Detection of Polarization in the Cosmic Microwave Background using DASI

Thesis by

John M. Kovac

A Dissertation Submitted to the Faculty of the Division of the Physical Sciences in Candidacy for the Degree of Doctor of Philosophy

The University of Chicago Chicago, Illinois

2003 (Defended December 1, 2003)

Copyright ©2003 by John M. Kovac All rights reserved

Acknowledgements

It has been a rare experience to be a part of the DASI team, assembled and led by John Carlstrom here at the University of Chicago, and to witness the combination of talents which have brought this project along from its inception to final results. Many people deserve thanks for their help in making this progression possible, certainly more than I am able to acknowledge in the few paragraphs below. The DASI team itself, which has maintained a remarkable focus of effort for the past seven years, has remained relatively small. In the past two years, Erik Leitch, Clem Pryke, John Carlstrom, and I have worked closely to share the task of completing the DASI polarization results. The experience has left me with a lasting impression of awe and admiration for their talents. I am particularly grateful for the chance to have worked nearly full-time together with Erik for over a year on the observation, reduction, and calibration of the polarization data. I am also grateful to Nils Halverson for returning to Chicago to help during the final push, for his good company during years spent together working as co-graduate students on DASI, and for showing me how to do it right. I thank Bill Holzapfel and Mark Dragovan for helping to create DASI and get it to the South Pole, and for everything I have learned from them along the way.

Of the many people who have made the DASI polarization results possible, our winter-over operators Ben Reddall and Eric Sandberg must be mentioned first. I am grateful for valuable contributions from Kim Coble, Gene Davidson, Allan Day, Gene Drag, Jacob Kooi, Ellen LaRue, Mike Loh, Bob Lowenstein, Nancy Odalen, Bob, Dave and Ed Pernic, Ethan Schartman, Bob Spotz, Mike Whitehead, John Yamasaki, and our current winter-over Miles Smith. I thank the Center for Astrophysical Research in Antarctica, Raytheon Polar Services, and the U.S. Antarctic Program for their support of the DASI project. DASI has benefited tremendously from collaboration with our sister experiment, the Cosmic Background Imager (CBI), and I would like to thank John Cartwright, Steve Padin, Tony Readhead, Martin Shepherd and the entire CBI team at Caltech for their contributions.

My time as a graduate student at the University of Chicago has been extremely rewarding. I would like to thank many members of the Physics Department faculty for teaching me physics, and Nobuko McNeill in the department office for taking care of virtually everything else! I am grateful to the Grainger Foundation for their generous fellowship support while I finished this research. My experience here has been enriched by interactions with members and visitors of the new Center for Cosmological Physics. In particular, I acknowledge many illuminating conversations with Wayne Hu on the intricacies of CMB polarization and valuable suggestions from Steve Meyer, Lyman Page, Mike Turner, and Bruce Winstein on the presentation of our results. I thank Nils Halverson and Chris Greer for helpful comments on drafts of this thesis, and I thank the members of my committee, Profs. Sean Carroll, Steve Meyer, and Tom Rosenbaum, for their valuable feedback and help in bringing this thesis to completion.

To my advisor John Carlstrom, I will never be able to adequately express my thanks. In 1997 when John asked me to work on DASI, it was not an easy decision for me to remain here in Chicago for my graduate work. It is clear to me now that I have never made a better choice. I am profoundly grateful to John for his infinite support and confidence throughout these years and for all that I continue to learn from him, and to John, Mary, Will, Alice, and Sally for their warm hospitality to Saskia and me while this work was finished.

Had I not stayed in Chicago, I may never have met my beautiful wife Saskia, and for that event above all else I am grateful. I thank her and my parents for their unfailing love and support, without which I could never have reached this point, and to them I dedicate this thesis.

Abstract

The past several years have seen the emergence of a new standard cosmological model in which small temperature differences in the cosmic microwave background (CMB) on degree angular scales are understood to arise from acoustic oscillations in the hot plasma of the early universe sourced by primordial adiabatic density fluctuations. In the context of this model, recent measurements of the temperature fluctuations have led to profound conclusions about the origin, evolution and composition of the universe. Given knowledge of the temperature angular power spectrum, this theoretical framework yields a prediction for the level of the CMB polarization with essentially no free parameters. A determination of the CMB polarization would therefore provide a critical test of the underlying theoretical framework of this standard model.

