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Abstract

Anisotropies in the cosmic microwave background (CMB) encode information about the evolution and
development of the universe. Quality observations of CMB anisotropies can provide a very strong test of
cosmological models and provide high precision determination of major cosmological parameters. This
paper provides a review of the COBE DMR results, the current status of the measurements of the CMB
anisotropy power spectrum and then focuses current and future programs including both suborbital
observations and the two selected satellite missions: the NASA MidEX mission MAP and the ESA M3
mission Max Planck Surveyor. This review includes both a description of the experimental programs and the
expected quality level of results. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The observed cosmic microwave background (CMB) radiation provides strong evidence for the
big bang model of cosmology and is the best probe we have for determining conditions in the early
universe as well as determining many important cosmological parameters. The angular power
spectrum of the CMB contains information on virtually all cosmological parameters of interest,
including the geometry of the universe (X), the baryon density (X

"
), the Hubble expansion rate (h),

the cosmological constant (K), the number of light neutrinos (nl ), the ionization history of the
universe, and the amplitudes and spectral indices of the primordial and tensor perturbation
spectra. Precise CMB observations, data analysis, and interpretation can distinguish between
cosmological models. They can be used to verify that the range of models under consideration is
plausible and to distinguish between models with primordial perturbations (e.g. the in#ationary
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big bang) or those with active perturbations (e.g. topological defects which must result from
spontaneous symmetry breaking of uni"ed forces). Once a model is thus singled out, its parameters
can, in principle, be determined to accuracies of the order of a per cent [41].

Since the initial detection of CMB temperature anisotropies by the COBE DMR [75], over
a dozen other balloon-borne and ground-based experiments have reported anisotropy detections
on smaller angular scales. With the existence of anisotropies now "rmly established, observational
goals have shifted towards an accurate determination of the CMB anisotropy power spectrum over
a wide range of angular scales. The reasons for this are two-fold: (1) If the processes producing the
initial #uctuations are stochastic and random phase, then the power spectrum contains all the
information of the underlying physical model. (2) It is observationally easier to obtain a power
spectrum than a fully reliable map. Several technical advances, including improved receivers,
interferometry, and long-duration balloon #ights, hold great promise for high-precision maps in
the next few years. Ultimately, the two approved satellites: NASA MidEX mission MAP and ESA
M3 mission Planck are expected to provide high-angular-resolution high-sensitivity maps of the
entire sky in multifrequency bands. Thus, we can anticipate increasingly complex data sets
requiring sophisticated analysis: COBE DMR 4-year maps (6144 pixels), the CfPA balloon
experiments MAXIMA/BOOMERANG (26,000 to 130,000 pixels), MAP (+400,000 pixels), and
Planck ('106 pixels). These maps then hold the promise of revolutionizing cosmology in terms of
making it signi"cantly more precise in quantitative terms.

This paper is intended to provide the background necessary to understand the existing data, data
soon to data from experiments in progress, and "nally the data forthcoming from the more
advanced experiments and space missions. We proceed with some historical context, a review of the
COBE observations both for the discovery of anisotropy and as a prototype for the next generation
of space missions, a review of the current and proposed generations of balloon-borne experiments
and interferometers, and "nally a discussion of the new space-based experiments. General literature
is presented in Refs. [1}90], CMB anisotropy experiment references can be found in [91}122].
Additional information is available at http://aether.lbl.gov/www/.

2. CMB background

Primordial nucleosynthesis calculations require a cosmic background radiation (CBR) with
a temperature k¹&1 MeV at a redshift of z&109. Gamow et al. [3] realized that this CBR was
required and predicted its evolution to a faint residual relic radiation with a current temperature of
a few degrees. Our more modern view of the hot big bang models gives the cosmic background
radiation a very central role in the development of the universe.

The CMB was serendipitously discovered by Penzias and Wilson [65] in 1964 (published in
1965) and they noted that it was isotropic to the sensitivity of their measurement ((10%). The
observed CMB spectrum is well characterized by a 2.73$0.01K blackbody spectrum. The hot big
bang model predicts that the CBR should have a thermal spectrum and this is veri"ed precisely.
Combined with the observed spectrum of the dipole anisotropy, this precision thermal spectrum
also provides us with the knowledge and ability to separate CMB anisotropies from the various
foregrounds. Anisotropies will in general have a spectrum set by the derivative of the CMB
frequency spectrum.
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3. Theoretical anisotropies

There are three primary threads of science that are pursued by CMB anisotropy measurements:
(1) Initial conditions for large-scale structure formation: The formation of galaxies, clusters of

galaxies, and large scale structures is a key issue in cosmology. Theory indicates that whatever the
seeds of structure formation, they will leave their imprint as anisotropies in the CMB. Di!erent
scenarios for structure formation will leave di!erent anisotropies.

(2) Physics of the early universe: CMB anisotropy measurements are a probe of the ultra-high
energy physics and processes that occur in the very early universe. These observations are a probe
of in#ation or quantum gravity and a test of potential topological defects (monopoles, strings,
domain walls, and textures) that must result from spontaneous symmetry breaking.

(3) Geometry and dynamics of the universe: Observations of CMB anisotropies provide informa-
tion on the metric and topology of the space}time, the isotropy of expansion of space}time, the
curvature of space, and the possible rotation and shear of the universe.

There is now a fairly extensive literature on the "rst two areas and the third is what we consider
classical cosmology. In the early history of the "eld all measurements led only to upper limits on
CMB anisotropy and these in turn led to limits on but not a measurement of these processes.

A major "nding of the initial COBE DMR discovery [75] was that the CMB was anisotropic on
all observed angular scales. A key question is what these anisotropies represent. Immediately, the
interpretation focused upon the seeds of large-scale structure formation. In the early 1970s the
observed large-scale structure and scaling arguments led to the prediction [63,34,90] that
the primordial gravitational potential perturbations must have an equal rms amplitude on all
scales. This corresponds to a matter density perturbation power-law spectrum, P(k)Jkn, where
k is the comoving wave number, with n"1. At that time there were no known mechanisms
for producing such a scale-invariant power spectrum of #uctuations. In 1982 it was found
that in#ationary models predicted nearly scale-invariant perturbations as a result of quantum
mechanical #uctuations at very early times. Even with the proliferation of in#ationary models, it is
found that essentially all reasonable in#ationary models predict n+1. Presumably, a more
reasonable class of in#ationary models will result in requiring a tie to particle physics. It is now
known that topological defects naturally produce scale-invariant #uctuations. Thus, there are at
least two known mechanisms for producing a nearly scale-invariant primordial perturbation
spectrum.

The translation from a scale-invariant spectrum of perturbations to the CMB temperature
anisotropies depends upon angular scale and the contents of the universe. On large angular scales
the results of most models are fairly similar. Including the e!ects of a standard cold dark matter
model. This is consistent with the power spectrum measured by the COBE DMR and other
published CMB data. The observed power spectrum of #uctuation amplitudes is also consistent
with models of large-scale structure formation based upon primordial seeds produced by quantum
#uctuations or topological defects in the early universe.

The physics of anisotropy caused by primordial density perturbations is usually divided into four
generic areas although they are all treated properly in the full Sachs}Wolfe e!ect [70]. These e!ects
are: the gravitational redshift which dominates at large angular scales, the (Rees}Sciama) e!ect on
light propagating through a changing potential, the Doppler e!ect caused by the motion of the
observer or the source, and temperature or entropy variations.
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Models of the formation of structure in the universe fall into two broad classes: in#ationary and
defect models. Each model predicts an angular power spectrum of CMB anisotropy described in
terms of the amplitude of the spherical harmonic of multipole order l.

The most detailed theoretical work has been carried out for in#ationary models. Hu et al. [40]
have argued that all in#ationary models produce an angular power spectrum with a unique set of
`dopplera or `acoustica peaks between l"100 and 1000 (11@(h(1.83). The relative position and
height and the detailed shape of the peaks provides more independent constraints than there are
parameters in the in#ationary scenario and allow their determination.

Defect models, including cosmic strings and textures, provide an alternative to in#ation. Such
models predict a non-Gaussian distribution of temperature #uctuations and a power spectrum
di!erent from that of in#ation.

Most cosmological models do not predict the exact CMB temperature pattern that would be
observed in our sky, but rather predict a statistical distribution of anisotropies. In the context of
such models, the CMB temperature observed in our sky is only a single realization drawn from the
cosmic statistical distribution. Theoretical models most often predict a power spectrum in spherical
harmonic amplitudes; as the physics of the models leads to primordial #uctuations that are
Gaussian random "elds, the power spectrum is su$cient to characterize the results. Observations
of the sky can be expressed as a spherical harmonic temperature expansion ¹(h,/)"
+lm

alm
>lm

(h,/). If the original perturbations are Gaussian random "elds, the alm
are Gaussianly

distributed, and the power at each l is (2l#1)Cl/(4p), where Cl,SDalm
D2T, is su$cient to

characterize the results. For an idealized full-sky observation, the variance of each measured Cl is
[2/(2l#1)]C2l . This sampling variance (known as cosmic variance) comes about because each Cl is
chi-squared distributed with (2l#1) degrees of freedom for our observable volume of the universe
[85]. Thus, in addition to experimental uncertainties, we account for the cosmic sample variance
uncertainties due to our observation of a single realization in our analyses of the DMR maps.
Cosmic variance exists independently of the quality of the experiment. The power spectrum from
the 4-year DMR map is cosmic variance limited for l[20. For lZ20 no observations approach
the cosmic variance limit yet.

4. The legacy of COBE

The cosmic background explorer (COBE) was NASA's "rst satellite dedicated to cosmology and
is a milestone for that and for the legacy of information that it has provided on the early universe.
Much of its results are from observations of the cosmic microwave background (CMB). The CMB
is a pillar of the big bang model and encodes information about energy release in the early universe,
primordial perturbations, and the geometry of the universe. COBE's legacy of the precise measure-
ment of the CMB spectrum and the discovery and early mapping of the CMB anisotropy low-l
power spectrum provides a position from which to carry out a program testing our cosmological
theories and understanding the early universe precisely.

The di!erential microwave radiometers (DMR) experiment [74] discovered CMB anisotropies
from analysis of its "rst year of data [75,9,87,44]. The CMB temperature #uctuations were
measured at an angular resolution of 73 at frequencies of 31.5, 53, and 90GHz. These results were
supported by a detailed examination of the DMR calibration and its uncertainties [10] and
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a detailed treatment of the upper limits on residual systematic errors [44]. The COBE results were
con"rmed by the positive cross-correlation between the COBE data and data from balloon-borne
observations at a shorter wavelength [32] and later by comparison of the COBE data and data
from the ground-based Tenerife experiment [52] at longer wavelengths. The positive correlation at
both longer and shorter wavelengths provides con"dence in the results as being true CMB
anisotropy and not a confusing foreground such as Galactic emission. The results from analysis of
two years of DMR data [7] recon"rmed the results from the "rst year data.

