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ABSTRACT
The Cosmic Background Imager (CBI) is an interferometer array designed to measure the power spectrum
of fluctuations in the cosmic microwave background radiation. The CBI is located at an altitude of 5080 m
in northern Chile. It consists of 13 0.9-m diameter antennas on a 6-m diameter tracking platform. Each
antenna has a cooled, low-noise receiver operating in the 26–36 GHz band. Signals are cross-correlated in
an analog correlator with 10 1-GHz bands. We describe the observations and data-analysis methods and
present a determination of the microwave background intrinsic anisotropy spectrum over the range l = 400
to l = 3500.

1. Introduction
The cosmic microwave background (CMB) provides a direct view of physical processes in the early universe. In standard
cosmological models, acoustic oscillations of the primordial plasma give rise to a harmonic series of peaks in the angular
power spectrum of the CMB (e.g., Sunyaev & Zeldovich 1970; Bond & Efstathiou 1987). Measurements of the power
spectrum can provide strong constraints on cosmological parameters (e.g., White et al. 1994), determine the nature and
initial conditions of the fluctuations (Hu & White 1996), and provide fundamental tests of particle physics (Kamionkowski
& Kosowsky 1999). A number of experiments have detected the first, second, and possibly the third acoustic peaks in the
anisotropy spectrum (Miller et al. 1999; de Bernardis et al. 2000; Hanany et al. 2000; Netterfield et al. 2002; Halverson
et al. 2002; Lee et al. 2001). Observations at high multipoles (l ∼ 500–2000), where the physics is strongly affected
by photon diffusion and the thickness of the last scattering region (Silk 1968), provide independent constraints on these
fundamental parameters. At even higher multipoles (l > 2000), secondary effects such as the Sunyaev-Zel’dovich effect
(Sunyaev & Zel’dovich 1972) are expected to dominate and hence offer the prospect of studying the formation of largescale structure at recent times.
The Cosmic Background Imager (CBI) is an interferometer array designed to measure the power spectrum of fluctuations
in the CMB (CMBR) for multipoles in the range 400 < l < 3500. The CBI is located at an altitude of 5080 m in the
Atacama Desert in northern Chile. Here we present a summary of some of the results from the CBI. Preliminary results
were presented by Padin et al. (2001, hereafter Paper I). Paper II (Mason et al. 2002) presents our estimate of the power
spectrum for l  3500 from observations of three pairs of 45 (FWHM) deep fields made in our first observing season,
2000 January–December. Paper III (Pearson et al. 2002) presents complementary results from first-season observations
of three pairs of fields each about 145 × 165 (total ≈ 40 deg2 ), using the mosaicing method. While these observations
are less sensitive than those of Paper II at high l, they have higher resolution in l, and they have greater sensitivity at low
l owing to the reduced cosmic variance. Further observations made in 2001, which are currently being analyzed, will increase the sensitivity and improve the resolution of our power spectrum estimate. The method we use for extracting power
spectrum estimates from interferometry data is described by Myers et al. (2002, hereafter Paper IV). A full discussion of
the implications for cosmology is the subject of two further papers (Sievers et al. 2002, hereafter Paper V; Bond et al.
2002, hereafter paper VI).
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2. The Cosmic Background Imager
Measurement of the CMB power spectrum with interferometers has been discussed in several papers (e.g., Hobson,
Lasenby, & Jones 1995; Maisinger, Hobson, & Lasenby 1997; White et al. 1999a,b; Hobson & Maisinger 2002), and
details of the method that we have used are presented in Paper IV. The angular power spectrum of the CMB is conventionally expressed as Cl = |alm |2 , where alm are the coefficients in a spherical-harmonic expansion of the CMB
temperature distribution. A single-baseline interferometer is sensitive to a range of multipoles l ≈ 2πu ± ∆l/2 where
u is the baseline length in wavelengths, and ∆l is the FWHM of the visibility window function, which is determined by
the size and illumination pattern of the antennas and is proportional to the square of the Fourier√transform of the primary
beam (antenna power pattern). For a circular Gaussian primary beam of FWHM a rad, ∆l = 4 2 ln 2/a.
The CBI is a 13 element interferometer in which all 78 antenna pairs are cross-correlated (for a detailed description, see
Padin et al. 2002). The 26–36 GHz band is split into ten channels each 1 GHz wide, which are correlated separately,
giving a total of 780 complex visibility measurements in each integration. The antennas are mounted on a tracking
platform which is rotated to track parallactic angle, so that each baseline keeps a constant orientation relative to the field
of view. The 78 baselines range in length from 1.0 m to about 5.5 m, depending on the antenna configuration on the
platform. The antennas respond to left circular polarization (LCP), although for part of the observations one antenna
was configured for right circular polarization (RCP). Data from the 12 cross-polarized baselines will be used to place
limits on CMB polarization. The Cassegrain antennas have a diameter of 0.90 m and a measured primary beam width
a = 45. 2 × (31 GHz/ν) at frequency ν, so that ∆l ≈ 300. The primary beam is quite close to a circular Gaussian, but we
have adopted a more accurate model of the measured radial profile when making images and estimating the CMB power
spectrum.
In observations of single fields (Paper I and Paper II), the resolution in l of the power spectrum is limited to ∆l ∼ 300,
which is insufficient to resolve the expected structure in the spectrum. To improve the resolution, we make mosaiced observations in which we map an area of sky using several closely-spaced pointings (Paper III). This method is in widespread
use for making images of extended regions with radio interferometers. We have mapped three separate fields in this way,
using 42 pointings for each in a rectangular grid of 7 rows separated by 20 in declination and 6 columns separated by
1m 20s ≈ 20 in right ascension. This allows us to improve the resolution in l to ∆l ≈ 100.
Although the CBI antennas were designed to have low sidelobes and crosstalk (Padin et al. 2000), emission from the
ground contaminates the data, especially on short baselines. The ground signal is stable on time-scales of many minutes,
so if we observe two nearby fields under similar ground conditions, the difference of the visibilities of the two fields is
unaffected by the ground. Differencing also eliminates any constant or slowly varying instrumental offsets. We observe
a field (the lead field) for about 8 min and then switch to a reference field (trail field) at the same declination but 8 min
later in right ascension for the next 8 min, and form the difference of corresponding 8.4 s integrations. The two fields
are observed over the same range of azimuth and elevation, so they have nearly identical ground contributions. Between
scans, we rotate the platform to change its orientation relative to the hour circle, thus improving the sampling of the (u, v)
plane. This also reduces the effect of any residual ground contamination.