In this thesis, we report the detection of polarized anisotropy in the Cosmic Microwave Background radiation with the Degree Angular Scale Interferometer (DASI), located at the Amundsen-Scott South Pole research station. Observations in all four Stokes parameters were obtained within two 3^∘4 FWHM fields separated by one hour in Right Ascension. The fields were selected from the subset of fields observed with DASI in 2000 in which no point sources were detected and are located in regions of low Galactic synchrotron and dust emission. The temperature angular power spectrum is consistent with previous measurements and its measured frequency spectral index is −0.01 (−0.16 to 0.14 at 68% confidence), where zero corresponds to a 2.73 K Planck spectrum. The power spectrum of the detected polarization is consistent with theoretical predictions based on the interpretation of CMB anisotropy as arising from primordial scalar adiabatic fluctuations. Specifically, E-mode polarization is detected at high confidence (4.9σ). Assuming a shape for the power spectrum consistent with previous temperature measurements, the level found for the E-mode polarization is 0.80 (0.56 to 1.10), where the predicted level given previous temperature data is 0.9 to 1.1. At 95% confidence, an upper limit of 0.59 is set to the level of B-mode polarization with the same shape and normalization as the E-mode spectrum. The T E correlation of the temperature and E-mode polarization is detected at 95% confidence, and also found to be consistent with predictions. These results provide strong validation of the standard model framework for the origin of CMB anisotropy and lend confidence to the values of the cosmological parameters that have been derived from CMB measurements.

Contents

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v List Of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x List Of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

1 Introduction 1 1.1 The Cosmic Microwave Background . . . . . . . . . . . . . . . . . . . 3 1.2 CMB Temperature Power Spectrum . . . . . . . . . . . . . . . . . . . 5 1.2.1 Observations: a Concordance Universe? . . . . . . . . . . . . . 9 1.3 CMB Polarization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 1.3.1 Searching for Polarization . . . . . . . . . . . . . . . . . . . . 24 1.4 The Degree Angular Scale Interferometer . . . . . . . . . . . . . . . . 26 1.4.1 Plan of this Thesis . . . . . . . . . . . . . . . . . . . . . . . . 27

2 Interferometric CMB Measurement 29 2.1 Polarized Visibility Response . . . . . . . . . . . . . . . . . . . . . . . 30 2.1.1 CMB Response and the uv-Plane . . . . . . . . . . . . . . . . 37 2.1.2 CMB Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . 41 2.2 Building the Theory Covariance Matrix . . . . . . . . . . . . . . . . . 43

3 The DASI Instrument 50 3.1 Physical Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 3.1.1 South Pole site . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.1.2 DASI mount . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 3.1.3 Shields . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 3.2 The Signal Chain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 3.2.1 Receivers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 3.2.2 Downconversion and Correlation . . . . . . . . . . . . . . . . . 58 3.3 HEMT Amplifiers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 3.4 Broadband Polarizers . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 3.4.1 Defining the Polarization State . . . . . . . . . . . . . . . . . 66 3.4.2 Action of a Waveguide Retarder Element . . . . . . . . . . . . 69 3.4.3 Conventional Waveguide Polarizer Designs . . . . . . . . . . . 72 3.4.4 The Multiple Element Approach . . . . . . . . . . . . . . . . . 74 3.4.5 Design and Construction of the DASI Polarizers . . . . . . . . 84 3.4.6 Tuning, Testing, and Installation . . . . . . . . . . . . . . . . 86 3.4.7 Polarizer Switching . . . . . . . . . . . . . . . . . . . . . . . . 89 3.4.8 New Design Directions . . . . . . . . . . . . . . . . . . . . . . 90

4 Calibration 92 4.1 Relative Gain and Phase Calibration . . . . . . . . . . . . . . . . . . 93 4.2 Absolute Cross-polar Phase Calibration . . . . . . . . . . . . . . . . . 95 4.3 Absolute Gain Calibration . . . . . . . . . . . . . . . . . . . . . . . . 99 4.4 Leakage Correction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101 4.5 Beam Measurements and Off-Axis Leakage . . . . . . . . . . . . . . . 103