4.1. The COBE DMR instruments and data analysis

The DMR consists of 6 di!erential microwave radiometers: 2 nearly independent channels,
labeled A and B, at frequencies 31.5, 53, and 90GHz (wavelength 9.5, 5.7, and 3.3mm, respectively).
Each radiometer measures the di!erence in power between two 73 "elds of view separated by 603,
303 to either side of the spacecraft spin axis [74]. Fig. 1 shows a schematic signal path for the
DMRs. COBE was launched from Vandenberg Air Force Base on 18 November 1989 into
a 900km, 993 inclination circular orbit, which precesses to follow the terminator (light dark line on
the Earth) as the Earth orbits the Sun. Attitude control keeps the spacecraft pointed away from the
Earth and nearly perpendicular to the sun with a slight backward tilt so that solar radiation
never directly illuminates the aperture plane. The combined motions of the spacecraft spin
(75 s period), orbit (103m period), and orbital precession (&13 per day) allow each sky position to
be compared to all others through a highly redundant set of temperature di!erence measurements
spaced 603 apart. The on-board processor box-car integrates the di!erential signal from
each channel for 0.5 s, and records the digitized di!erences for daily playback to a ground
station.

Ground data processing consists of calibration, extensive systematic error analyses, and conver-
sion of time-ordered data to sky maps [46]. Checks on the correlated noise in the maps [51] due to
the map-making process indicate they are well below the 1% level. The DMR time-ordered data
include systematic e!ects such as emission from the Earth and Moon, the instrument's response to
thermal changes, and the instrument's response to the Earth's magnetic "eld. The largest detected
e!ects do not contribute signi"cantly to the DMR maps; they are either on time scales long
compared to the spacecraft spin sampling (e.g. thermal gain drifts) or have time dependence
inconsistent with emission "xed on the celestial sphere (e.g. magnetic e!ects). Detected and
potential systematic e!ects were quantitatively analyzed in detail [46]. Data with the worst
systematic contamination (lunar emission, terrestrial emission, and thermal gain changes) were not
used in the map-making process and constitute less than 10% of the data in the 53 and 90GHz
channels. The remaining data were corrected using models of each e!ect. The data editing and
correction parameters were conservatively chosen so that systematic artifacts, after correction, are
less than 6lK rms (95% con"dence upper limit) in the "nal DMR map in the worst channel. This is
signi"cantly less than the levels of the noise and celestial signals.

A dipole¹
$
"3.356mK anisotropy signal (thermodynamic temperature in Galactic coordinates

Cartesian components [X,>,Z]"[!0.2173,!2.2451,#2.4853]mK) is subtracted from the
time-ordered di!erential data prior to forming the 4-year sky maps to reduce spatial gradients
within a single pixel. A small residual dipole remains in the maps from a combination of CMB and
Galactic emission. The mean signal-to-noise ratios in the 103 smoothed maps are approximately
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Fig. 1. DMR signal #ow schematic.

0.5, 1.5, and 1.0 for 31, 53, and 90GHz, respectively. For a multi-frequency co-added map the
signal-to-noise ratio is &2. This signal-to-noise level is adequate to portray an accurate overall
visual impression of the anisotropy. Visual comparison of the full sky maps at each frequency,
after averaging the A and B channels, removing the CMB dipole, and smoothing to 103 e!ective
resolution show coincident features. Well o! the Galactic plane these are clearly true CMB
anisotropy features. Simulated data in combination with the noise appropriate to 1-, 2-, and
4-years of DMR 53GHz observations show the convergence of the DMR maps with the input
simulated data. Increasing years of data result in the emergence of the input large-scale features.
We can be con"dent that the large-scale features in the 4-year DMR maps are real features rather
than confusing noise.
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Kogut et al. [47] examine the Galactic contamination of the high Galactic latitude regions of the
DMR maps which remain after the Galactic emission cut is applied. No signi"cant cross-
correlation is found between the DMR maps and either the 408 MHz synchrotron map.

A signi"cant correlation is found between the DMR maps and the dust-dominated DIRBE
140lm map, with frequency dependence consistent with a superposition of dust and free}free
emission. The correlation is really with a component of Galactic emission with a spectral index of
about !2.1 which could be very #at spectrum synchrotron as expected where cosmic-ray electron
acceleration is actually occurring. We use the term free}free to stand for this component which
corresponds to a 73 rms free}free emission component of 7.1$1.7lK at 53GHz and a dust
component of 2.7$1.3lK at 53GHz. Since this emission is uncorrelated with CMB anisotropies
it constitutes (10% of the CMB power. The amplitude of the correlated free}free component at
53GHz agrees with a noisier estimate of free}free emission derived from a linear combination of
DMR data which includes all emission with free}free spectral dependence. The combined dust and
free}free emission contribute 10$4lKrms at both 53 and 90GHz, well below the 30lK cosmic
signal. These Galactic signal analyses are consistent with the fact that the "tted cosmological
parameters are nearly una!ected by removal of modeled Galactic signals [33,36] with the notable
exception of the quadrupole, which has signi"cant Galactic contamination [47]. A search by
Banday et al. [4] "nds no evidence for signi"cant extragalactic contamination of the DMR maps.

4.2. Summary of 4-year COBE DMR CMB measurements

(1) The full 4-year set of COBE DMR observations is analyzed and full sky maps have been
produced [6]. The typical signal-to-noise ratio in a 103 smoothed frequency-averaged map is &2,
enough to provide a good visual impression of the anisotropy.

(2) The DMR (despite its being a di!erential instrument) "nds a CMB monopole temperature of
¹

0
"2.725$0.020K [46]. This is in excellent agreement with the COBE FIRAS precision

measurement of the spectrum of the CMB, ¹
0
"2.728$0.002K [31].

(3) The CMB dipole from DMR has amplitude 3.358$0.024mK toward Galactic coordinates
(l, b)"(2643.31$03.17,483.05$03.10), or equatorial coordinates (a, d)"(11)11.2574$23s,
!73.22$03.08) epoch J2000. This is consistent with the dipole amplitude and direction derived by
COBE FIRAS [31].

(4) The 95% con"dence interval for the observed l"2 quadrupole amplitude is
4lK4Q

3.4
428lK. This is consistent with the value predicted by a power-law "t to the power

spectrum yields a quadrupole normalization of: Q
3.4vPS

"15.3`3.8
~2.8

lK [47,36].
(5) The power spectrum of large angular scale CMB measurements is consistent with an n"1

power-law [33,36,88]. If the e!ects of a standard cold dark matter model are included, COBE
DMR should "nd n

%&&
+1.1 for a n"1 universe. With full use of the multi-frequency 4-year DMR

data, including our estimate of the e!ects of Galactic emission, we "nd a power-law spectral index
of n"1.2$0.3 and a quadrupole normalization Q

3.4vPS
"15.3`3.8

~2.8
lK. For n"1 the best-"t

normalization is Q
3.4vPS

D
n/1

"18$1.6lK. Di!erences in the derived values of Q and n between
various analyses of DMR data are much more dependent on the detailed data selection e!ects than
on the analysis technique.

(6) The DMR data are consistent with Gaussian statistics. Gaussian statistics are favored over
other toy statistical models by a factor of &5 [48].
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Fig. 2. Current status of CMB anisotropy observations: plotted are the band power amplitudes of CMB anisotropy
detections. The error bars correspond to the 68% con"dence level. The solid curve indicates the expected spectrum for
a standard #at CDM model (X

0
"1, X

"
"0.05, h"0.5) and the dashed curve is an open (X"0.3) CDM model. This

gives a strong indication that the geometery of the universe is closer to #at than well open. A true comparison of data with
models should involve convolution of these curve with each experimental "lter function.

4.3. COBE conclusions

The COBE-discovered [75] higher-order (l52) anisotropy is interpreted as being the result of
perturbations in the energy density of the early universe, manifesting themselves at the epoch of the
CMB's last scattering. These perturbations are the seeds of large-scale structure formation and are
relics from processes occurring in the very early universe at extremely high energies. In the standard
scenario the last scattering of cosmic background photons takes place at a redshift of approxim-
ately 1100, at which epoch the large number of photons was no longer able to keep the hydrogen
su$ciently ionized. The optical thickness of the cosmic photosphere is roughly *z&100 or about
10 arcminutes, so that features smaller than this size are damped. Observations of the CMB
anisotropy power spectrum can reveal to us much of the interesting history of the early universe
and so a great deal of e!ort has gone into its observation.

5. Current anisotropy power spectrum

More than 10 experiments have now observed CMB anisotropies. Anisotropies are observed on
angular scales larger than the minimum 10@ damping scale (see Fig. 2) and are consistent with those
expected from an initially scale-invariant power spectrum of potential and thus metric #uctuations.
It is believed that the large-scale structure in the universe developed through the process of
gravitational instability where small primordial perturbations in energy density were ampli"ed by
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gravity over the course of time. The initial spectrum of density perturbations can evolve
signi"cantly in the epoch z'1100 for causally connected regions (angles [13X1@2

505
). The primary

mode of evolution is through adiabatic (acoustic) oscillations, leading to a series of peaks
that encode information about the perturbations and geometry of the universe, as well as
information on X

0
, X

"
, XK (cosmological constant), and H

0
[71]. The location of the "rst

acoustic peak is predicted to be at l&220 X~1@2
505

or h&13X1@2
505

and its amplitude increases with
increasing X

"
.

Only somewhat weak conclusions can be drawn based on the current smaller angular scale data
(see Fig. 2). However, new data are being acquired at an increasing rate. With future experiments
and the prospect of next generation satellite missions: MAP and Planck, a precise measurement of
the CMB anisotropy power spectrum is possible and likely, allowing us to decode the information
that it contains [43,41].

6. Current and near-term experiments

Many groups have been and are working to measure the anisotropy. Though some are focussed
on large angular scales at frequencies not observed with DMR, most concentrate on smaller
angular scales. Table 1 contains a list for recent, current and planned experiments modi"ed from
that compiled by Page [61].

Rather than review all the experiments, we focus here on a representative sample.

6.1. MAX/MAXIMA/BOOMERANG

The MAX/MAXIMA/BOOMERANG payloads are representative of current and currently
planned balloon-borne missions and are somewhat further along.