3. Results
Figure 1 shows mosaic images made from the entire dataset using natural weighting (see Paper III). In the 26–36 GHz
band, the dominant confusing foreground is the emission from discrete radio galaxies and quasars, which we refer to
as “point sources.” The contribution of point sources to the visibilities must be estimated accurately in order to obtain
a reliable estimate of the CMB power spectrum. A random distribution of point sources has a power spectrum Cl =
constant, while for the CMB Cl decreases rapidly with increasing l, so discrete sources dominate at high l. To remove
most of the point-source contamination in our data, we measured the flux densities of a large number of known point
sources using a dual-beam 31 GHz HEMT receiver with a beamwidth of 81 on the 40-meter telescope at the Owens
Valley Radio Observatory (OVRO), and subtracted the detected sources from the visibility data. The effectiveness of
the OVRO source subtraction can be seen by comparison of the “before” and “after” images in Figure 1. Most of the
sources have been removed successfully, although there are of course residuals owing to incorrect measurements or source
variability, and a few sources can be seen that were not detected at OVRO.
Our algorithm for the estimation of power spectra from mosaic visibility data is described in Paper IV. We model the
power spectrum as flat in each of a set of contiguous bands, and estimate the power in each band by maximum likelihood.

Fig. 1.— Images of the 02h mosaic field. Left: raw data; right: after subtraction of sources measured at OVRO. The images show the
difference of the emission in the lead and trail fields. The coordinates are J2000. The right ascension scale applies to the lead field;
add 8m to obtain the right ascension of objects in the trail field. The same gray-scale range has been used for both images, and it does
not show the full brightness range of the discrete sources. In the raw image, light (positive) spots are discrete sources in the lead field,
while dark (negative) spots are discrete sources in the trail field. The brightest source in this image has a flux density of about 67 mJy at
31 GHz. These images were made from the entire dataset using natural weighting, have been corrected for the primary beam response,
and have a resolution (FWHM) of 5. 2–5. 5 (the resolution varies slightly across the image, depending on the u, v coverage obtained for
each pointing).

Fig. 2.— Comparison of the joint power spectrum estimates from the three CBI mosaic fields with the measurements from Boomerang
(Netterfield et al. 2002), DASI (Halverson et al. 2002), and Maxima (Lee et al. 2001); the rectangles indicate the 68% confidence
intervals on band-power. CBI band-power estimates have been made for two overlapping, non-independent divisions of the l range into
bins (blue squares and red circles). The error-bars shows ±1σ uncertainties from the inverse Fisher matrix. The smooth curve is a
cosmological model fitted to the CBI and earlier data (see Paper V).

We include constraint matrices (Bond, Jaffe, & Knox 1998) to project out the contributions of point sources of known
position, and include a residual contribution from faint sources of unknown position. As an example, we show in Figure 2
the band-powers estimated from mosaic observations of three fields with bins of width ∆l = 200; the correlation between
adjacent bins is about −16% (see Paper III). We compare our results with the earlier results from the Boomerang, DASI,
and Maxima experiments. In the region of overlap (300  l  1000) the agreement is very good. These results confirm
the drop in power with increasing l first reported in Paper I, and extend the observations of this decline in power out
to l ∼ 2000, consistent with the extrapolation of models fitted to the low-l data; they provide improved constraints on
cosmological parameters (see Paper V). At larger multipoles, l = 2000–3500, our deep observations (Paper II) are more
sensitive, and they find that the power is 2.8σ greater than standard models for primary CMB anisotropy in this multipole
range. This excess power is not consistent with expected levels of residual radio source contamination and is higher than
predicted by most models of secondary anisotropy. If it is real, it could be due to secondary anisotropy generated by the
Sunyaev-Zeldovich effect.
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