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Cecilia Payne (1925) Thesis
    The application of physics in the domain of astronomy constitutes a line of 
investigation that seems to possess almost unbounded possibilities.  In the 
stars we examine matter in quantities and under conditions unattainable in 
the laboratory.  The increase in scope is counterbalanced, however, by a 
serious limitation--the stars are not accessible to experiment, only to 
observation, and there is no very direct way to establish the validity of laws, 
deduced in the laboratory, when they are extrapolated to stellar conditions.

   The verification of physical laws is not, however, the primary object of the 
application of physics to the stars.  The astrophysicist is generally obliged to 
assume their validity in applying them to stellar conditions.  Ultimately it may 
be that the consistency of the findings in different branches of astrophysics 
will form a basis for a more general verification of physical laws than can be 
attained in the laboratory; but at present, terrestrial physics must be the 
groundwork of the study of stellar conditions. 
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A simple cosmological model with only 6 parameters fits the WMAP data

•At high l, errors have 
dropped by more than a 
factor of 3,    improves 
from 1.07/d.o.f. to 1.04/
d.o.f.

•Better beams
•Better foreground model
•Finer pixelization in map-
making (0.1 -> 0.05 
diameter pixels)

Model fits Data



What Took So Long?

Our detected polarization signal is weak: we 
have errors below 200 nanoKelvin

Making a convincing detection of large-scale 
polarization required understanding the 
experimental systematics, modeling the 
interplay between noise and scan strategy 
and understanding galactic emission



What is New?
Improved Gain Model

Improved Beam Model and more accurate treatment of 
sidelobes

Improved Noise Model

Improved Foreground Model

Finer pixelization 

Exact treatment of low l likelihood for temperature and 
polarization



Improvements in Data Analysis

Text

Brief Article

The Author

March 15, 2006

d(t) = G(t)M(t, p)[B(p, t)! x(p)] + n(t) (1)

< n(t)n(t + !t) >= N(!t, t) (2)
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d(t) = G(t)M(t, p)[B(p, t)! x(p)] + n(t) (1)

< n(t)n(t + !t) >= N(!t, t) (2)
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Measurement Matrix

WMAP design is a success: N and B are stationary!

B side Primary



Gain Model
• Gain model now include 

RXB temperature and 
FPA temperature
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The parameter V0 characterizes compression (non-linear response) of the amplifiers and detectors,
T0 characterizes the variation of the noise temperature of the input amplifiers with physical tem-
perature, and ! normalizes the overall gain. An example of the gain model performance fit to the
hourly dipole-based gain measurements can be found in Jarosik et al. (2003b).

When the gain models fit to the first year observation data were extended to the 3-year data
significant deviations became evident. These deviations became apparent as the input housekeeping
data to the model (V and TFPA) spanned a larger range than was used to fit the model, due to
the slow warming of the observatory. Re-fitting the original gain model parameters (V0, T0 and
!) greatly improved the agreement between the model and dipole derived gain measurements, but
significant errors still were evident. An additional term was added to the model to account for the
variation of the compression of the amplifiers and square law diode detectors with their physical
temperature by allowing the parameter characterizing the nonlinearity to have a weak temperature
dependence. The resulting form of the gain model is

G = !
V ! V0 ! "(TRXB ! 290)

TFPA ! T0
, (2)

where TRXB is the temperature (in Kelvin) of the RXB thermometer closest to the detector and "

is an additional parameter to be fit. Figure 2 shows the dipole derived gain measurements and the
results of fitting the original model and the improved model to the 3 year data for the V223 detector.
The new model significantly improves the fit over the entire 3 year period. The first-year analysis
implemented a small, time dependent weighting of the TOD using the denominator of equation (1)
as a measure of the input referenced noise temperature of the HEMT amplifiers. The values of T0

and " are strongly coupled in the current gain model and are not independently determined with
high accuracy. It is therefore not possible to use the denominator of equation (2) as a measure of
the radiometer noise levels. The three year processing therefore assumes uniform radiometer noise
within each year. We maintain the year-1 estimate of the absolute sky map calibration uncertainty
of 0.5 %.

2.4.1. The Gain Model’s E!ect on Measurement of the Quadrupole

Comparison of the year-1 and 3-year gain models indicated that many of the year-1 gain
models displayed small errors in the predicted gain roughly linear in time, with an error on the
order of 0.3 % yr!1. For each DA15, di!erence maps were formed by subtracting maps processed
with the original gain model from those processed with the improved gain model. These maps
displayed a feature with a several micro-Kelvin quadrupolar component, an example of which is
presented in Figure 3. This signal was found to have similar morphologies in many of the maps

15A Di!erencing Assembly (DA) is a pair of di!erential radiometers connected to the two linear polarizations of a

set of telescope feed horns.