6.1.1. MAX
The Millimeter-wave Anisotropy eXperiment (MAX) is a balloon-borne bolometric instrument

which observes at multiple frequencies with high sensitivity on the 0.53 angular scale. MAX has
completed "ve #ights detecting signi"cant CMB #uctuations [30,2,58,24,18,78,50].

The MAX instrument consists of an o!-axis Gregorian telescope and a bolometric photometer
mounted on an altitude-controlled balloon-borne platform which makes measurements at an
altitude of 36km. The Gregorian telescope consists of a 1-m primary and a nutating elliptical
secondary. The under"lled optics provide a 0.553 FWHM beam when focused and aligned. The
5.7Hz nutation of the secondary modulates the beam on the sky sinusoidally though $0.683 and
the altitude control sweeps the beam over a 63 or 83 path and back in about 108 s, producing about
15}20 independent temperature di!erences on the sky. Depending upon the time of observation
and location of the region under observation sky rotation can cause the observed region to be in
the shape of a bow-tie.

On #ights 4 and 5 the single-pixel four-band bolometric receiver featured negligible sensitivity to
radio frequency interference and an adiabatic demagnetization refrigerator to cool the photometer
to 85mK. The dichroic photometer used for MAX has (dl/l) of 0.57, 0.45, 0.35, and 0.25 "lter bands
at 3.5, 6, 9, and 15 cm~1, respectively. MAX covers the high-frequency side of the window formed
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Table 1
Recently completed, current and planned anisotropy experiments!

Experiment Resolution Frequency Detectors Type Groups

ACBAR(p) [91] 4@ 150GHz Bol C/B UCB, UCSB, Caltech
ACE(c) [92] 0.23 25}100GHz HEMT C/B UCSB
Archeops(p) [94] 0.333 30GHz HEMT I/G Chicago
APACHE(c) [93] 0.333 90}400GHz Bol C/G Bologna, Bartol

Rome III
ARGO(f ) [95] 0.93 140}3000GHz Bol C/B Rome I
ATCA(f ) [96] 0.033 8.7GHz HEMT I/G CSIRO
BAM(c) [97] 0.753 90}300GHz Bol C/B UBC, CfA
Bartol(c) [109] 2.43 90}270GHz Bol C/G Bartol
BEAST(p) [92] 0.23 25}100GHz HEMT C/B UCSB
BOOMERanG(c) [100] 0.23 90}400GHz Bol C/G Rome I, Caltech,

UCB, UCSB
CAT(c) [101] 0.173 15GHz HEMT I/G Cambridge
CBI(p) [102] 0.08333 26}36GHz HEMT I/G Caltech, Penn.
CG(c) [103] 1@]0.8@ 0.6}22GHz HEMT C/G Ratan 600
DASI(p) [105] 0.333 30GHz HEMT I/G Chicago
FIRS(f ) [106] 3.83 170}680GHz Bol C/B Chicago, MIT, Princeton,

NASA/GSFC
HACME/SP(f ) [107] 0.63 30GHz HEMT C/G UCSB
IAB(f ) [108] 0.833 150GHz Bol C/G Bartol
MAT(p) [110] 0.23 30}150GHz HEMT/SIS C/G Penn, Princeton
MAX(f ) [111] 0.53 90}420GHz Bol C/B UCB, UCSB
MAXIMA(c) [112] 0.23 90}420GHz Bol C/B UCB, Rome I

Caltech, UCSB
MSAM(c) [113] 0.43 40}680GHz Bol C/B Chicago, Bartol,

Brown, Princeton,
NASA/GSFC

OVRO 40/5(c) [114] 0.0333, 0.123 15}35GHz HEMT C/G Caltech, Penn
PYTHON(c) [118] 0.753 35}90GHz Bol/HEMT C/G Carnegie Mellon

Chicago, UCSB
QMAP(f ) [119] 0.23 20}150GHz HEMT/SIS C/B Princeton, Penn
SASK(f ) [121] 0.53 20}45GHz HEMT C/G Princeton
SuZIE(c) [123] 0.0173 150}300GHz Bol C/G Caltech
TopHat(p) [125] 0.333 150}700GHz Bol C/B Bartol, Brown,

DSRI, Chicago,
NASA/GSFC

Tenerife(c) [124] 6.03 10}33GHz HEMT C/G NRAL, Cambridge
Viper(c) [126] 0.333 30GHz HEMT I/G Chicago
VLA(c) [127] 0.00283 8.4GHz HEMT I/G Haverford, NRAO
VSA(p) [128] * 30GHz HEMT I/G Cambridge
White Dish(f ) [129] 0.23 90GHz Bol C/G Carnegie Mellon

!(i) For `Typea the "rst letter distinguishes between con"guration or interferometer, the second between ground or
balloon. (ii) An `f a after the experiment's name means it's "nished; a `ca denotes current; a `pa denotes planned, building
may be in progress but there is no data yet.
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by Galactic dust emission rising at higher frequencies and Galactic synchrotron and free}free
emission increasing at lower frequencies. The 15 cm~1 channel acts as a guard against Galactic
dust and atmospheric emission. The multiple frequencies have su$cient redundancy to provide
con"dence that the signal is CMB and not a foreground or systematic e!ect.

MAX is calibrated both by an on-board commandable membrane and by observations of
planets, usually Jupiter. The two techniques agree at roughly the 10% level. The calibration is such
that the quoted temperature di!erence is the real temperature di!erence on the sky.

MAX makes deep CMB observations (typically one hour) on regions generally selected to be low
in dust contrast and total emission and free from known radio sources. MAX has made observa-
tions on "ve #ights. The data from most of the scans are in good agreement but the scan of the
k-Pegasi region is signi"cantly lower than the rest. A combination of all the data seems to be
coming out at an intermediate value between GUM and k-Pegasi regions and may all be consistent
with coming from a single parent population [80].

The center of the scan is the same for the three observations of GUM (the star Gamma Ursae
Minoris) but the relative geometry is such that the three scans made bow-tie patterns which cross at
the star. White and Bunn [84] have made use of this fact to construct a two-dimensional map of
the region which is roughly 103]53. The title of their paper is `A First Map of the CMB at 0.53
Resolutiona. Since then a map covering 180 square degrees was generated by Tegmark et al. [83]
using the Saskatoon data.

Making maps is clearly the appropriate approach for the current generation of new experiments.
MAX has evolved to new systems MAXIMA and BOOMERANG, which are designed and
constructed for the goal of getting the power spectrum around the "rst `Dopplera peak and beyond
and making maps covering a signi"cant portion of the sky.

6.1.2. MAXIMA
MAXIMA stands for MAX imaging system. The current one-dimensional scans were very useful

data for the discovery phase of CMB anisotropy research. Current progress depends upon the
availability of two-dimensional maps of low Galactic foreground regions (low dust in this case)
with several thousand pixels so that sampling variance is less important. In addition one can look
for properties of the sky which are not predicted by theories and could be overlooked in statistical
analyses. Mapping also makes it possible to catalog features for comparison to or motivation of
other experiments.

Under the auspices of the NSF Center for Particle Astrophysics a collaboration consisting of
groups from the University of California at Berkeley, Caltech, the University of Rome, and the
IROE-CNR Florence have developed the new systems for MAXIMA and BOOMERANG. The
observations thus far have been a combination of northern hemisphere #ights of MAXIMA
and BOOMERANG and a long duration balloon (LDB) #ight of BOOMERANG from
Antarctica.

To make an imager a new optical system was necessary (Figs. 3 and 4). The primary mirror for
MAXIMA is a 1.3-m, o!-axis, light-weight primary mirror. The primary is modulated which allows
a much larger beam chop angle on the sky with less spill over and thus more pixels in the focal
plane. Cold secondary and tertiary mirrors provide a cold Lyot stop and the "eld-of-view required
for the array of 11 arcmin pixels. The geometrical aberrations in the center of the "eld-of-view are
less than 10 arcmin.
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Fig. 3. A schematic drawing of the MAXIMA gondola system showing three sample rays from the sky re#ecting from the
nodding primary, coming to the prime focus and entering the dewar containing cold optics and bolometer detectors. Also
show are the gondola frame work with the angular momentum wheels on top and two side boxes holding the electronics
for the pointing system and the detector signal processing. The "rst stage of detector electronics is inside the dewar, the
next stage in an RF shielded backpack attached to the dewar.

A larger primary mirror requires a larger gondola (Fig. 3). The chop angle can both be increased
and varied allowing the instrument to sample the shape of the power spectrum over the range
40(l(1000.

An additional feature is new detector electronics with AC coupling in order to allow linear
scanning in a total power mode, making maps and power spectrum measurements directly. This
approach is di!erent than that of making a number of di!erent window functions. The instrument
makes a raster scan of the CMB anisotropies on the sky directly rather than obtaining a set of
di!erences at di!erent chop angles. One is thus mapping directly and measuring the power
spectrum as the Fourier transform of the data. At this stage the instrument is designed to operate in
this mode by scanning the primary mirror in a sawtooth pattern rapidly (3 Hz) and more slowly
moving the entire gondola in azimuth to cover a larger angle.

Another major change was that from a single pixel four-frequency photometer to a 16-pixel
receiver. This allows taking data at eight times the rate and thus make two-dimensional mapping
feasible. The bolometers have a spider-web (silicon nitride micromesh) substrate so that cosmic ray
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Fig. 4. The cold optical system for MAXIMA. Both MAXIMA and BOOMERANG use fast o!-axis LHe-cooled
secondary and tertiary mirrors to reduce optics emissions. The design incorporates cold black ba%es and a cold Lyot
stop which controls the illumination on the primary mirror giving smaller o!sets and better control of spillover than
can be achieved in optical systems that are not re-imaged. The "gure also shows the location of the feedhorns and the
bolometers as well as the Adiabatic Demagnitization Refrigerator (ADR) and He3 fridges used to maintain the
bolometers at 100mK. The optics are shown in cross-section for clarity.

transient occurrences will be reduced by more than an order of magnitude. The "rst #ight of the
new gondola was September 1995 and the "rst #ight of array receiver was in August 1998.
MAXIMA array receiver second #ight occurred in June 1999. We can anticipate that the
MAXIMA maps and the anisotropy power spectrum around the location of the "rst and second
doppler peak will be available in the near future. Fig. 5 indicates an estimate of the accuracy of the
power spectrum determination.

6.1.3. BOOMERANG
BOOMERANG is e!ectively equivalent to the long-duration balloon-borne version of

MAXIMA and an intermediate step toward the bolometer space mission, the Planck HFI.
BOOMERANG had a northern hemisphere #ight in August 1998 followed by a 10-day #ight
circumnavigating Antarctica in the austral summer beginning December 29, 1998 and lasting until
January 8, 1999. BOOMERANG has mapped a signi"cant region of the sky. The BOOMERANG
focal plane contains 8 pixels: four multiband photometers (6, 9 and 14 cm~1) and four monochro-
matic channels (3 cm~1). The di!raction limited angular resolution is 12@ above 6 cm~1 and 20@
at 3 cm~1. In total power mode, the largest resolution is limited only by the length of a scan
(see Fig. 6).