5 Observations and Data Reduction 108 5.1 CMB Field Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 5.2 Observing Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 5.3 Data Cuts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 5.4 Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 5.5 Data Consistency Tests . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.5.1 Noise Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 5.5.2 χ^2 Consistency Tests . . . . . . . . . . . . . . . . . . . . . . . 121 5.6 Detection of Signal . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126 5.6.1 Temperature and Polarization Maps . . . . . . . . . . . . . . . 128 5.6.2 Significance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6 Likelihood Analysis 134 6.1 Likelihood Analysis Formalism . . . . . . . . . . . . . . . . . . . . . . 135 6.1.1 Likelihood Parameters . . . . . . . . . . . . . . . . . . . . . . 138 6.1.2 Parameter window functions . . . . . . . . . . . . . . . . . . . 140 6.1.3 Point Source Constraints . . . . . . . . . . . . . . . . . . . . . 143 6.1.4 Off-axis Leakage Covariance . . . . . . . . . . . . . . . . . . . 143 6.1.5 Likelihood Evaluation . . . . . . . . . . . . . . . . . . . . . . 144 6.1.6 Simulations and Parameter Recovery Tests . . . . . . . . . . . 145 6.1.7 Reporting of Likelihood Results . . . . . . . . . . . . . . . . . 146 6.1.8 Goodness-of-Fit Tests . . . . . . . . . . . . . . . . . . . . . . 147 6.2 Likelihood Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149 6.2.1 Polarization Data Analyses and E and B Results . . . . . . . 149 6.2.2 Temperature Data Analyses and T Spectrum Results . . . . . 159 6.2.3 Joint Analyses and T E, T B, EB Cross Spectra Results . . . . 163 6.3 Systematic Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . 166 6.3.1 Noise, Calibration, Offsets and Pointing . . . . . . . . . . . . 166 6.3.2 Foregrounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

7 Conclusions 176 7.1 Confidence of Detection . . . . . . . . . . . . . . . . . . . . . . . . . 177 7.2 New Data and Future Directions . . . . . . . . . . . . . . . . . . . . 180

Bibliography 187

List of Tables

2.1 Theory covariance integral coefficients for the unpolarized case . . . . 45 2.2 Theory covariance integral coefficients for the full polarized case . . . 46 3.1 Achromatic circular polarizer solutions . . . . . . . . . . . . . . . . . 82 3.2 Achromatic solutions for quarter- and half-wave retarders . . . . . . . 83 4.1 Contributions to the absolute calibration uncertainty . . . . . . . . . 100 5.1 Results of χ^2 consistency tests for temperature and polarization data. 125 6.1 Results of Likelihood Analyses from Polarization Data . . . . . . . . 160 6.2 Results of Likelihood Analyses from Temperature Data . . . . . . . . 162 6.3 Results of Likelihood Analyses from Joint Dataset . . . . . . . . . . . 167

List of Figures

1.1 Degree-scale CMB temperature power spectrum measurements, 2001. 10 1.2 Cosmological parameters from DASI temperature measurements. . . . 12 1.3 E and B-mode polarization patterns. . . . . . . . . . . . . . . . . . . 16 1.4 CMB polarization generated by acoustic oscillations. . . . . . . . . . 19 1.5 CMB polarization generated by gravity waves. . . . . . . . . . . . . . 20 1.6 Standard model predictions for CMB power spectra. . . . . . . . . . . 22 1.7 Experimental limits to CMB polarization, 2002. . . . . . . . . . . . . 25 2.1 Interferometer response schematic. . . . . . . . . . . . . . . . . . . . 31 2.2 Interferometry visibility response patterns. . . . . . . . . . . . . . . . 35 2.3 Combinations of visibilities give nearly pure E and B-patterns. . . . . 36 2.4 Coverage of the uv-plane for the DASI array. . . . . . . . . . . . . . . 39 2.5 Response in the uv-plane of an RL + LR combination baseline. . . . 40 3.1 The DASI telescope. . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 3.2 DASI mount and ground shield . . . . . . . . . . . . . . . . . . . . . 53 3.3 The optics and cryogenic components of the DASI receivers. . . . . . 57 3.4 The DASI downconverter and correlator mounted behind the faceplate. 59 3.5 The CBI/DASI analog complex correlator. . . . . . . . . . . . . . . . 60 3.6 A DASI Ka-band HEMT amplifier. . . . . . . . . . . . . . . . . . . . 61 3.7 The lab dewar and HEMT test setup. . . . . . . . . . . . . . . . . . . 62 3.8 Test results for HEMT serial number DASI-Ka36. . . . . . . . . . . . 63 3.9 Receiver temperatures as installed on the DASI telescope. . . . . . . 64 3.10 Action of a conventional polarizer illustrated on Poincaré sphere. . . . 75 xi