– 9 –

Fig. 2.— Comparison of the hourly gain determinations (black) based on measurement of the CMB
dipole to two di!erent versions of the radiometer gain model. These data are for the V223 detector
and the time range spans the three years of WMAP science data collection. The blue lines are the
original gain model derived by fitting the initial 310 days of data. The light blue region, to the left
of the vertical red line, indicates the time range used to fit the model. The dark blue region, to the
right of the red vertical line, is this model as originally fit, applied to the remainder of the data.
The orange line is the new form gain model fit to all three years of data. The updated gain model
is a significantly better fit to the hourly gain measurements. Note that the di!erence between the
models contains a component roughly linear in time.

Text

– 10 –

-0.008 mK 0.008 mK

Fig. 3.— Di!erence between the temperature sky maps produced using two di!erent gain models.
Raw data from from the V2 di!erencing assembly for year-1 was processed both with the original
(year-1) and the improved (3-year) gain models. The map projection shown is in ecliptic rather
than Galactic coordinates. The observed quadrupolar feature arises from imperfect subtraction of
the velocity induced dipole signal in maps processed with the year-1 gain model. Similar features
are observed in similarly constructed di!erence maps for many of the DAs.

Changes due to new Gain Model



Beams
• Determined from 6 

seasons of Jupiter 
observations

• Full physical optics model 
(DADRA code) of beams 
using 122 fourier modes on 
primary and 30 fourier 
modes on secondary

• V and W band window 
functions are 1.5% lower 
between l=200-600

– 16 –
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Fig. 5.— Predicted (top) and measured (bottom) focal plane for the A side for the co- and cross-
polar beams. The contours are spaced by 3 dB and the maximum value of the gain in dBi is given
next to selected beams. The measurement was done in the GEMAC (Goddard ElectroMagnetic
Anechoic Chamber) beam mapping facility at NASA/GSFC. For both the predictions and measure-
ments, measurements at twelve frequencies across each passband are combined using the measured
radiometer response. The di!erence between the predictions and measurements are due to reflector
surface deformations with an rms of 0.02 cm. In flight, deformations are larger (Page et al. 2003)
and require the modeling described in the text. In K and Ka bands, the cross-polar patterns are
clearly evident at the predicted levels. For the other bands, the polarization isolation of the ortho-
mode transducer dominates over the optical cross-polarization leading to a higher cross-polar gain.
This beam orientation is for an observer sitting on WMAP observing the beams as projected on
the sky.



Map Making

– 26 –

Note that for the combination of radiometers outputs corresponding to Stokes I, d1 + d2, the
spurious term cancels, and for the combination corresponding to polarization signals, d1 ! d2, it
appears as a scalar map, independent of polarization angles !A and !B. Equation (9) is easily
generalized to handle these extra terms by expanding the mapping matrix to 2Nt " 4Np, where
the extra columns now correspond to the spurious signal map. Each row of this matrix now has 16
non-zero entries, 4 corresponding to each type of map, i,q,u and s.

Input Transmission Imbalance

An ideal di!erential radiometer only responds to di!erential input signals and completely rejects
common mode signals. Due to several e!ects, the WMAP radiometers exhibit a small response
to common mode signals (Jarosik et al. 2003b). This response is characterized by a transmission
imbalance factor, xim, with the response of the radiometer, d, to input signals TA and TB given by
equation 5. The values of xim for the 3-year data are given in Table 2. The e!ect can easily be
incorporated into the maximum likelihood maps solution (see eq.[9]) by modification of the mapping
matrix, M. The TOD, including both the spurious map term and the transmission imbalance terms
is given by

d1 = (1 + xim)(i(pA) + q(pA) cos 2!A + u(pA) sin 2!A + s(pA)) + (18)

(1 ! xim)(!i(pB) ! q(pB) cos 2!B ! u(pB) sin 2!B ! s(pB)) (19)

and

d2 = (1 + xim)(i(pA) ! q(pA) cos 2!A ! u(pA) sin 2!A ! s(pA)) + (20)

(1 ! xim)(!i(pB) + q(pB) cos 2!B + u(pB) sin 2!B + s(pB)). (21)

The corresponding modification to M is that each term involving A-side data is multiplied by
a factor (1 + xim) and those involving B-side data are multiplied by a factor (1 ! xim).