The high cosmic-ray #ux over the Antarctic requires detectors which are insensitive to cosmic
rays. `Spider weba bolometers have been developed speci"cally to minimize the e!ect of cosmic
rays on the detector. These bolometers are called composite because the functions of absorbing
radiation and measuring the temperature increase are separated. The absorber is the `spider weba
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Fig. 5. Estimates of the accuracy with which each of the three #ights for MAXIMA and BOOMERANG will determine
the power spectrum of CMB anisotropy. The sold line in each frame represents the standard cold dark matter
(X"1, X

"
"0.05, h"50, no reionization) power spectrum. The spacing of the error #ags indicates the resolution

provided by each experiment; the amplitude of the error #ags indicate one standard deviation uncertainty and includes
the e!ects of instrumental noise, sky coverage, and di!erences strategy.

and a thermometer is a neutron transmutation doped (NTD 14) thermistor. Spider web bolometers
for BOOMERANG have a noise equivalent power (NEP) of &1]10~17W/Hz1@2.

The electrical circuit of BOOMERANG is split in subcircuits which reside at di!erent temper-
atures. There are bolometers at 300 mK, which are AC-biased at 200Hz and dual JFET source
followers, providing a low impedance line going out of the cryostat. At 300K, the signal is
preampli"ed, demodulated and "ltered through a small bandwidth, thus enabling the detection of
signals of the order of nanovolts.

The BOOMERANG North American #ight produced a map covering a large arc around the
North Celestial Pole. It covers about 10% of the full sky. This region was mapped by sweeping in
azimuth 303N latitudes while holding the elevation constant; after 12 h, the rotation of the Earth
produced a map of half of a circular region centered on the NCP.

The region mapped by the Antarctic #ight is centered on the Southern Hole, a region of
exceptionally low Galactic dust emission in the southern sky. During the Antarctic summer, the
anti-solar direction passes through the Southern Hole; the BOOMERANG scans were centered on
the antipode of the sun's path to minimize sidelobe response and thermal response from the sun.

BOOMERANG complements the DMR with high-sensitivity measurement of CMB power on
scales between 12 arcmin and &103. In Fig. 5, the error bars represent the $1p limit which
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Fig. 6. Layout of the three BOOMERANG and MAXIMA focal planes. The focal planes are: (a) BOOMERANG North
American #ight, (b) MAXIMA, and (c) BOOMERANG LDB (Antarctica). Circles indicate the relative position and
FWHM of the beams projected on the sky. Each circle represents a dual-polarization, high e$ciency feed, with the
exception 12@ beams shown in (c), which represent multi-frequency photometers of the type #own previously on MAX.
Each experiment is scanned in azimuth, which is horizontal in the "gure.

BOOMERANG is expected to determine for a standard cold dark matter model. The BOOMER-
ANG-MAXIMA program will return excellent scienti"c data and will be a good test of the
instrumentation and techniques for Planck.

6.2. MSAM/TopHat

MSAM/TopHat is a collaboration working on a series of experiments to measure the medium-
scale anisotropy of the cosmic microwave background radiation. The collaboration includes
researchers at the Bartol Research Institute, Brown University, the University of Chicago, the
Danish Space Research Institute, and NASA/Goddard Space Flight Center. The MSAM/TopHat
program is similar to the MAX/MAXIMA/BOOMERANG program. TopHat is scheduled for
launch from Antarctica in the 1999/2000 season.

6.2.1. MSAM
MSAM is an acronym for medium scale anisotropy measurement. A notable di!erence between

MSAM and MAX has been that MSAM used a three-position chop analyzed either as a triple
beam or double beam (two chop angles on the sky) observation. MSAM angular resolution is 0.53
between 5 and 23 cm~1 (150 and 700 GHz or wavelengths 0.4}2.0mm). MSAM has had three
#ights (June 1992, May 1994, June 1995) all from Palestine, Texas [16,17].
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MSAM-I: The "rst phase of the medium-scale anisotropy measurement (MSAM-I) probed CMB
anisotropy at 0.53 angular scales between 5 and 23 cm~1 (150 and 700GHz, 0.4 and 2.0mm).
The "rst #ight of this package (June 1992 from Palestine, TX) has resulted in a detection of
0.5]10~5(d¹/¹(2]10~5. Fluctuations at these angular scales are believed to be the precur-
sors of the largest structures we observe today. This level of anisotropy is at the lower end of the
predicted values from standard cold dark matter theories of structure formation. The interpreta-
tion of the results, however, is complicated by the presence of two point sources in the data. This
hints at the possibility of a previously unsuspected population of objects which will challenge
anisotropy measurements at these sensitivity levels. Such sources may be distinguished by the use
of multiple spectral bands bracketing the peak of the CMB, such as those in MSAM-I and
MSAM-II. One can also interpret the two extra peaks as CMB #uctuations and then the data are
in good agreement with the anisotropy predicted by SCDM.

MSAM-II is the second phase of the medium-scale anisotropy measurement. An adiabatic
demagnetization refrigerator (ADR) is used to cool monolithic silicon bolometers to 100mK in
a new radiometer. The new radiometer has expanded frequency coverage in 5 spectral bands
between 2.3 and 5 cm~1 (70}150GHz or wavelengths 2.0}4.3mm). The instrument is expected to
improve the signal-to-noise ratio by about a factor of three over the previous results.

MSAM observations are along a ring surrounding the north celestial pole with a 20@ beam on the
sky giving sensitivity to the medium angular-scale power spectrum of the radiation.

6.2.2. TopHat
TopHat is conceived as a long-duration balloon-borne experiment with the detectors located on

the top of the balloon rather than in a gondola hanging below the balloon. Designed to provide
reliable, quantitative measurements of the CMBR anisotropy, TopHat is optimized to reject both
systematic and foreground spurious signals. By mounting the telescope on top of the balloon, the
entire sky above the instrument will be free from supporting structures which could scatter
radiation into the sidelobes of the optics } a critical source of systematic uncertainty for anisotropy
measurements at the 10~6 level of sensitivity. Two versions of TopHat are being constructed: the
Pointer and the Spinner.

The TopHat Pointer is similar to MSAM both in the Cassegrain design of the telescope and its
ability to perform pointed integrations. The beam size makes this instrument sensitive to angular
scales as "ne as 0.333. The TopHat Pointer will be able to observe the same region of sky as
MSAM2 with similar sensitivity except at shorter wavelengths. This will provide unprecedented
spectral coverage of a signi"cant portion of the sky. Not only does this yield an excellent
check of systematic errors which can plague any experiment of this sensitivity, it also will probe the
nature of the far-infrared foreground spectrum in high galactic latitudes. This experiment #ight was
originally planned to #y from mid-latitudes in 1998. Following the recommendations of an
independent scienti"c review, this #ight was deferred in order to advance the schedule for the
TopHat Spinner.

The TopHat Spinner will map a 483 diameter disk of sky above the Southern Polar Cap at
20 arcminute resolution. To accomplish this, the telescope, tipped 123 o! the zenith, simply spins at
a constant rate about the vertical axis. Each rotation sweeps out a circle of 243. As the Earth
rotates, the entire polar cap is observed each day. The TopHat Spinner will be launched from
Antarctica as a long duration balloon (LDB) #ight and will have approximately 2 weeks of
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observation time. This will permit a substantial fraction of the #ight to be dedicated to studying
and characterizing systematics in-#ight while still maintaining high sensitivity to CMBR aniso-
tropy. Observing in "ve spectral bands between 5 and 21 cm~1 (frequency ranges 150 and 630GHz,
or wavelength ranges 0.5}2.0mm) with anisotropy sensitivity on 0.33 to 48 degree angular scales,
a single TopHat Spinner #ight is expected to measure over 1800 square degrees of sky and about
20 000 independent points.

The TopHat Spinner is expected to be launched from Antarctica in late 1999 or 2000. The
components in a series of test #ights in 1998 and 1999.

This integrated program re#ects a central lesson underscored by the COBE/DMR experience
} that extremely careful understanding of systematic errors and foreground sources, and not
simply raw detector sensitivity, is the key to any unequivocal measurement of the CMBR
anisotropy.

The extended observation time (&2 weeks) made possible by LDB will permit a substantial
fraction of the #ight to be dedicated to studying and characterizing systematics in-#ight while still
maintaining high sensitivity to CMB anisotropy.

6.3. ACE/BEAST

As a follow up to their South Pole HEMT observations the Santa Barbara group has proposed
Advanced Cosmic Explorer (ACE). It is a large, light-weight (200 kg), system aimed at making
#ights lasting 90 days or more. They plan to utilize advanced HEMTs, active refrigerators, and
a 2-m diameter mirror to cover the frequency range 25}90GHz. In three such #ights such a system
could map 75% of the sky to an angular resolution of 10 arcminutes at a level of about 20lK. This
project is still in the early phase but is indicative of what with su$cient funding one might achieve
by the year 2000.

6.4. Ground-based instruments

Ground-based instruments have provided signi"cant CMB anisotropy observations. They have
been successful as a result of the observers' clever strategies to minimize and reduce the e!ect of
the atmosphere. These strategies have included going to high, dry sites such as the South Pole and
Teide peak on Tenerife and using triple-beam chopping or other similar techniques. These
techniques are more di$cult to use when going to mapping and making observations over an
extended portion of the power spectrum. Here again it is possible that signi"cant progress can be
made though it is likely to be eventually limited before the science is exhausted.

An exciting exception is the use of aperture synthesis interferometers. The Ryle Telescope images
of the Sunyaev}Zeldovich e!ect in clusters and the Cambridge Anisotropy Telescope (CAT) results
have convinced many that interferometers have a bright future in actually mapping anisotropy on
small angular scales over selected regions of the sky.

