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WMAP Timeline

Concept: 1994
Selection by NASA: 1996
Launch: 15:47 EDT June 30, 2001
Begin observations at L2: Aug 2001
End 9-years at L2: Aug 2010
Viking funeral: Sep 2010
Currently in a solar orbit
@ 1.07 AU

WMAP’s Differential Receivers*
10 “Differencing
Assemblies”
4 @ 94 GHz W-band
2 @ 61 GHz V-band
2 @ 41 GHz Q-band
1 @ 33 GHz Ka-band
1 @ 23 GHz K-band

*based on amplifier design of M.
Pospieszalski

Take away:
- Five frequencies
- Coherent detection
- Differential (2-beam)

WMAP Scanning From L2
3 Months

Precession 1 hour

Spin 129 sec. (0.464 rpm)

A-side line of sight

MAP at L2
6 Months full sky coverage

B-side line of sight

Earth

1 Month

Sun
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Instrument Performance over the Years
Raw gain factors (g=dV/dT) change by ~2%
over 9 years. Due to changes in spacecraft
temperature and amplifier properties.
Multiple years of data help to separate
these effects and improve uncertainty
in the gain model.

Change in instrument offset, b, vs. time,
ΔV = gΔT + b

〈ΔT〉 = 0

Drifts < ~5 mK over 9 years.
< 1% of data flagged as unusable.

9-year Temperature Maps

9-year Polarization Maps

Foreground Components

Galactic Emission, ~by Component

3-color image of three band difference maps, selected to highlight emission components.
Green: ~synchrotron/spinning dust; blue: ~free-free; orange: ~thermal dust.

Spatial Templates for Cleaning

MEM: Pixel Fits w/ Spatial Prior

MCMC Pixel Fits w/ Polarization - I

“Model 9” Pixel Fits w/ 408 MHz

3-color image of three band difference maps, selected to highlight emission components.
Green: ~synchrotron/spinning dust; blue: ~free-free; orange: ~thermal dust.

MCMC Pixel Fits w/ Polarization - II

– 81 –

Notes:
top left - CMB fits do not do well in the
Galactic plane.
top right - Synchrotron index is flatter in the
plane. Halo/haze component not as flat as
in the overall plane.
bottom left - FDS dust model does not predict
shape of galactic plane (in detail).

Foreground Cleaning — “ILC”

Minimum variance ILC: the internal linear combination (ILC) of frequency bands
that minimizes the variance of the final map: T = ∑i wi Ti with ∑i wi = 1.

WMAP W-band, Template Cleaned

Cleaned with Planck 353 GHz dust map and low-frequency templates. 12’ resolution.

Planck SMICA Map

Planck/SMICA map, 5’ resolution.

BAO in the CMB - WMAP

BAO scale:
145.8 ± 1.2 Mpc

BAO in the CMB - Planck
Collaboration:
The Planck mission
Planck Collaboration:
The Planck mission

This graphic
should have
been on the front
page of all the
newspapers!

Planck Collaboration:
The Pla
Planck Collaborat

It should be in
every Astronomy
text book from here
forward. But the
color scheme needs
to show rings in T
better.

and polarization Qr at the position of the temperature extrema, at a common resolution of 30 a

The basic building block is a fast algorithm (?) for multiplying a temperature
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The Final WMAP Power Spectrum
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Tests of Optimal Spectrum Estimate
top - Recovery tests from simulations.
No bias at the < 1% level @ Δl = 50.

bottom - Comparison of optimal
spectrum to Master spectrum.
In WMAP 9-year data there is a few
percent difference between spectra in
the l ~ 32-64 range.
No systematic difference seen in
simulations.

Cl Sensitivity Comparison

C-1 estimator improves power spectrum sensitivity
most at mid-l, where S≈N.