3.4.2. Map Evaluation

The maximum likelihood map solution (eq.[9]) is evaluated in two steps. First the product
t̃0 = MTN!1d, the “iteration 0” maps, are formed. The t̃0 maps are then multiplied by the
(MN!1MT )!1 term using an iterative technique.

Generation of the t̃0 Maps

The calibrated TOD, d, represents the entire sky signal, including the CMB dipole components.
To minimize numerical errors a TOD signal corresponding to a nominal CMB dipole is removed
from the calibrated TOD before evaluation of the t̃0 maps. The dipole signal removed from the

Improved Measurement Model

Noise Filtering

– 27 –

TOD for each radiometer includes the e!ects of loss imbalance based on the values given in Table 2.
A CMB dipole amplitude of 3.3463 mK (thermodynamic) in the direction (l, b) = (263.!87, 48.!2)
is used to calculate the barycentric component. A CMB monopole temperature of 2.725 K (ther-
modynamic) (Mather et al. 1999) is used to calculate the annually varying component due to the
spacecraft’s motion about the barycenter. The kinematic quadrupole in not removed from the TOD
in the generation of the t̃0 maps.

The dipole-subtracted TOD from each radiometer must be multiplied by a filter consisting
of the inverse of each radiometer’s noise correlation matrix. This is accomplished by forming the
inverse noise correlation function,

N("t)"1 !

!
"

#
C

$%
ei!!t

&%
ei!t!N(t#)dt#

'"1
d! + K

(
, |"t| < "tmax

0, |"t| " "tmax,
(22)

where N("t) is the parametrized noise correlation function as described in § 2.5. Since N("t) is
constructed to be zero at lags greater than "tmax, N("t)"1 also falls to zero on the same time
scale, so values of the filter, N("t)"1, are also set to zero for lags at which N("t) was set to zero.
Next, a constant K is added to the values of N("t)"1 for lags less than "tmax to force the mean of
this portion of the filter to zero. This ensures that very low frequencies, those with periods longer
that the filter extent, are filtered out. Finally, the filter is normalized by an overall multiplicative
constant, C, such that the value at "t = 0 is unity. Note that none of these adjustments to
N("t)"1 biases the resultant sky maps since the same form of N("t)"1 is used in both terms in
equation (9). Tabulated versions of these filters are contained in the data release.

The matrix multiplication, N"1 · d is then implemented through use of the convolution
N("t)"1 # d using standard Fourier techniques. Missing samples in the TOD, due either to gaps
in the data or masking when producing spm maps, are zero-padded to properly preserve the time
relationship between data on either side of the gaps.

Given the filtered TOD, the t̃0 maps are evaluated by accumulating the product of the corre-
sponding elements of MT and the TOD sample by sample. Cut sky maps are formed by simply
replacing the rows of M with zeros for observations where the data are masked. These t̃0 maps
correspond to the sky maps weighted by the inverse of the pixel-pixel noise correlation matrix, !"1,

t̃0 = MTN"1d = MTN"1Mt = !"1t (23)

where t represents sky maps of the three Stokes parameters, I, Q and U, and a map corresponding
to the spurious signal described in § 3.4.1. These maps are available with the data release. Solving
for the sky maps simply requires multiplication by the pixel-pixel noise covariance matrix, !.

Final Sky Map Production

The final step in the sky map production, multiplication of the t̃0 maps by the pixel-pixel noise
correlation matrix, !, is e!ected through a conjugate gradient iterative technique. This method

Text

solved iterative by CG methods with preconditioner

Loss Imbalance
Band Pass Mismatch



Pixel Noise Matrix
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components, and the spurious map S, converged in ! 50 " 100 iterations to the level described
above.

3.4.3. Combining Full Sky and Cut Sky Maps

Both full sky and cut sky versions of maps were produced for all three years of observations.
The final sky maps for each year were produced by using data from the full sky maps to fill in
the regions of missing data in the masked maps. Before combining the data from these maps
the mean temperature of the full sky Stokes I and the S map required adjustment. For an ideal
di!erential radiometer the mean value of the I and S maps would be undetermined, corresponding to
singular modes in !. However, inclusion of the non-zero valued transmission imbalance factors, xim,
converts these previously singular modes into modes with very small eigenvalues, indicating that
they are very poorly constrained by the measurement. While no physical significance is attached
to the recovered values, allowing the mean to vary is required to achieve the level of convergence
previously described with regard to the conjugate gradient solution. The fact that the map means
are poorly constrained indicates that estimates from the two di!erent map processings may di!er
significantly due to statistical fluctuations.