6.4.1. CAT: Cambridge Anisotropy Telescope; 30@ to 23
The CAT [67] is a three-element interferometer which can operate at frequencies between 13 and

17GHz with a bandwidth of 500 MHz. This frequency range was chosen as a compromise between
the e!ects of atmospheric emission, which increase with frequency, and Galactic synchrotron and
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Table 2
Characteristics of next generation interferometers

Initials VSA DASI CBI

Name: Very Small Array Very Compact Array Cosmic
Background Imager

Frequency (GHz) 28}37 26}36 26}36
N

a
14, 15 13 13

No. of channels 1 tunable 10 10
¹

4:4
(K) &25 &25 &25

*l 1.75 1 1
l range 150}1600 150}750 400}3500
Resolution 15@ 15@ 4.5@
Site Tenerife Antarctica California, Chile
Point sources Ryle and Bonn A. T. VLA and 40-m
Correlations analog analog analog
Operational 2000 2000 2000

bremsstrahlung emission, which decrease with frequency. The most important contaminating
signal for the CAT is that from discrete extragalactic radio sources. The observation strategy is to
chose "elds with minimum source content and then observe the sources with the higher resolution
Ryle Telescope at 15.7GHz.

The CAT has a system temperature of approximately 50K. Variations in the system temperature
are continuously measured using a modulated 1-K noise signal injected into each antenna. The
interferometer baselines can be varied from 1 to 5m, and are scaled to give the same synthesized
beam at di!erent frequencies. The antennas have a primary beam FWHM of 2.23 at 15GHz. The
CAT simultaneously records data from the two orthogonal linear polarizations. Its altitude-
azimuth mount causes the plane of polarization to rotate on the sky as the telescope tracks a given
"eld.

The CAT is situated within a 5-m high earth bank which is lined with aluminium. This shielding
reduces the e!ect of spillover and terrestrial radio interference, but limits observations to elevations
above 253. The control hut is located about 100 m away. Each element of the telescope is
a corrugated-conical horn with a parabolic re#ector. The horns are mounted on a single turntable
which can track in azimuth. Each antenna has an individual elevation drive. Preliminary tests have
shown that crosstalk, correlator o!sets, and antenna shadowing } particular problems associated
with interferometers } do not a!ect the performance of the CAT at elevations greater than 403
[68,59]. Results [38,72] are shown in Fig. 2 summarizing anisotropies.

6.4.2. Interferometers: VSA, CBI, and DASI
Three major interferometer projects are funded and underway. They are the VSA (Very Small

Array, 15@ to 43) in England, the Caltech interferometer CBI (Cosmic Background Interferometer,
4@ to 20@) and the University of Chicago DASI (Degree Angular Scale Interferometer, 15@ to 1.43)
(see Table 2). These interferometers are likely to provide a very good "rst look at the CMB
anisotropy power spectrum on angular scales less than about 0.53 (l'200).
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VSA is a joint project between the Mullard Radio Astronomy Observatory (Cambridge), the
Nu$eld Radio Astronomy Laboratories (Jodrell Bank, Manchester), and the Instituto de Astro"si-
cal de Canarias (Tenerife). The VSA is similar in design to CAT which was a prototype for VSA.
The VSA will have 15 antennas and a 2-GHz bandwidth, analog correlators, and other technology
operated on CAT. The operating frequency is 26}36 GHz which is set by the atmospheric window
and the natural waveguide bands for which high sensitivity HEMT ampli"ers have been developed.
The increase in frequency from CAT to VSA will also decrease the e!ect of discrete radio sources
and Galactic emission. The atmospheric emission #uctuations will increase so that VSA will be
operated on Mt. Teide on the island of Tenerife. The VSA will operate with two sets of horns: one
set with a 15-cm aperture giving a 43 "eld of view and the second with a 30-cm aperture giving a 23
"eld of view. The baselines and thus resolution will scale proportionally to maintain about a 1lK
sensitivity per resolution element. The VSA will get about 10 independent points of the anisotropy
power spectrum with resolution of *l"100 at low l and *l"200 at high l covering the range
130(l(1800.

The CBI and DASI are planning to observe the same portion of sky in the southern hemisphere.
The proposed DASI is expected to image about 2500 square degrees around the South Pole region
and if that goes well continued operation to cover eventually about 25% of the sky. The DASI
interferometer consists of 13 scalar feed horns arranged in a closed-packed con"guration which "ll
about 50% of the aperture to provide maximum brightness sensitivity. The horns feed low-noise
HEMT ampli"ers operating at 26}36GHz with noise temperatures of about 10K. The estimated
sensitivity is 4}10lK in pixels ranging from 0.253 to 1.43 in the 33 "eld of view. The DASI will be
operated from the South Pole Station and is scheduled for installation in the fall of 1998 with "rst
results expected the following spring.

The sensitivity of an interferometer system can be estimated using the following formulae for #ux
density and temperature:
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One can then evaluate these formulae and compare with Table 2 to estimate the sensitivity and
sky area that can be surveyed in a given observing time and see that on small angular scales
interferometers are competitive with many other experiments.

6.5. ACBAR

The Arcminute Cosmology Bolometer Array Receiver is the latest of the non-interferometer
ground-based experiments. ACBAR is a 16 element 300 mk bolometer array designed speci"cally
for observations of CMB anisotropy and the Sunyaev}Zeldovich e!ect. It will operate at 4 mm
wavelength atmospheric windows. Extending the spectral range over which observations of CMB
anisotropies are made is necessary in order to separate primary anisotropies from foreground
contamination. Multifrequency observations will make it possible to measure cluster peculiar
velocities as well as perform sensitive searches for distant clusters of galaxies. Because of the
altitude and lack of water vapor, the South Pole is presently the best terrestrial site from which to
carry out this program of observations.

To observe the entire interesting region of the CMB power spectrum, one needs to have
sensitivity to a large range of angular scales. The Viper telescope has a 2 m diameter primary mirror
which gives a di!raction limited beam size at 150GHz of 4@ FWHM. Viper has a chopping tertiary
at an image of the primary which will sweep the beams about 33 across the sky in a second. This
range of scales will give us power spectrum sensitivity on multipole moments from l60 to 2700. To
improve foreground removal, the beam sizes on the sky will be the same for all four frequencies; the
four pixels in each row see the same patch of sky as they are swept in azimuth. The feeds under
illuminate the primary at the higher frequencies to give matched 4@ corrugated scalar feeds are
being used to obtain low sidelobes and cross polarization of the beams.

ACBAR's frequency coverage on small angular scales will be very complementary to the lower
frequency and smaller angular scale measurements than made by the MAP satellite. In addition,
combination of ACBAR SZ maps with X-ray data from the Chandra (AXAF) and XMM satellites
will provide an powerful probe of the structure of massive galaxy clusters.

7. Future satellite missions

An accurate, extensive imaging of CMB anisotropies with sub-degree angular resolution would
provide decisive answers to several major open questions on structure formation and cosmological
scenarios. The observational requirements of such an ambitious objective can be met by a space
mission with a far-earth orbit and instruments based on state-of-the-art technologies.

While balloon-borne and ground-based observations can do a credible job in measuring the
CMB anisotropy power spectrum, atmospheric disturbance, emission from the Earth and limited
integration time are the main limiting factors which prevent ground-based and balloon-borne
experiments from obtaining su$cient sensitivity over very large sky regions, with additional
di$culties in reaching accurate foreground removal (see Danese et al., 1995 for a recent discussion).
Only a suitably designed space mission can meet the scienti"c goals sought by cosmologists. On the
other hand, it should be stressed that experiments from the ground or from balloons are not
alternative to a space mission like Planck, but rather complementary.
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7.1. MAP

Microwave anisotropy probe (MAP) was selected by NASA in 1996 as a MidEX class mission.
Its launch is expected to be roughly 2001. The goal of MAP is to measure the relative CMB
temperature over the full sky with an angular resolution of 0.33, a sensitivity of 20lK per 0.33
square pixel, and with systematic e!ects limited to 5 lK per pixel. Details about the major aspects
of the mission design are given below.

7.1.1. Galactic emission foreground
Galactic foreground signals are distinguishable from CMB anisotropy by their di!ering spectra

and spatial distributions.
Fig. 7 shows the estimated spectra of the Galactic foreground signals and a range of expected

cosmological signal intensities. The three physical mechanisms that contribute to the Galactic
emission are synchrotron radiation, free}free radiation, and thermal radiation from interstellar
dust. Results from CMB and other measurements show that at high Galactic latitudes CMB
anisotropy dominates the Galactic signals in the range 30}150GHz. However, the Galactic
foreground will need to be measured and removed from some of the MAP data.

There are two techniques that MAP will use to evaluate and remove the Galactic foreground.
The "rst uses existing Galactic maps at lower (radio) and higher (far-infrared) frequencies as
foreground emission templates. Uncertainties in the original data and position-dependent spectral
index variations introduce errors with this technique. There is no good free}free emission template
because there is no frequency where it dominates the microwave emission. High-resolution,
large-scale maps of H-alpha emission will be a template for the free}free emission when they
become available.

The second technique is to form linear combinations of multi-frequency MAP observations such
that signals with speci"ed spectra are cancelled. The linear combination of multi-frequency data
makes no assumptions about the foreground signal strength or spatial distribution, but requires
knowledge of the spectra of the foregrounds. Both techniques were successfully employed by
COBE.

The contamination from extragalactic radio sources is not yet a solved issue. Flat spectrum radio
sources observed with a di!raction limited system produce a signal with very nearly the same
frequency dependence as the CMB anisotropy making the spectral shape technique ine!ective. It
will be necessary to compile a list of signi"cant radio sources and excise them from the data or "nd
another approach.

Five frequency bands with comparable sensitivity are desirable to solve for the four signals
(synchrotron, free}free, dust, and CMB anisotropy) and the "fth degree of freedom is used to
maximize signal to noise. The range of frequency coverage is more important than the speci"c
choice of frequencies within the range. The lowest frequency to survey from space should be at the
22GHz atmospheric water line since frequencies below this can (with di$culty) be accurately
measured from the ground. The highest frequency to survey should be about 100GHz to reduce the
dust contribution and minimize the number of competing foreground signals. The choice of
frequencies between 22 and 100 GHz can be dictated by the practical consideration of standard
waveguide bands. Based on these considerations, MAP has selected the "ve frequency bands,
which are indicated in Fig. 7 and in Table 3.
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Fig. 7. Galactic foreground emission estimates plotted as a function of frequency. The width of the band indicates
the estimated range for Galactic latitudes varying between 203(b(703. The proposed MAP frequency bands are
indicated.