3.11 Action of two-element polarizer illustrated on Poincaré sphere. . . . . 75 3.12 Theoretical leakage for single vs. multi-element polarizers. . . . . . . 77 3.13 Drawing of the DASI broadband polarizers. . . . . . . . . . . . . . . 84 3.14 Phase retardation curves for the two DASI polarizer elements. . . . . 85 3.15 Installation of the DASI switchable achromatic polarizers. . . . . . . 86 3.16 Configuration for laboratory tests of circular polarizer performance. . 87 3.17 Measured leakage for the single-element and DASI polarizers. . . . . . 88 3.18 Drawing of new W-band polarizer design. . . . . . . . . . . . . . . . . 90 3.19 Performance of new W-band polarizer design. . . . . . . . . . . . . . 91 4.1 DASI absolute phase offsets. . . . . . . . . . . . . . . . . . . . . . . . 96 4.2 DASI image of the Moon. . . . . . . . . . . . . . . . . . . . . . . . . 98 4.3 Comparison of leakage for single and multi-element polarizers. . . . . 101 4.4 DASI off-axis leakage measurements. . . . . . . . . . . . . . . . . . . 104 4.5 Observations of the molecular cloud complex NGC 6334. . . . . . . . 106 5.1 CMB field locations compared to galactic foreground maps. . . . . . . 109 5.2 Polarization signal in the epoch split s/n > 1 modes. . . . . . . . . . 127 5.3 Examples of two signal to noise eigenmodes. . . . . . . . . . . . . . . 129 5.4 Temperature maps of the CMB fields. . . . . . . . . . . . . . . . . . . 130 5.5 Polarization maps formed from high signal/noise eigenmodes. . . . . . 131 6.1 Parameter window functions for shaped and flat band analyses. . . . 142 6.2 E/B flat bandpower results computed on restricted ranges of data. . 150 6.3 Comparison of spectrum shapes examined for E/B analysis. . . . . . 151 6.4 Results from the shaped bandpower E/B polarization analysis. . . . . 153 6.5 Results from E/B Markov chain analysis. . . . . . . . . . . . . . . . 154 6.6 Five-band likelihood results for the E, B, T, and T E spectra. . . . . . 156 6.7 Results of E/beta_E polarization amplitude/spectral-index analyses. . 157 6.8 Results of Scalar/Tensor polarization analysis. . . . . . . . . . . . . . 158 6.9 Results of T /beta_T temperature amplitude/spectral-index analyses. . 161

6.10 Results from the shaped bandpower T /E/T E joint analysis. . . . . . 163 6.11 Results from the 6 parameter T /E/T E/T B/EB cross spectra analysis. 165 6.12 Simulations of off-axis leakage contribution to E/B results. . . . . . . 169 6.13 Simulations of point source contribution to E/B results. . . . . . . . 173 7.1 New WMAP T and T E results with previous DASI results overplotted. 182 7.2 Preliminary E and B spectrum results including new DASI data. . . 184