Failure to adjust the relative values of the means would introduce an obvious discontinuity at
the border of the masked regions when the maps were combined. The procedure used to combine
the maps is as follows. First the set of pixels which have the same number of observations in both
versions of the sky maps were identified. A constant was then added to the full sky map such that
the mean values of the previously identified sets of pixels in the full sky map equaled the mean value
of the same set of pixels in each corresponding cut sky map. The pixels containing no observations
in the cut sky map were then set to the values of the corresponding pixels in the full sky maps
for the I and S maps. The mean values of the Q and U maps are well determined and were not
adjusted.

3.5. Evaluation of the Inverse Pixel-Pixel Noise Matrix, !!1

Several steps in the WMAP data processing and spectral processing require an explicit numer-
ical representation of the inverse pixel-pixel noise correlation matrix, !!1. Formally this matrix is
described as

!!1 = MTN!1M = "!1(p1, p2) =
!

t1,t2

M(t1, p1)N!1(t1 " t2)M(t2, p2), (27)

where N!1 and M are the inverse noise matrix and the mapping matrix as described in § 3.4.2
and§ 3.4.1, and p1 and p2 are pixel indices spanning the I, Q, U and S maps. The sums over t1
and t2 extend over all non-zero values of the inverse noise matrix evaluated at time t1 " t2. These
matrices were evaluated at r4 on a year-by year basis for all 10 DAs, resulting in 30 matrices. One

Projecting Loss Imbalance:
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between the xim value used to process the TOD and the “true” value of xim. The patterns from
these simulation are therefore treated as templates, used to exclude the modes corresponding to
the aforementioned spatial structures from subsequent analysis. This is accomplished through the
use of modified versions of the inverse noise matrices, !!!1, that been produced with these modes
projected out. They are calculated as

!!!1 = !!1 ! !!1v " !!1v
vT!!1v

, (28)

where v are the map modes obtained from di!erences between the simulated maps made with the
correct loss imbalance factors and the incorrect factors, and " designates an outer-product. Using
these forms of the matrices in the spectral analysis (Page et al. 2006) eliminates artifacts which
might result from the errant signals cause by errors in the measured values of the transmission
imbalance parameters. Inverse noise covariance matrices based on these correlation matrices are
contained in the data release. The covariance matrices are the correlation matrices scaled by a
multiplicative factor, 1/!2

0 , where !0 is the noise per observation corresponding to each DA.

3.6. Production of Low Resolution Maps

Evaluation of the low-" power spectra with optimal signal-to-noise involves use of sky maps
and the inverse pixel-pixel noise matrices, !!1, which describe the maps’ noise properties. Since
the matrices are produced at r4 due to computational constraints, corresponding low resolution sky
maps must be produced that preserve the signal and noise properties as well as possible. There
are several di"culties involved with production of low resolution maps. Simply binning maps
to lower resolution, using either uniform or pixel-by-pixel (diagonal) inverse noise weighting will
result in aliasing of high-" signal and noise into lower-" modes. This e!ect can be reduced by
applying a low-pass filter to the map before degradation, but such a filter introduces additional
noise correlations, not described by the inverse noise matrix as described in the previous section.
Even without application of a filter, the omission of the inter-pixel noise correlations results in the
degraded maps having noise properties not precisely described by the noise matrix as calculated in
§ 3.5.

It is possible to produce low resolution sky maps directly using the procedures described in
§ 3.4.2 by accumulating data directly into low resolution maps. This corresponds to reducing the
number of columns in the mapping matrix, M, to reflect the reduced number of pixels in the
maps. Such maps will have noise properties accurately described by the pixel-pixel noise matrix,
but will have a higher degree of signal aliasing than maps initially produced at high resolution and
subsequently degraded. This occurs since in evaluation of the sky map (see eq.[9]) the low resolution
form of the mapping matrix is applied to the data multiple times, each time introducing aliased
signal components, whereas degrading a map initially produced at high resolution only introduces
the aliased components once.

Note l=2 EE and l=3 BB errors are large!



Temperature Maps
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Since our ‘press release” map 
was being used extensively for 
science, we have attempted to 
characterize the uncertainties.