Table 3
MAP angular resolution

Frequency Band name Wavelength Beam spec FWHM design No. of Sensitivity
(GHz) (mm) (deg.) (deg.) channels 0.33]0.33 pixel

22 K band 13.6 0.90 0.93 4 35lK 26 lK
30 Ka band 10.0 0.65 0.68 4 35lK 32 lK
40 Q band 7.5 0.53 0.47 8 35lK 27 lK
60 V band 5.0 0.39 0.35 8 35lK 35 lK
90 W band 3.3 0.29 0.21 16 35lK 35 lK

7.1.2. MAP mission goals
CMB anisotropy information from current and proposed high resolution ((0.33) measure-

ments over limited sky regions will likely succeed from ground and balloon-based platforms. The
priority for the MAP mission is to map the entire sky with '0.33 angular resolution where the
cosmological return is high, and the data cannot be readily obtained in any other way. The MAP
optics feature back to back 1.5-m primary re#ectors which lead to an angular resolution of 0.293 in
the highest frequency (90GHz) channel.
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Fig. 8. Projected MAP power spectrum sensitivity. This plot shows a simple-minded estimate of the MAP sensitivity in
measuring the CMB power spectrum. The gray band straddling the solid (CDM) curve indicates the MAP sensitivity
after combining the three highest frequency channels and averaging the spectrum over a 10% band in spherical harmonic
order. The curves plotted correspond to a standard CDM model (solid), a highly reionized CDM model (dot}dash), an
open CDM model (dotted), and a primordial baryon isocurvature (PBI) model (dashed).

Table 3 gives the angular resolution to be obtained from each of the "ve MAP frequency bands.
The value quoted is the full width at half maximum (FWHM) of the approximately Gaussian
central beam lobe, in degrees.

The MAP speci"cation calls for an equal noise sensitivity per frequency band of 35 lK per
0.33]0.33 square pixel. The mission duration required to meet this speci"cation is one year of
continuous observation. If Galactic emission is negligible at high latitudes above 40GHz, as was
the case for COBE, the sensitivity achievable by combining the three highest frequency channels is
20lK per 0.33]0.33 pixel.

The corresponding sensitivity to the angular power spectrum, obtained with simple analytic
formulae, is illustrated in Fig. 8 which shows the predicted power spectra for a number of
competing structure formation models. The gray band straddling the solid (CDM) curve indicates
the MAP sensitivity after combining the three highest frequency channels and averaging the
spectrum over a 10% band in spherical harmonic order.

7.1.3. MAP trajectory and orbit
To minimize environmental disturbances and maximize observing e$ciency, MAP will

observe from a Lissajous orbit about the L2 Sun}Earth Lagrange point 1.5 million km from
Earth. The trajectory selected to attain such an orbit consists of 2.5}3.5 lunar phasings
loops followed by about a 100 day cruise to L2. No thruster "rings are required to enter the
L2 orbit.
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The L2 Lagrange point o!ers a virtually ideal location from which to carry out CMB observa-
tions. Because of its distance, 1.5 million km from Earth, it a!ords great protection from the Earth's
microwave emission, magnetic "elds, and other disturbances. It also provides for a very stable
thermal environment and near 100% observing e$ciency since the Sun, Earth, and Moon are
always behind the instrument's "eld of view.

MAP's trajectory features 2.5 or 3.5 lunar phasing loops which assist the spacecraft in reaching
L2. The cruise time to L2 is approximately 100 days after the lunar phasing loops are completed.
The launch window for this trajectory is about 20 min/day for 7 consecutive days each month.
Once in orbit about L2, the satellite maintains a Lissajous orbit such that the MAP}Earth vector
remains between 13 and 103 o! the Sun}Earth vector to satisfy communications requirements while
avoiding eclipses. Station-keeping maneuvers will be required about 4 times per year to maintain
this orbit.

7.1.4. MAP instrumentation
The MAP instrument (Fig. 9) consists of two back-to-back, o!-axis Gregorian telescopes that

produce two focal planes, A and B, on opposite sides of the spacecraft symmetry axis. A set of 10
corrugated horn feeds lie in each focal plane and collect the signal power that goes to the
ampli"cation electronics. The microwave system consists of 10 4-channel di!erencing assemblies
that are designed to eliminate low-frequency gain instabilities and ampli"er noise in the di!erential
signal.

The re#ector design incorporates two back-to-back o!-axis Gregorian telescopes with 1.5-m
primary re#ectors and 0.52-m secondary re#ectors. Each primary is an elliptical section of
a paraboloid, while the secondaries are nearly elliptical. This arrangement produces two slightly
convex focal surfaces on opposite sides of the spacecraft spin (symmetry) axis with plate scales of
about 15@/cm. The 99.5% encircled energy spot size diameter is less than 1 cm over a 15]15 cm
region of the focal plane, and less than 0.33 cm over the central 8]8 cm region.

Di!raction shields are employed above, below, and to the sides of each secondary to limit
di!racted signals to less than 0.5lK. In addition, the deployable solar panels and multi-layer
insulation guarantee that the secondaries remain at least 63 into the shadow from the Sun during
observing.

The feed design calls for as small an aperture as possible consistent with a primary edge taper
requirement of !25 dB, and a length that places the throat of each di!erential feed pair in close
proximity to the other. The feed aperture diameters scale inversely with frequency, while the
primary is equally illuminated at each frequency, leading to a beam size inversely proportional to
frequency. The feeds are corrugated to produce beams with high symmetry, low-loss, and minimal
sidelobes: the extremely low loss HE

11
hybrid mode dominates. The phase center of each feed is

kept as close as possible to its aperture, resulting in a frequency-independent beam for each feed.
Since the distance from the focal plane to the spacecraft symmetry axis is nearly the same for all the
feeds, the high-frequency feeds are extended with low loss corrugated waveguide, while the
low-frequency feeds are `pro"leda to reduce their length, while limiting excitation of the TE

11
mode to less than !30 dB.

The microwave system consists of 10 4-channel di!erencing assemblies, one for each pair of feeds.
One assembly operates at 22GHz, one at 30 GHz, two at 40GHz, two at 60GHz, and four at
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Fig. 9. Microwave anisotropy probe (MAP) artists conception shown in two views.

90GHz. The base of an A-side feed in the focal plane assembly (FPA) is attached to a low-loss
orthomode transducer (OMT) which separates the signal into two orthogonal polarizations, A and
A@. The A side signal is di!erenced against the orthogonal polarization, B@, from the corresponding
B-side feed, and vice versa.
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The di!erencing is accomplished by "rst combining the two signals A and B@ in a hybrid tee to
form (A#B@)/J2 and (A!B@)/J2, then amplifying each in two cold HEMT ampli"ers and
sending the phase-matched outputs to the warm receiver box via waveguide. The two signals are
ampli"ed in two warm HEMT ampli"ers, phase switched between 03 and #903 or !903,
respectively, at 2.5 kHz, then split back into A and B@ in a second hybrid tee. At this point, the two
signals are square-law detected, ampli"ed by two line drivers, and sent to the Analog Electronics
Unit for synchronous demodulation and digitization. The other pair of signals, A@ and B, are
di!erenced in the same manner giving a total of four ampli"cation channels per di!erencing
assembly.

The splitting, phase switching, and subsequent combining of the signals enhances the instru-
ment's performance in two ways:

(1) Since both signals to be di!erenced are ampli"ed by both ampli"er chains, gain #uctua-
tions in either ampli"er chain act identically on both signals and thus cancel upon di!erencing. (2)
The phase switches introduce a 1803 relative phase change between the two signal paths, thereby
interchanging which signal is fed to which square law detector. Thus, low-frequency noise from the
detector diodes is common mode and also cancels, further reducing susceptibility to systematic
e!ects.

7.1.5. Map making with diwerential data
MAP will observe temperature di!erences between points separated by 1353 on the sky. Maps of

the relative sky temperature will be produced from the di!erence data by a modi"cation of the
algorithm used by COBE-DMR.

The algorithm MAP will use to reconstruct sky maps from di!erential data is iterative. It is
mathematically equivalent to a least-squares "tting of the temperature di!erences to the map
pixel temperatures. However, the scheme has a very intuitive interpretation: for a given pair of
di!erential feeds, A and B, the A feed can be thought of as viewing the sky while the B feed can be
thought of as viewing a comparative reference signal, or vice versa. In MAP's case, the comparative
signal is a di!erent point in the sky. The actual signal MAP measures is the temperature di!erence
between two points on the sky, *¹"¹(A)!¹(B), where ¹(A) is the temperature seen by feed A,
and likewise for B. If the temperature ¹(B) is known, one could recover ¹(A) using
¹(A)"*¹#¹(B), but since ¹(B) is not known, the algorithm makes use of an iterative scheme in
which ¹(B) is estimated from the previous sky map iteration. Thus, the temperature in a pixel of
a map is given by the average of all observations of that pixel after correcting each observation for
the estimated signal seen by the opposite feed.

For this scheme to be successful it is imperative for a given pixel to be observed with many
di!erent pixels on its ring of partners 1353 away. Thus the method requires a carefully designed
scan strategy. The MAP strategy achieves this while simultaneously avoiding close encounters with
the sun, Earth, and moon. The algorithm has been tested with the MAP scan strategy using an
end-to-end mission simulation that incorporates a realistic sky signal, instrument noise, and
calibration methods. The results of these simulations are described in detail in an Astrophysical
Journal article [89]. After 40 iterations of the algorithm, the artifacts that remain in the map due to
the map-making itself have a peak-peak amplitude of less than 0.2lK, even in the presence of
Galactic features with a peak brightness in excess of 60mK.
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Fig. 10. The MAP scan pattern for 1 h of observation. The lines show the path for one side of a di!erential antenna pair.
The other pair member follows a similar path, only delayed by 1.1 min. There are four principal time scales for the
observations. The phase of the di!erence signal is switched by 1803 at 2.5 kHz. The spacecraft spins around its symmetry
axis with a 2.2 min period (bold circle) with cone opening angle of roughly 1353. This pattern precesses about the
Earth}Sun line with a period of 60 minutes. Thus, in about 1 hour, over 30% of the sky is covered. Every six months, the
whole sky is observed. Note that any pixel is di!erenced to another pixel in many directions.

7.1.6. MAP sky coverage and scan strategy
MAP will observe the full sky every six months (Fig. 10). The MAP scan strategy combines

spacecraft spin and precession to achieve the following: (1) The MAP instrument observes
more than 30% of the sky each day; (2) The spacecraft spin (and symmetry) axis maintains a "xed
angle of 22.53 from the sun}Earth line to mitigate systematic e!ects; and (3) Each sky pixel is
connected to thousands of other sky pixels to ensure high-quality map solutions with negligible
noise correlations.

