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CMB photons propagate (nearly) freely across the universe since last scattering, 
preserving an image of conditions at the time of their emission.  The CMB is the 
oldest light in the universe.



WMAP’s Foreground-cleaned CMB Map

The universe at age 380,000 years: the final conditions of the early universe and the 
initial conditions of the late universe.



Acoustic Oscillations in the CMB

Average hot spot Average cold spot

The most distinctive and important signature in the CMB is the acoustic sound front 
that surrounds every hot & cold spot in the map.



The Angular  Power Spectrum

Best-fit flat ΛCDM model
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FIG. 1.— The angular power spectrum indicates the state of CMB anisotropy measurements at the time of the MAP launch. The grey band denotes the
uncertainty in a combined CMB power spectrum from recent anisotropy experiments. (Boomerang 2000 results are omitted in favor of Boomerang 2001 results.)

and a subdominant first peak at (Hu & White
1996). It is possible to construct a model that has isocurvature
initial conditions with no superhorizon fluctuations that mim-
ics the features of the adiabatic inflationary spectrum (Turok
1997). This model, however, makes very different predictions
for polarization-temperature correlations and for polarization-
polarization correlations (Hu, Spergel & White 1997). By
combining temperature anisotropy and polarization measure-
ments, there will be a set of tests that are both unique (only
adiabatic inflationary models pass) and sensitive (if the model
fails the test, then the fluctuations are not entirely adiabatic).
If the inflationary primordial fluctuations are adiabatic, then

the microwave background temperature and polarization spec-
trum is completely specified by the power spectrum of pri-
mordial fluctuations, and a few basic cosmological numbers:
the geometry of the universe ( , ), the baryon/photon ra-
tio ( ), the matter/photon ratio ( ), and the optical
depth of the universe since recombination ( ). If these num-
bers are fixed to match an observed temperature spectrum, then
the properties of the polarization fluctuations are nearly com-
pleted specified, particularly for (Kosowsky 1999). If
the polarization pattern is not as predicted, then the primordial
fluctuations can not be entirely adiabatic.
If a polarization-polarization correlation is found on the few

degree scale, then a completely different proof of superhorizon
scale fluctuations comes into play. Since polarization fluctu-
ations are produced only through Thompson scattering, then
if there are no superhorizon density fluctuations, there should
be no superhorizon polarization fluctuations (Spergel & Zal-
darriaga 1997).
There are two types of polarization fluctuations: “E modes”

(gradients of a field) and “B modes” (curl of a field). Scalar
fluctuations produce only E modes, while tensor (gravity wave)
and vector fluctuations produce both E and B modes. Inflation-
ary models produce gravity waves (Kolb & Turner 1990) with
a specific relationship between the amplitude of tensor modes
and the slope of the tensor mode spectrum. The CMB gravity
wave polarization signal is extremely weak, with a rms ampli-
tude well below 1 K. The ability to detect these tracers in a

future experiment will depend on the competing foregrounds
and the ability to control systematic measurement errors to a
very fine level. Unlike E modes, which MAP should detect,
the B modes are not correlated with temperature fluctuations,
so there is no template guide to assist in detecting these fea-
tures. Also, the B mode signal is strongest on the largest angu-
lar scales where the systematic errors and foregrounds are the
worst. The detection of B modes is beyond the scope ofMAP ; a
new initiative will be needed for a next-generation space CMB
polarizationmission to address these observations. MAP results
should be valuable for guiding the design of such a mission.

3. MAP OBJECTIVES

The MAP mission scientific goal is to answer fundamental
cosmology questions about the geometry and content of the
universe, how structures formed, the values of the key param-
eters of cosmology, and the ionization history of the universe.
With large aperture and special purpose telescopes ushering in
a new era of measurements of the large-scale structure of the
universe as traced by galaxies, advances in the use of gravita-
tional lensing for cosmology, the use of supernovae as standard
candles, and a variety of other astronomical observations, the
ultimate constraints on cosmological models will come from a
combination of all these measurements. Alternately, inconsis-
tencies that become apparent between observations using dif-
ferent techniques may lead to new insights and discoveries.
A map with uncorrelated pixel noise is the most compact and

complete form of anisotropy data possible without loss of in-
formation. It allows for a full range of statistical tests to be
performed, which is otherwise not practical with the raw data,
and not possible with further reduced data such as a power spec-
trum. Based on our experience with the COBE anisotropy data,
a map is essential for proper systematic error analyses.
The statistics of the map constrain cosmological models.

MAP will measure the anisotropy spectral index over a sub-
stantial wavenumber range, and determine the pattern of peaks.
MAP will test whether the universe is open, closed, or flat via a
precision measurement of , which is already known to be
roughly consistent with a flat inflationary universe (Knox &

Pre-WMAP Final WMAP

Measurements of the fluctuation power before (left) and after (right) WMAP.  
The peak profile in real space produces coherent oscillations in Fourier space.



ΛCDM Stress Test
ΛCDM:
WMAP performed a stress test on the Standard Model of Cosmology: 
a spatially flat universe with gaussian, adiabatic initial fluctuations (possibly seeded by 

inflation), dominated by dark energy (Λ) and dark matter (CDM).

The 6-parameter ΛCDM model was able to fit more than 1,000 power spectrum points 
extremely well.  The WMAP data produced a factor of ~70,000 reduction in the allowable 
ΛCDM parameter volume: e.g. the age of the universe is 13.77 ± 0.059 Gyr.

Cosmological results from Planck are consistent with, and extend the WMAP results.  For 
modes measured by both experiments, the Planck and WMAP power spectra are within 
1-sigma of each another.

Looking ahead:
• Understand the nature of dark matter and dark energy.
• Recent measurements of the Hubble constant using 

“local” techniques (distance ladder and lensing 
time delays) appear to be inconsistent with the 
values forecast from CMB and BAO measurements.  
There is no obvious way to reconcile these data at 
the moment.

CDM Λ



Testing Cosmological Inflation
Inflation:
WMAP data supported 5 predictions of cosmological inflation, which posits a spatially flat 

universe with gaussian, adiabatic, initial fluctuations, drawn from a “tilted” power 
spectrum of primordial fluctuations.

• In conjunction with local Hubble constant measurements, WMAP constrains the curvature 
“density” of the universe to be less than 1% of the critical density.

• The fluctuations are observed to be consistent with a gaussian random field, with 
quantitative limits on the 3-point skewness (fNL).

• The well-defined acoustic peak structure limits non-adiabatic fluctuations (e.g. 
isocurvature modes) to be sub-dominant (<6% for uncorrelated modes).

• Negative TE correlations on ~5 degree angular scales requires adiabatic perturbations on 
super-horizon scales.

• In conjunction with ACT, SPT, and BAO data, WMAP data determine that the spectrum of 
density fluctuations is not scale-invariant (ns = 0.9579 ± 0.0082).

Looking ahead:
• Test inflation further by searching for the imprint of primordial gravity waves from 

inflation as imprinted on the CMB “B-mode” polarization.



from the WMAP Team