There remains large 
uncertainties in the plane 
where there is significant 
foreground removal



Polarization Maps



Magnetic Field Structure in external 
galaxies exhibit spiral structure



Same bisymmetric spiral pattern is a 
good global fit to the field structure

Deviations show 
regions with 
shallower 
spectra
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FIG. 21.— Top: The EE and BB power spectra outside the P06 mask before and after applying the KD3Pol foreground model. Different colors show different
frequency combinations. Negative values are possible due to anticorrelations between foreground components, and to a lesser degree, from the coupling between
different values of !. Only statistical uncertainties are shown. For EE, the smooth black lines are the best fit model to the TT, TE, and EE data. The cosmic
variance uncertainty is indicated by the dashed lines. The EE values at ! = 2 are 5.8, 4.5, & 5.5 µK2 for f>40 (no KW), QVW, and QV combinations respectively.
To clean these to a level of 0.1 µK2 requires cleaning the Stokes Q and U maps to one part in eight. The BB foreground emission is generally less than half the
EE emission. Bottom: Expanded plots of the QV data for the P06 cut. The models are for " = 0.09 and r = 0.3.

TABLE 8
BINNED DATA FOR BEE/! FOR ! > 20

30 ! ! ! 50 51 ! ! ! 150 151 ! ! ! 250 251 ! ! ! 350 351 ! ! ! 450 451 ! ! ! 650 651 ! ! ! 1023

QV 0.010± 0.007 0.011± 0.005 !0.001± 0.012 !0.003± 0.026 !0.014± 0.058 0.16± 0.12 !0.73± 0.66
VW 0.013± 0.011 0.004± 0.004 0.017± 0.009 0.027± 0.018 0.031± 0.037 0.095± 0.065 0.13± 0.22
QVW 0.013± 0.006 0.004± 0.004 0.017± 0.009 0.027± 0.018 0.031± 0.037 0.095± 0.065 0.13± 0.22
KaQVW 0.016± 0.004 0.011± 0.003 0.012± 0.007 0.020± 0.016 0.065± 0.035 0.097± 0.064 0.12± 0.22
QVa 0.005± 0.009 0.018± 0.007 · · · · · · · · · · · · · · ·
VWa 0.013± 0.011 0.001± 0.008 · · · · · · · · · · · · · · ·
QVWa 0.012± 0.007 0.006± 0.005 · · · · · · · · · · · · · · ·
KaQVWa 0.005± 0.005 0.020± 0.004 · · · · · · · · · · · · · · ·

All entries have units of (µK)2. The top set is for combinations of the pre-cleaned data. Sample variance is not included. The bottom set is for
data cleaned with the KD3Pol model. Note that the cleaning has little affect on the 51! ! ! 150 bin other than to increase the uncertainty.

based on post-inflation causal physics that reproduced the TT spectrum. Spergel & Zaldarriaga (1997) show that the TE



Optical Depth Measurement is Robust
32 Page et al.

TABLE 9
OPTICAL DEPTH VS. DATA SELECTION

Combination Exact EE Only Exact EE & TE Simple tau EE Simple tau, no ! = 5,7

KaQV 0.111± 0.022 0.111± 0.022 · · · · · ·
Q 0.100± 0.044 0.082± 0.043 0.08± 0.03 0.085± 0.03
QV 0.100± 0.029 0.092± 0.029 0.110± 0.027 0.085!0.045!0.015

QV+VV · · · · · · 0.145± 0.03 0.14!0.02!0.06
V 0.089± 0.048 0.094± 0.043 0.09!0.03!0.07 0.10!0.03!0.07

QVW 0.110± 0.021 0.101± 0.023 0.090± 0.012 0.090± 0.015
KaQVW 0.107± 0.018 0.106± 0.019 0.095± 0.015 0.095± 0.015

The values of simple tau are computed for 2 ! ! ! 11. The models are computed in steps of !" = 0.005 and linearly interpolated. The last
column is computed with the errors on ! = 5,7 multiplied by ten. The QV+VV is the QV combination without the QQ component. Since the
exact likelihood is based on the Ka, Q, V, and W maps, there is no corresponding entry for QV+VV. Note that the maximum likelihood values
are independent of frequency combination indicating that foreground emission is not biasing the determination of " .