Chapter 1

Introduction

Like the Universe itself, our understanding of the basic elements of cosmology has been expanding in recent years at an accelerating pace. Studies of the small temperature differences imprinted across the sky in the cosmic microwave background (CMB) have helped to establish a new standard model of cosmology (see, for example, Hu & Dodelson 2002), which supplements the highly successful hot big-bang paradigm (Kolb & Turner 1990) with a precise account of the early evolution of structure in the Universe. The matching of recently detected features in the angular power spectrum of the CMB with the detailed predictions of this model has been a dramatic success, which has not only boosted confidence in our understanding of the physical processes at work in the early Universe but also allowed free parameters of the model to be determined to a precision sufficient to answer some of the most profound questions of cosmology. If our model is correct, these measurements tell us we live in a universe that is 14 billion years old, spatially flat, composed mostly of dark matter and dark energy with only a small fraction of ordinary matter, and that all the diverse structure in it evolved from primordial density fluctuations which are consistent with a quantum mechanical origin in inflation. These remarkable conclusions are strengthened by their concordance with independent lines of evidence. The acceptance of this picture, and of the apparent success of the standard model in offering a complete description of CMB physics, has been heralded as the start of the era of “precision cosmology”, in which ever more sensitive measurements of the CMB are expected to further refine our knowledge of the cosmological parameters and to allow us to probe beyond the standard model into the unknown physics of dark energy and inflation.

A critical test of this picture is offered by the polarization of the CMB. The standard model predicts that the same physical processes that create the observed features in the temperature power spectrum of the CMB must also cause this radiation to be faintly polarized. The statistical properties of this CMB polarization are characterized by angular power spectra which, like the temperature power spectrum, encode a wealth of information about the parameters which govern these processes and the primordial fluctuations which seed them. In fact, the greatest future promise of “precision cosmology” with the CMB may lie in the hope of characterizing these polarization spectra to high enough precision to break parameter degeneracies and to isolate new physics that is inaccessible in the temperature signal alone. However, the standard model predictions for the basic characteristics of the polarization signal— its amplitude, angular dependence, and geometric character—are already essentially fixed by our current knowledge of the temperature power spectrum. These predictions have therefore presented a compelling target to experimentalists: a sufficiently sensitive search for CMB polarization should either confirm a fundamental prediction of the standard model, or else cast into doubt much of what think we know about the early history of the Universe.

In this thesis, we report the detection of polarization of the cosmic microwave background radiation by the Degree Angular Scale Interferometer. DASI is a compact array of 13 radio telescopes, deployed to the Amundsen-Scott South Pole station in early 2000. It was specifically built to observe variations in CMB temperature and polarization on angular scales of 1.3 − 0.2^∘ (ℓ ≈ 140 − 900). As an interferometer, it does this by directly measuring Fourier patterns in the CMB sky, which on these scales are ideally suited to characterizing the physics of the standard model and the resulting features of the temperature and polarization power spectra.

Before turning to the DASI polarization measurements, we begin in this chapter with a brief overview CMB physics and observations. We will focus on the standard model’s explanation for the multiple peaks of the temperature power spectrum arising from acoustic oscillations of the primordial plasma, seeded by adiabatic density fluctuations. We describe how the observation of these temperature peaks, by DASI and by others, helped to fix both the parameters of the standard model and our expectations for the CMB polarization, the dominant component of which must also arise from these oscillations. We briefly recount the long history of increasingly sensitive observational limits on CMB polarization before giving an overview of the DASI experiment and an outline for the remainder of this thesis.

1.1 The Cosmic Microwave Background

The cosmic microwave background (CMB) radiation offers a snapshot of the infant Universe. As early as the late 1940’s it was suggested by George Gamow and collaborators that extrapolation of the observed expansion of the Universe backwards in time implies a hot, dense beginning some 10-20 billion years ago which could explain the abundances of the light elements and which would leave the Universe with a calculable radiation temperature of ∼ 5 K today (Alpher & Herman 1949; see also Partridge 1995 for a fascinating history of early CMB work). The discovery of the microwave background (Penzias & Wilson 1965) and the explanation of its origin (Dicke et al. 1965) helped to establish the credibility of not just the hot big bang model, but the entire enterprise of observational cosmology. It was explained that the radiation dates from the epoch of recombination, when the Universe was ∼ 400, 000 years old, and its expansion had cooled the primordial plasma to a temperature at which neutral hydrogen could form. This brought the rapid Thompson scattering of thermal photons and free electrons to an abrupt halt, ending the previous tight coupling between the radiation and baryonic matter in the Universe. The CMB photons which fill our sky come from the surface of last scattering, which is a spherical slice through the Universe at this epoch, centered on the Earth with a radius of ∼ 14 billion light years.

