid and two dashed lines in the figures in-
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Fig. 4. The cross-correlation function of the NVSS radio
map with the 41 (solid curve), 61 (dashed curve) and 94
GHz (dot-dashed curve) WMAP CMB maps. The points
are the same as those plotted in Figure 2.

dicate the three CCFs while the points are the
CCFs from Figures 1 and 2. It is clear that the
difference between them is a few percent at most
and we conclude that it is extremely unlikely that
the observed correlation is due to radio source
contamination.

The correlation functions of Figures 1 and 2 are
consistent with the ISW effect predicted in a uni-
verse dominated by a cosmological constant, Λ ∼

0.7 and, in this sense, provide important indepen-
dent confirmation of the currently favored ΛCDM
cosmological model.
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