WMAP

1-year

0.00 0.100.05 0.200.15 0.25 0.30

68% CL

WMAP

3-years

WMAP

1-year

+ others

95% CL

FIG. 26.— The relative likelihoods of !̃ , ! from the stand alone exact likelihood code, and the first-year results. For the three-year results, all parameters except
! and the scalar normalization, A, were held fixed as described in the text. The solid curve (labeled “WMAP 3-years”) shows the exact likelihood for the QV
combination and the combined EE & TE data. The dot-dash line shows the exact likelihood for the QV combination but just for EE. Note that the three-year
TE data has little influence on determination of ! . The dotted line shows the exact likelihood for the KaQVW combination indicating that any foreground
contamination is small. The dashed line is simple tau for the QV combination. The two curves that peak at higher values of ! are from Spergel et al. (2003) and
show the first-year likelihood for the WMAP data alone and for WMAP in combination with other data sets. The darker grey band labeled “68% CL”shows the
result reported in Kogut et al. (2003) as a mean of ! = 0.17 and width " = 0.04.

WMAP has detected the primary temperature anisotropy,
the temperature polarization cross correlation, and the E-

mode polarization of the CMB. We detect the optical depth
with ! = 0.088± 0.031 in a full fit to all WMAP data. This

We find the same optical depth value 
regardless of frequency choice.  We use 
QV for the parameter estimation
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3. !CDM Model: Does it still fit the data?

3.1. WMAP only
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Fig. 1.— The improvement in parameter constraints for the power-law !CDM model
(Model M5 in Table 3). The contours show the 68% and 95% joint 2-d marginalized
contours for the ("mh2,!8) plane (left) and the (ns, ") plane (right). The black contours
are for the first year WMAP data (with no prior on "). The red contours are for the
first WMAP data combined with CBI and ACBAR (WMAPext in Spergel et al.
(2003)). The blue contours are for the three year WMAP data only with the SZ
contribution set to 0 to maintain consistency with the first year analysis. The WMAP
measurements of EE power spectrum provide a strong constraint on the value of " .
The models with no reionization (" = 0) or a scale-invariant spectrum (ns = 1) are
both disfavored at ##2

eff = 8 for 5 parameters (see Table 3). Improvements in the
measurement of the amplitude of the third peak yield better constraints on "mh2.

The !CDM model is still an excellent fit to the WMAP data. With longer integration times
and smaller pixels, the errors in the temperature C! on the high $ multipoles have shrunk by more
than a factor of three. As the data has improved, the likelihood function remains peaked around
the maximum likelihood peak of the first year WMAP value. With longer integration, the most
discrepant high $ points from the year-one data are now much closer to the best fit model (see
Figure 2). For the first year WMAP TT and TE data (Spergel et al. 2003), the reduced #2

eff was
1.09 for 893 degrees of freedom (D.O.F.) for the TT data and was 1.066 for the combined TT and
TE data (893+449=1342 D.O.F.). For the three year data, which has much smaller error bars for
$ > 350, the reduced #2

eff for 982 D.O.F. ($ = 13 ! 1000- 7 parameters) is now 1.068 for the TT
data and 1.041 for the combined TT and TE data ( 1410 D.O.F., including TE $ = 24 ! 450),

Improvement in Parameters– 10 –

Table 2: Power Law !CDM Model Parameters and 68% Confidence Intervals (ASZ = 0)
Parameter First Year WMAPext Three Year First Year WMAPext Three Year

Mean Mean Mean ML ML ML
100"bh2 2.38+0.13

!0.12 2.32+0.12
!0.11 2.23 ± 0.08 2.30 2.21 2.22

"mh2 0.144+0.016
!0.016 0.134+0.006

!0.006 0.126 ± 0.009 0.145 0.138 0.128
H0 72+5

!5 73+3
!3 74+3

!3 68 71 73
! 0.17+0.08

!0.07 0.15+0.07
!0.07 0.093 ± 0.029 0.10 0.10 0.092

ns 0.99+0.04
!0.04 0.98+0.03

!0.03 0.961 ± 0.017 0.97 0.96 0.958
"m 0.29+0.07

!0.07 0.25+0.03
!0.03 0.234 ± 0.035 0.32 0.27 0.24

"8 0.92+0.1
!0.1 0.84+0.06

!0.06 0.76 ± 0.05 0.88 0.82 0.77
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Fig. 3.— WMAP constraints on the reionization history. (Left) The 68% and 95% joint
2-d marginalized confidence level contours for x0

e ! zreion for a power law ! Cold Dark
Matter (!CDM) model with the reionization history described by equation 3 and fit to
the WMAP three year data. In equation 3 we assume that the universe was partially
reionized at zreion to an ionization fraction of x0

e, and then became fully ionized at z = 7.
(Right) The 68% and 95% joint 2-d marginalized confidence level contours for x0