Since a major goal of cosmology is to determine the statistical properties of the Universe, it is
clear that the largest possible number of sky samples improves constraints on cosmological models.
The measurement of each individual position on the sky is an independent sample of the cosmology
of the universe. Moreover, full sky coverage is absolutely required to accurately determine the
low-order spherical harmonic moments. While the largest angular scales were observed by COBE,
MAP will remeasure the full sky with higher resolution to:

f Avoid relative calibration errors when two or more experimental results are combined (e.g.,
COBE and MAP).

f Provide greater sensitivity to the angular power spectrum.
f Independently verify the COBE results.
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The goals of the MAP scan strategy include the following:

f The angular separation between the two observing beams should be `largea in order to maintain
sensitivity to signal at large angular scales. This is important for comparing the MAP results to
COBE, for properly normalizing the angular power spectrum, and for retaining sensitivity to the
dipole which will serve as MAP's primary calibration source.

f Observe a large fraction of the sky every day. This guarantees that sky pixels will be observed at
many di!erent times in the mission which provides the capability to monitor instrument stability
on many di!erent time scales.

f Maintain a "xed angle between the spacecraft spin axis and the local solar vector. This provides
for stable illumination of the spacecraft solar panels which lie normal to the spin axis, and
provides a thermally stable environment to mitigate systematic e!ects.

f Connect each sky pixel to as many other sky pixels as possible to provide high quality map
solutions from the di!erential data, and to render negligible pixel}pixel noise correlations. Since
the MAP beam separation is "xed, this implies observing as many pixels on the di!erential ring
of pixels as possible.

The MAP beam separation is 1353. Each beam axis points 67.53 away from the spin
and symmetry axis of the spacecraft. The spin axis will precess in a 22.53 angle about the
local solar vector. The combined spacecraft spin and precession will cause the observing
beams to "ll an annulus centered on the local solar vector with inner and outer radii of 453 and
903, respectively. Thus, MAP will observe more than 30% of the sky each day and will observe
the ecliptic poles every day. The spin period will be 2.2 min while the precession period will be 1 h.
As the Earth orbits the sun, the whole observing annulus revolves with it producing full sky
coverage.

The MAP mission is moving ahead quickly. Its spacecraft preliminary design review occurred in
January 1997 and instrument review was held in March 1997. At that point many of the major
design features were "xed and only smaller modi"cations will occur. However, MAP has a WWW
page http://map.gsfc.nasa.gov which can be consulted for the latest information.

7.2. Planck } the third generation space mission

The Planck mission is the result of the merging of two proposals presented in 1993 to the
European Space Agency M3 Call for Mission Ideas: COBRAS (Cosmic Background Radiation
Anisotropy Satellite [55] and SAMBA (Satellite for Measurements of Background Anisotropies
[66]). The COBRAS/SAMBA team completed the ESA assessment study in May 1994, and the
project continued and completed the Phase A study in May 1996. COBRAS/SAMBA, renamed
Planck Surveyor, has been selected to continue within the European Space Agency M3
programme.

The Planck mission is designed for extensive, accurate mapping of the anisotropy of the CMB,
with angular sensitivity from sub-degree (&8@}30@) scales up to the full sky thus overlapping with
the COBE-DMR maps and with signal sensitivity approaching *¹/¹&10~6. Planck will survey
the entire sky at frequencies from 30 to 850GHz (1 cm4j4350lm). Its 1.5-m passively cooled
telescope will be di!raction limited at frequencies below 375GHz. The primary science goal is
a de"nitive measurement of the structure in the CMB on all angular scales of 10@ or larger. The case
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for orbital measurements of CMB anisotropy has been well made. An accurate measurement of
CMB anisotropy with angular resolution of 10@ will revolutionize cosmology. A full description of
the baseline Planck mission is available from ESTEC at http://astro.estec.esa.nl/SA-general/Pro-
jects/COBRAS/cobras.html.

Planck has been selected as ESA's next medium-scale mission (M3). Planck is scheduled to #y in
2007, several years after the MAP NASA MidEX mission. Planck is well designed to follow MAP.
Using more sophisticated detector technology, Planck will have 10 times the sensitivity, 2 or
3 (depending on frequency) times the angular resolution, and 6 times the frequency coverage of
MAP. This performance will allow Planck to:

1. Measure the power spectrum of the CMB with accuracy limited by cosmic variance over
almost the entire range of angular frequency space in which useful cosmological information is
expected.

2. Separate Galactic and extragalactic foregrounds from the CMB with high accuracy and
con"dence. The broad frequency coverage will allow determination of all important foreground
components without any prior assumptions about their spectra. The astrophysics of the fore-
ground is of great interest in itself and Planck will provide extremely valuable information on these
astrophysical phenomenon [25].

3. Separate secondary anisotropies due to the Sunyaev}Zel'dovich e!ect from primary
anisotropies, and measure the SZ e!ect with precision in thousands of clusters of
galaxies. This information, combined with X-ray data, will yield an independent measurement
of the Hubble constant on large scales and probe the peculiar velocity "eld of clusters to high
redshift.

4. Separate polarization of the CMB from that in local foregrounds and measure it with precision
on angular scales as small as 7@.

5. Survey the sky at sub-mm (350, 550 and 850 lm) wavelengths that complement the wavelength
coverage of SIRTF. The chance for serendipitous discovery in the Planck survey is great.

Planck has two instruments: the low-frequency instrument (LFI), based on transistor (HEMT)
ampli"ers, which covers the frequency range from 30 to 100 GHz; and the high-frequency
instrument (HFI), based on bolometers, which covers the frequency range 90}850GHz.

7.2.1. Active cooling of Planck instrumentation
Both the HEMTs and bolometers are actively cooled on Planck in order to achieve higher

sensitivity. Actively cooling the HEMTs requires the HEMT ampli"er chain to be broken into
a low-temperature portion and a higher-temperature portion. This split reduces the thermal load
on the focal plane allowing passive cooling to a signi"cantly lower temperature (i.e., 60K) and
allowing for the use of active cooling technology of a hydrogen sorption cooler. The split HEMT
design and sorption cooler enable a LFI design with the following features:

f An increase in the sensitivity of the LFI by a factor of roughly "ve at the highest frequency over
a passively cooled receiver.

f Division of the HEMT radiometers into a cold focal assembly and a room-temperature
assembly. The power dissipated in the focal assembly is more than an order of magnitude lower,
allowing radiative cooling of the focal assembly to a temperature of 465K instead of &100K.
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f Active cooling of the HEMTs in the focal assembly to 420K. This reduces potential thermal
interactions between the LFI and HFI.

7.2.2. Planck scientixc objectives
The Planck mission will produce all-sky maps in 8 frequency bands in the range 30}800GHz,

with CMB band sensitivity *¹/¹&10~6 per pixel. The maps will provide a detailed description of
the background radiation #uctuations. Individual hot and cold regions should be identi"ed above
the statistical noise level, at all angular scales from [ 10@ up to very large scales, thus providing
a high-resolution imaging of the last scattering surface.

The Planck maps will provide all multipoles of the temperature anisotropies from l"1 (dipole
term) up to lK1500 (corresponding to &7@). It is the information contained in this large number
of multipoles that can probe the various proposed scenarios of structure formation and the shape
of the primordial #uctuation spectrum (for comparison, the COBE-DMR maps are limited to
l[ 20).

Table 4 compares the ability of various CMB missions to determine cosmological parameters in
a model dependent but self-consistent way. The details of the calculation are not important, with
two exceptions. First, X"1 was assumed. If X is smaller di!erences in angular resolution become
even more important. Second, it was assumed that confusing foregrounds were completely
removed. In practice this will not be the case. The advantage that Planck's wide frequency coverage
gives is therefore not re#ected in the table. Nevertheless, the power of Planck in general, and the
advantages of cooling the HEMTs, are immediately apparent.

The high-resolution Planck maps will provide a key test for structure formation mechanisms,
based on the statistics of the observed *¹/¹ distribution. The in#ationary model predicts
Gaussian #uctuations for the statistics of the CMB anisotropies, while alternative models based on
the presence of topological defects, such as strings, monopoles, and textures, predict non-Gaussian
statistics (e.g. [21]). Due to the di!erent nature of their early history causality constrains primordial
perturbations from a source such as in#ation and from topological defects to have a di!erent
anisotropy power spectra particularly in the region of the `Dopplera peaks [1]. The angular
resolution and sensitivity of Planck will allow discrimination between these alternatives with tests
of both the power spectrum and statistics.

The proposed observations will provide an independent test for the in#ationary model. Temper-
ature anisotropies on large angular scales can be generated by gravitational waves (tensor modes,
¹), in addition to the energy-density perturbation component (scalar modes, S). Most in#ationary
models predict a well determined, simple relation between the ratio of these two components, ¹/S,
and the spectral index n [23,54]:

n+1!
1
7
¹

S
. (1)

The Planck maps may verify this relationship by measuring the overall anisotropy in conjunction
with Planck's measuring linear polarization components which may make it possible to di!erenti-
ate scalar from tensor modes.

The mission will be able not only to test the in#ationary concept but also to distinguish between
various models and determine in#ationary parameters. There is an extensive literature on what can
be determined about in#ation such as the scalar and tensor power spectra, the energy scale of
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Table 4
Uncertainties in cosmological parameters

Parameter MAP Planck HFI! Planck LFI"

Q
3.4v14

/20lK 0.23 0.12 0.14
h 0.13 0.032 0.065
h2X

"
0.0072 0.0019 0.0036

XK 0.67 0.19 0.33
Xl 0.38 0.12 0.28
X 0.11 0.012 0.029
n
s

0.12 0.017 0.029
q 0.35 0.15 0.20
Nl 0.43 0.16 0.26
¹

0
lK 0.01 0.01 0.01

> 0.01 0.0098 0.01
¹/S 0.47 0.17 0.19
Q

14
/0.2lK 0.02 0.000021 0.0006

Q
$*&&64%

/20lK 0.19 0.17 0.18

!HFI based on `spider weba bolometers.
"LFI based on InP HEMTs at 20 K.

in#ation and so on (see e.g. [77,43]). Such quality measurements lead also to good observations or
constraints for X

0
, X

"
, K, H

0
, etc. Sub-degree anisotropies are sensitive to the ionization history of

the universe. In fact, they can be erased if the intergalactic medium underwent reionization at high
redshifts. Moreover, the temperature anisotropies at small angular scales depend on other key
cosmological parameters, such as the initial spectrum of irregularities, the baryon density of the
universe, the nature of dark matter, and the geometry of the universe (see e.g. [22,39,42,71]. The
Planck maps will provide constraints on these parameters within the context of speci"c theoretical
models.

Moreover, Planck should measure the Sunyaev}Zel'dovich e!ect for more than 1000 rich
clusters, using the higher resolution bolometric channels. This will allow a rich analysis of clusters.
Combined with X-ray observations these measurements can be used to estimate the Hubble
constant H

0
as a second independent determination.