WMAP’s ΛCDM Model
Hinshaw et al., arXiv/1212.5226
TABLE 4
Six-Parameter ΛCDM Fit; WMAP plus External Dataa
Parameter

WMAP

+eCMB

+eCMB+BAO

+eCMB+H0

+eCMB+BAO+H0

0.02229 ± 0.00037
0.1126 ± 0.0035
0.728 ± 0.019
2.430 ± 0.084
0.9646 ± 0.0098
0.084 ± 0.013

0.02211 ± 0.00034
0.1162 ± 0.0020
0.707 ± 0.010
2.484+0.073
−0.072
0.9579+0.0081
−0.0082
0.079+0.011
−0.012

0.02244 ± 0.00035
0.1106 ± 0.0030
0.740 ± 0.015
2.396+0.079
−0.078
0.9690+0.0091
−0.0090
0.087 ± 0.013

0.02223 ± 0.00033
0.1153 ± 0.0019
0.7135+0.0095
−0.0096
2.464 ± 0.072
0.9608 ± 0.0080
0.081 ± 0.012

13.742 ± 0.077
70.5 ± 1.6
0.810 ± 0.017
0.0449 ± 0.0018
0.227 ± 0.017
3230 ± 81
10.3 ± 1.1

13.800 ± 0.061
68.76 ± 0.84
0.822+0.013
−0.014
0.04678 ± 0.00098
0.2460 ± 0.0094
3312 ± 48
10.0 ± 1.0

13.702 ± 0.069
71.6 ± 1.4
0.803 ± 0.016
0.0438 ± 0.0015
0.216 ± 0.014
3184 ± 70
10.5 ± 1.1

13.772 ± 0.059
69.32 ± 0.80
0.820+0.013
−0.014
0.04628 ± 0.00093
0.2402+0.0088
−0.0087
3293 ± 47
10.1 ± 1.0

Fit parameters

a

Ωb h2
0.02264 ± 0.00050
Ω c h2
0.1138 ± 0.0045
ΩΛ
0.721 ± 0.025
9
2
10 ∆R
2.41 ± 0.10
ns
0.972 ± 0.013
τ
0.089 ± 0.014
Derived parameters
t0 (Gyr)
13.74 ± 0.11
H0 (km/s/Mpc)
70.0 ± 2.2
σ8
0.821 ± 0.023
Ωb
0.0463 ± 0.0024
Ωc
0.233 ± 0.023
zeq
3265+106
−105
zreion
10.6 ± 1.1

ΛCDM model fit to WMAP nine-year data combined with a progression of external data sets.

Two cosmological quantities that significantly shape the observed CMB spectrum are the epoch of matter radiat
uality, zeq , which depends on Ωc h2 , and the angular diameter distance to the last scattering surface, dA (z∗ ), wh
constraints with 68% CL uncertainties.
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ΛCDM model fit to WMAP nine-year data combined with a progression of external data sets.
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ΛCDM Table
Parameters,
WMAP
1. Planck & WMAP ΛCDM
Parameter&
FitsPlanck
Parameter

Planck
(“CMB+Lens”)

WMAP
(9-year)

Uncertainty ratio
(Planck/WMAP)

Shift
(WMAP sigma)

Fit parameters
Ωb h2
0.02217 ± 0.00033
2
Ωc h
0.1186 ± 0.0031
ΩΛ
0.693 ± 0.019
ns
0.9635 ± 0.0094
τ
0.089 ± 0.032
9 2
10 ∆R
···
10
ln(10 As )
3.085 ± 0.057 (1.8%)
Derived parameters
t0 (Gyr)
H0 (km/s/Mpc)
σ8
100 θ∗
a

13.796 ± 0.058
67.9 ± 1.5
0.823 ± 0.018
1.04141 ± 0.00067

0.02264 ± 0.00050
0.1138 ± 0.0045
0.721 ± 0.025
0.972 ± 0.013
0.089 ± 0.014
2.41 ± 0.10 (4.1%)
···

0.66
0.69
0.76
0.72a
2.28a

13.74 ± 0.11
70.0 ± 2.2
0.821 ± 0.023
1.0390 ± 0.0023

0.53
0.68
0.78
0.29

−0.9
+1.1
−1.1
−0.7
0

0.44a
+0.5
−1.0
+0.1
+1.0

These parameter uncertainties benefit most from polarization data to constrain τ .

Biggest improvement occurs in measurement of acoustic scale, θ✴, >3 times tighter.
This helps break degeneracies and allows Planck to place better constraints on additional
parameters.
Table 2. Six-Parameter ΛCDM Fit

Importance
of ΛCDM
Polarization
Table 1. Planck & WMAP
Parameter Fits
Parameter

Planck
(“CMB+Lens”)

WMAP
(9-year)

Uncertainty ratio
(Planck/WMAP)

Shift
(WMAP sigma)

Fit parameters
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2
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0.1186 ± 0.0031
ΩΛ
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9 2
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0.1138 ± 0.0045
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These parameter uncertainties benefit most from polarization data to constrain τ .