e ! ns

where ! has been fixed to be between 0.09 and 0.11. This figure shows that x0
e and ns

are nearly independent for a given value of ! , indicating that WMAP determinations
of cosmological parameters are not a!ected by details of the reionization history. Note
that we assume a uniform prior on zreion in this calculation, which favors models with
lower x0

e values in the right panel.
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Fig. 5.— The prediction for the small-scale angular power spectrum seen by ground-
based and balloon CMB experiments from the !CDM model fit to the WMAP data
only. The colored lines show the best fit (red) and the 68% (dark orange) and 95%
confidence levels (light orange) based on fits of the !CDM models to the WMAP data.
The points in the figure show small scale CMB measurements (Grainge et al. 2003;
Ruhl et al. 2003; Abroe et al. 2004; Kuo et al. 2004; Readhead et al. 2004a). The plot
shows that the !CDM model (fit to the WMAP data alone) can accurately predict the
amplitude of fluctuations on the small scales measured by ground and balloon-based
experiments.

Background Imager (CBI: Mason et al. (2003); Sievers et al. (2003); Pearson et al. (2003); Readhead
et al. (2004a)), the Very Small Array (VSA: Grainge et al. (2003); Slosar et al. (2003); Dickinson
et al. (2004)), the Arcminute Cosmology Bolometer Array Receiver (ACBAR: Kuo et al. (2004))
and BOOMERanG (Ruhl et al. 2003; Montroy et al. 2005; Piacentini et al. 2005) We do not
include results from a number of experiments that overlap in ! range coverage with WMAP as
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Fig. 4.— The !CDM model fit to the WMAP data predicts the Hubble parameter
redshift relation. The blue band shows the 68% confidence interval for the Hubble
parameter, H. The dark blue rectangle shows the HST key project estimate for H0

and its uncertainties (Freedman et al. 2001). The other points are from measurements
of the di!erential ages of galaxies, based on fits of synthetic stellar population models
to galaxy spectroscopy. The squares show values from Jimenez et al. (2003) analyses
of SDSS galaxies. The diamonds show values from Simon et al. (2005) analysis of a
high redshift sample of red galaxies.

WMAP fits 
predict H(z)

Galaxy Ages
+HST Key Project

Supernovae
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uncertainties and the estimate is based on several di!erent methods (Type Ia supernovae, Type II
supernovae, surface brightness fluctuations and fundamental plane). It also agrees with detailed
studies of gravitationally lensed systems such as B1608+656 (Koopmans et al. 2003), which yields
75+7

!6 km/s/Mpc and recent measurements of the Cepheid distances to nearby galaxies that host
type Ia supernova (Riess et al. 2005), H0 = 73 ± 4 ± 5 km/s/Mpc.

4.1.2. Big Bang Nucleosynthesis

Measurements of the light element abundances are among the most important tests of the
standard big bang model. The WMAP estimate of the baryon abundance depends on our under-
standing of acoustic oscillations 300,000 years after the big bang. The BBN abundance predictions
depend on our understanding of physics in the first minutes after the big bang.

Table 4 lists the primordial deuterium abundance, yFIT
D , the primordial 3He abundance, y3,

the primordial helium abundance, YP , and the primordial 7Li abundance, yLi, based on analytical
fits to the predicted BBN abundances (Steigman 2005) and the power-law "CDM 68% confidence
range for the baryon/photon ratio, !10. The lithium abundance is often expressed as a logarithmic
abundance, [Li]P = 12 + log10(Li/H).

Table 4: Primordial abundances based on using Steigman (2005) fitting formula for the "CDM
3-year WMAP only value for the baryon/photon ratio, !10 = 6.0965 ± 0.2055.

CMB-based BBN prediction Observed Value
105yFIT

D 2.58+0.14
!0.13 1.6 - 4.0

105y3 1.05 ± 0.03 ± 0.03 (syst.) < 1.1 ± 0.2
YP 0.24815 ± 0.00033 ± 0.0006(syst.) 0.232 - 0.258
[Li] 2.64 ± 0.03 2.2 - 2.4

The systematic uncertainties in the helium abundances are due to the uncertainties in nuclear
parameters, particularly neutron lifetime (Steigman 2005). Prior to the measurements of the CMB
power spectrum, uncertainties in the baryon abundance were the biggest source of uncertainty in
CMB predictions. Recent measurements of the neutron lifetime (Serebrov et al. 2005) suggest that
the currently accepted value, "n = 887.5 s, should be reduced by 7.2 s, a shift of several times the
reported errors. This shorter lifetime lowers the predicted best fit helium abundance, YP = 0.24675
(Mathews et al. 2005; Steigman 2005).