7.2.3. Foreground emissions
In order to obtain these scienti"c goals, the measured temperature #uctuations need to be well

understood in terms of the various components that add to the cosmological signal. In fact, in
addition to the CMB temperature #uctuations, foreground structures will be present from weak,
unresolved extragalactic sources and from radiation of Galactic origin (interstellar dust, free}free
and synchrotron radiation). The Planck observations will reach the required control on the
foreground components in two ways. First, the full sky coverage will allow accurate modeling of
these components where they are dominant (e.g. Galactic radiation near the Galactic plane).
Second, the observations will be performed in a very broad spectral range (see Fig. 11).

The Planck channels will span the spectral region of minimum foreground intensity (in the range
50}300GHz), but with enough margin at high and low frequency to monitor `in real-timea the
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Fig. 11. The intensity of the microwave sky from 3 to 3000GHz near a Galactic latitude of b"203. The ordinate is the
brightness of the sky times the frequency, which means the plot indicates the distribution of power per unit bandwidth.
For synchrotron emission S(l)Jl~0.7; for free-free emission S(l)Jl~0.1; and for dust emission near 100GHz
S(l)Jl3.7. The scaling in e!ective temperature is ¹(l)Jl~2S(l). The lowest Planck-like curve is for ¹"27lK or
anisotropy at the 10~5 level.

e!ect of the various foreground components. By using the Planck spectral information and
modeling the spectral dependence of Galactic and extragalactic emissions it will be possible to
remove the foreground contributions with high accuracy.

It should be noted that in most channels the ultimate limitation to the cosmological information
of high-quality CMB maps is expected to be due to the residual uncertainties in the separation of
the foreground components rather than statistical noise. This explains why the overall design of
Planck is highly driven by the need of achieving as large a spectral coverage as possible. Making
the observations where the dominant foreground components are di!erent will permit a powerful
cross check on residual systematic errors in the CMB temperature #uctuation maps.

ESA (ESTEC) and the instrument teams maintain a baseline design for the mission, spacecraft,
and instruments. Broad frequency coverage is achieved with arrays of HEMT ampli"ers
(30}100GHz) and bolometers (100}850GHz). The number of detectors and focal plane layout
were optimized for the Planck mission. The characteristics of the proposed Planck payload are
summarized in Table 5 [79].

The need of accurate characterization of all non-cosmological components, of course, brings the
bene"t of additional astrophysical information. The very large Planck data base, particularly when
combined with the IRAS survey and FIRST mission, can provide information on several non-
cosmological issues, such as the evolution of starburst galaxies, the distribution of a cold-dust
component, or the study of low-mass star formation.

7.2.4. The payload
The Planck payload consists of a shielded, o!-axis Gregorian telescope, with a parabolic primary

re#ector and a secondary mirror, leading to an integrated instrument focal plane assembly. The
payload is part of a spinning spacecraft, with a spin rate of 1 rpm. The focal plane assembly is
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Table 5
Characteristics of proposed Planck payload

Inst. Freq. Angular Detector ¹ No. of Bandwidth Sensitivity! Linear
(GHz) resol. device (K) detectors (*l/l) polar.

LFI 30 33@ HEMT &20 4 0.2 1.6 Yes
LFI 44 23@ HEMT &20 6 0.2 2.4 Yes
LFI 70 14@ HEMT &20 12 0.2 3.6 Yes
LFI 100 10@ HEMT &20 34 0.2 4.3 Yes

HFI 100 10.7@ Bol 0.1 4 0.25 1.7 No
HFI 143 8.0@ Bol 0.1 12 0.25 2.0 Yes
HFI 217 5.5@ Bol 0.1 12 0.25 4.3 Yes
HFI 353 5.0@ Bol 0.1 6 0.25 14.4 No
HFI 545 5.0@ Bol 0.1 8 0.25 147.0 Yes
HFI 857 5.0@ Bol 0.1 6 0.25 6670 No

!Average *¹/¹ per resolution element (12 months of observation, 1p, 10~6units).

divided into low-frequency (LFI) and high-frequency (HFI) instrumentation according to the
technology of the detectors. Both the LFI and the HFI are designed to produce high-sensitivity,
multifrequency measurements of the di!use sky radiation. The LFI will measure in four bands in
the frequency range 30}100GHz (2.3}10mm wavelength). The HFI will measure in four channels
in the range 140}800GHz (0.4}2.1mm wavelength). The highest frequency LFI channel and the
lowest HFI channel overlap near the minimum foreground region. Table 5 summarizes the main
characteristics of the Planck payload.

7.2.5. The main optical system
A clear "eld of view is required for a high-sensitivity CMB anisotropy experiment to avoid

spurious signals arising from di!raction and re#ection from the mirrors or from supports and
mechanical mounting (Fig. 12). The o!-axis Gregorian con"guration has a primary parabolic
mirror of 1.5-m diameter, and an elliptic secondary mirror (0.57-m). Stray radiation is minimized by
underilluminating the low-emissivity optics. The telescope reimages the sky onto the focal plane
instrument located near the payload platform. The telescope optical axis is o!set by 85}903 from
the spin axis. Thus at each spacecraft spin rotation the telescope pointing direction sweeps a large
(approaching a great) circle in the sky, according to the sky scan strategy.

A large, #ared shield surrounds the entire telescope and focal plane assembly, to screen the
detectors from contaminating sources of radiation. The shield also plays an important role as an
element of the passive thermal control of the spacecraft.

7.2.6. The focal plane assembly
The wide spectral range requires the use of two di!erent technologies, bolometers and coherent

receivers, incorporated in a single instrument. Both technologies have shown impressive progress
in the last decade, and more is expected in the near future. The thermal requirements of the two

G.F. Smoot / Physics Reports 333}334 (2000) 269}308 301



Fig. 12. Artist's concept of one possible con"guration of the Planck Surveyor optics and focal plane layout.

types of detectors are widely di!erent. The coherent radiometers (LFI), operating in the low-
frequency channels, give good performance at and operational temperature of 4100K. Splitting
the HEMT chain into cool and warmer portions leads to a passive cooling temperature of '65K
and with active cooling 20K. The bolometers, on the other hand, require temperatures 40.15K
in order to reach their sensitivity performance. The main characteristics of the LFI and HFI are
summarized in Table 5.

The LFI consists of an array of 26 corrugated, conical horns, each utilized in two orthogonal
polarization modes, feeding a set of high sensitivity receivers. The receivers will be based on
monolithic microwave integrated circuits (MMIC) technology with high electron mobility transis-
tor (HEMT) ultra-low noise ampli"ers. Since the whole LFI system will be passively cooled to the
"rst level and then actively cooled with a sorption cooler, it can be operated for a duration limited
only by spacecraft consumables (&5 years).

The HFI instrument will employ about 50 bolometers, operating at &0.1K. The cooling system
combines active coolers reaching 4K with a dilution refrigeration system working at zero gravity.
The refrigeration system includes two pressurized tanks of 3He and 4He for an operational lifetime
of 2 years.

7.2.7. Orbit and sky observation strategy
The Planck mission requires a far-from-Earth orbit. The requirements on residual Earth radiation

are basically the same for the LFI and the HFI systems. Adopting a low-Earth orbit, such as that
used by the COBE satellite, the requirement on straylight and sidelobe rejection would be a factor of
1013, which is beyond the capabilities of present microwave and sub-mm systems and test equipment.
The orbit chosen for Planck is one about the L2 Lagrange point of the Earth}Sun system.

These L2 orbits are also very favorable from the point of view of passive cooling and thermal
stability [29]. The spacecraft will be normally operated pointing in the anti-solar direction, with
part of the sky observations performed within $403 from anti-solar.

302 G.F. Smoot / Physics Reports 333}334 (2000) 269}308



Table 6
Projected parameter errors: assumes variation around Standard CDM

1997 BOOM/MAX MAP! Planck!

X 0.01}2 6% 18% 1%
X

"
0.01h~2 30% 10% 0.7%

K(XK) (0.65 $0.10 $0.43 $0.05
Xl (2 $0.25 $0.08 $0.03
t
0

12}18 Gyr * * *

H
0

30}80km/s/Mpc 10% 20% 2%
p
8

0.5}0.6 30% 30% 10%
Q 20$2lK" 30% 30% 10%
n
s

1.0$0.5 30% 5% 1%
q 0.01}1 $0.5 $0.2 $0.15
¹

0
2.73$0.01s * * *

> 0.2}0.25 10% 10% 7%
¹/S 0.0}1 $1.6 $0.38 $0.09

! Ref. [13]. Note that parameters are not all independent, e.g., H
0
t
0
"f (X,K).

"Indicates current precise results from CMB observations (COBE).

The primary goal of the mission is to observe the full sky with a sensitivity of 10}15lK within the
two year mission lifetime. Deeper observation of a limited (&2%) sky region with low foregrounds
could signi"cantly contribute to the cosmological information. Simulations have shown that these
observational objectives can be achieved simultaneously in a natural way, using the spinning and
orbit motion of the spacecraft, with relatively simple schemes.

8. Interpretation and future

In seven years the "eld of CMB anisotropy observations and theory has made great strides. Until
April 1992 all plots of CMB anisotropy showed only upper limits, except for the l"1 dipole. Now
observations have begun to trace out the shape of the power spectrum and to make maps of the
anisotropies. This observational program promises to deliver a wealth of new information to
cosmology and to connect it to other "elds. The COBE DMR full four-year data set has been the
"elds standard and anchor. We can expect little in the way of improvement compared to the "nal
DMR results from future experiments on the large angular scales but scienti"c interest has moved
to covering the full spectrum and learning what the medium and small angular scales will tell us.
Already there are plots showing the CMB anisotropy spectrum related to and overlaid on the
primordial density perturbation power spectrum and attempts to reconstruct the in#aton poten-
tial. These are the "rst steps in a new period of growth.

Table 6 gives an example of the level of sensitivity that might be achieved by the many
experiments underway, planned, and approved. Nearly every group has data under analysis and
is also at work on developing new experiments. Some of these are the natural extensions of the
ongoing experiments. Some groups are considering novel approaches. Real long-term progress
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depends on avoiding the potential foregrounds: #uctuations of the atmosphere, a source of noise
that largely overwhelms recent advances in detector technology, and Galactic and extragalactic
signals. This requires instruments having su$cient information (usually only through multi-
frequency observations) and observing frequencies to separate out the various components. It also
means going above the varying atmosphere. Collaborations are working on long-duration
ballooning instruments. Ultimately, as COBE has shown, going to space really allows one to
overcome the atmospheric problem and to get data in a very stable and shielded environment. Two
selected satellite mission are actively being developed. We can anticipate a steady and signi"cant
advance in observations. With the new data that are appearing, can be expected, and ultimately will
come from the Planck mission we can look forward to a very signi"cant improvement in our
knowledge of cosmology.
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