Table 2. Six-Parameter ΛCDM Fit
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WMAP/Planck Spectrum Comparison

WMAP & Planck spectra computed with same cut and methodology, courtesy K. Gòrski.
WMAP V/W consistent; Planck 70/100 GHz consistent; WMAP ~2.5% higher than Planck.

WMAP/Planck Spectrum Comparison

WMAP & Planck spectra computed with same cut and methodology, courtesy K. Gòrski.
WMAP V/W consistent; Planck 70/100 GHz consistent; WMAP ~2.5% higher than Planck.

WMAP Beam Window Uncertainty
red - transfer function
uncertainty from 7-year data.
Amplitude units.
green - 5-year uncertainty.

black - ratio of 5yr/7yr transfer
functions. Includes new data
and updated modeling.
Co-added uncertainty in power
units ~0.6% (1-σ)

Jarosik et al., ApJS, 2011, 192, 14

Beam Mapping & Modeling
A-side

B-side
top - beam maps constructed from in-flight
observations of Jupiter.
Cosmology bands, V & W

middle - physical optics model; mirror figure
fit to in-flight beam maps.

bottom - residual: data − model.

Hill et al., ApJS, 2009, 180, 246

Mirror Distortion Fits
A-side

B-side
top - primary mirror
distortions inferred from fits
to in-flight observations of
Jupiter.
Grey curves indicate the
mean radius at which W
band illumination reaches
−15 dB.
bottom - same for secondary
mirror.

Hill et al., ApJS, 2009, 180, 246

Reconstructed Beam Response

Portion where
model is used

top row - reconstructed model for V2A beam as # of fit Fourier modes on mirror is increased.
bottom left - beam profiles for above models (indigo-red: k=12-24). The dotted box shows portion of model
used in final result.
bottom right - the fraction of solid angle from the model contribution.
Hill et al., ApJS, 2009, 180, 246

Determination of Model Threshold

Hybrid threshold

left - beam profiles - same as before.
right - the error contributed to the total solid angle by each contribution to the beam determination (Jupiter
data and model). Threshold is chosen to minimize the total error.
Hill et al., ApJS, 2009, 180, 246

WMAP/Planck Spectrum Summary

Comments - Difference could be explained if WMAP solid angles were over-estimated by ~1.2%
- Only ~0.2% of the WMAP solid angle is determined by non-Jupiter data, so that is
the upper limit to over-estimates from model errors.
- Remaining solid angle error is uncorrelated statistical error, determined by Monte
Carlo. Is that uncertainty under-estimated?
- What is the corresponding uncertainty in Planck window functions?

The Canadian Hydrogen Intensity Mapping Experiment
(CHIME)
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But:
•! expensive
•! hard at z>1

Blanton et al. (2003)
Sloan Digital
Sky Survey (SDSS)
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Mapping
To measure BAO in
Mapping
LSS, no need to resolve

(See Ue-Li’s talk!)
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The Canadian Hydrogen Intensity Mapping Expt. (CHIME)

100m

100m

Consists of five 20 m x 100 m N-S cylindrical reflectors with receivers along each
100 m focal line.
Frequency: 400-800 MHz (21 cm radiation, z~0.8 - 2.5)
Coverage: 20,000 sq. deg. sky; drift scanning (no moving parts);
5% of the co-moving volume of the observable universe
Resolution: 1 MHz bandwidth; 13-26 FWHM beam
Receivers: 1280 dual polarization feeds, cosmic variance limited in ~2 years
Status: funding from Canada Foundation for Innovation (CFI). Additional support
from CIFAR and NSERC. Preliminary construction underway; first engineering
runs this summer.

The End

WMAP Beam Asymmetry and Cl

The fractional difference between spectra computed from beam-symmetrized maps
compared to the nominal maps. Bold colors show computation from the maps, pastel
colors show corresponding predictions from 3-year analytic estimates.

Beam Mapping & Modeling
top - variance per mode on A-side mirror.

bottom - variance per mode on B-side
mirror.

Hill et al., ApJS, 2009, 180, 246

Beam Mapping & Modeling
green - hybrid beam tail from k=24
model.
red - sidelobe data from Moon
observations.

Hill et al., ApJS, 2009, 180, 246