The deuterium abundance measurements provide the strongest test of the predicted baryon
abundance. Kirkman et al. (2003) estimate a primordial deuterium abundance, [D]/[H]= 2.78+0.44

!0.38!
10!5, based on five QSO absorption systems. The six systems used in the Kirkman et al. (2003)
analysis show a significant range in abundances: 1.65 " 3.98 ! 10!5 and have a scatter much
larger than the quoted observational errors. Recently, Crighton et al. (2004) report a deuterium
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New Questions

What is the dark energy?

What is the dark matter?

How did the universe begin?



Inflationary Paradigm

Developed in 1980s by Guth, Linde, 
Steinhardt, ...

Motivated by recognition that the universe 
has gone through a series of phase 
transition

During its first moments, universe gets 
trapped in a false vacuum state, drives 
exponential expansion



Inflationary Predictions

Nearly Scale Invariant Fluctuations (COBE)

Flat (TOCO, Boomerang, CBI,...,WMAP)

Adiabatic (Boomerang, CBI, ...,WMAP I)

Superhorizon Fluctuations (WMAP I)

Gaussian (WMAP I, WMAP II)

n < 1 (WMAP II)

Gravitational Waves (TBD)
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Fig. 21.— Joint two-dimensional marginalized contours (68% and 95%) for matter
density, !m, and vacuum energy density, !! for power-law CDM models with dark
energy and dark matter, but without the constraint that !m + !! = 1 (model M10
in Table 3). The panels show various combinations of WMAP and other data sets.
While models with !m = 0.415 and !! = 0.630 are a better fit to the WMAP three
year data alone than the flat model, the combination of WMAP three year data and
other astronomical data favors nearly flat cosmologies. (Upper left) WMAP+HST key
project measurement of H0. (Upper right) WMAP+SDSS LRG measurement of the
angular diameter distance to z = 0.35. (Middle left) WMAP+SNLS data. (Middle right)
WMAP+SNGold. (Lower left) WMAP+2dFGRS. (Lower right) WMAP+SDSS. Note
that for this figure we assume a flat prior on H0.
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time series (Jarosik et al. 2006). As we lower the resolution, the value of !noise slowly drops with
pixel size. For W4, the channel with the large 1/f noise, this change is most dramatic; the value
of !0 at resolution Nside = 32 is 6% higher than the value computed for Nside = 1024.

Figures 22 and 23 shows the one-point distribution function of the cleaned sky maps as a
function of resolution. At the level of the one point function, the CMB sky appears to be Gaussian.
This result is consistent with that from the area of hot and cold spots (one of the Minkowski
functionals), which measures the cumulative one point probability function.

Fig. 22.— Normalized one point distribution function of temperature anisotropy, de-
fined in equation (17), for the template-cleaned Q (left), V (middle) and W (right)
band maps outside the Kp2 cut. The sky maps have been degraded to Nside = 256 for
this figure. The red line shows the a Gaussian distribution, which is an excellent fit
to the one point distribution function.

Fig. 23.— Normalized one point distribution function of temperature anisotropy, de-
fined in equation (17), for the template-corrected V band data maps outside the Kp0
cut. The sky maps have been degraded to Nside = 16(left), 64(middle) and 256(right)
for this figure. The red line shows the best fit Gaussian, which is an excellent fit to
the one point distribution function.
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Nside = 16, 64, 256

Looking Pretty Gaussian....
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Fig. 27.— The e!ect of SZ marginalization on the likelihood function. The red curve is
the likelihood surface for the three-year WMAP data for the power-law !CDM model
with ASZ = 0. The black curve is the likelihood surface after marginalizing over the
amplitude of the SZ contribution.
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Inflation: Theoretical Front

V(!)

!

Why is the 
potential so 
flat?

Why did the field start here?

Where did 
this function 
come from?

“Inflation consists of taking 
a few numbers that we don’t 
understand and replacing it 
with a function that we 
don’t understand”

David Schramm  1945 -1997

How do we convert the 
field energy completely 
into particles?



New Approach: CMB as a back light





Atacama Cosmology Telescope



Conclusions

CMB observations provide a “clean 
observational laboratory” for studying both 
the early universe and the basic properties 
of the universe today.

Current data consistent with a simple 
cosmological model

CMB a powerful tool for addressing 
fundamental questions in cosmology and 
physics
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