The three fundamental observables of the CMB radiation—its frequency spectrum, its angular variation in intensity (or temperature), and its polarization—each carry a wealth of information about the Universe at at a redshift of ∼ 1000, and each have been the target of intense theoretical and experimental investigation since Penzias and Wilson’s initial detection. Measurements of the frequency spectrum culminating in the definitive results from the COBE FIRAS instrument (Mather et al. 1994; Fixsen et al. 1996) have found the isotropic component of the CMB to be extremely well characterized by a 2.728 ± 0.004 K blackbody, constraining the thermal history of the hot big bang and fixing what could be considered the first measured parameter of the precision cosmology era.

Aside from a dipole term with an amplitude of several milliKelvin, which arises from the Doppler shift of the radiation field due to proper motion of Earth with respect to the comoving cosmological rest frame, the intensity of the CMB is extremely isotropic, reflecting the homogeneity of the early Universe. Intrinsic CMB temperature anisotropies were first detected at a level of 10^{−5} by the COBE DMR instrument, observing on angular scales larger than 7^∘ (Smoot et al. 1992). The last scattering surface at these scales probes regions of the Universe that were not yet in causal contact at the epoch of recombination, and thus reflect the primordial (acausal or super-horizon) inhomogeneities which set the initial conditions for structure formation. Observations since the DMR detection have focused on scales ≲ 1^∘, where gravitationally-driven evolution of the primordial inhomogeneities can enhance or suppress the temperature anisotropies generated at last scattering. The standard model gives a rich set of predictions for the resulting variation of anisotropy power with angular scale.

1.2 CMB Temperature Power Spectrum

In this section we briefly summarize the standard model physics of CMB temperature anisotropies. Many excellent reviews exist on this topic, and we recommend to the reader Hu (2003), Zaldarriaga (2003), or Hu & Dodelson (2002) (from which we will borrow) for complete, up-to-date treatments. Here we will simply attempt to introduce the essential elements of the statistics and acoustic phenomenology of the temperature anisotropies. We will see that the framework for describing and understanding CMB polarization is a natural extension of these elements.

The observable quantity for CMB temperature anisotropy is the distribution of variations in the blackbody temperature of the incident radiation field, measured by the scalar quantity ΔT (x̂) over the celestial sphere. It is natural to choose a spherical harmonic representation for this field

ΔT (x̂) = � l,m a_{lm}Y_{lm} (x̂) (1.1)

The multipoles a_{lm} are a set of random variables whose distribution defines the temperature anisotropies. Statistical invariance under rotation implies that, except for the monopole, in the ensemble average ⟨a_{lm}⟩_{ens} = 0. The orthonormality properties of the Y_{lm} further give us ⟨a^∗_{lm}a_l′_m′ ⟩ = δ_{ll}′ δ_{mm}′ C_l (1.2) i.e., that the covariance in the a_{lm} basis is diagonal and independent of m. The C_l’s define the temperature angular power spectrum of the CMB. We will see below that the linear perturbation theory describing the generation of CMB anisotropy leads to independent evolution of different Fourier modes. Thus, if the initial seed fluctuations are Gaussian, the a_{lm} are truly independent, and the power spectrum given by the C_l’s completely specifies their distribution, expressing the total information content of the temperature anisotropies. For observations considering only small patches of sky, a two-dimensional Fourier basis with modes of angular wavenumber u = l/2π

(see Figure 1.3, left) may be substituted for the spherical harmonics. We will make use of this “flat sky approximation” extensively in future chapters.

There are three mechanisms which generate the primary temperature anisotropies we observe in the CMB. Fluctuations in the density of the photon-baryon fluid directly result in temperature variations of the local monopole radiation field Θ at the surface of last scattering (SLS). Fluctuations in the Newtonian potential Ψ also imprint temperature variations due to gravitational redshift of CMB photons as they climb out of local potential wells (the Sachs-Wolfe effect). The third contribution results from Doppler shifts due to perturbations of the photon-baryon velocity field v (the local dipole) at the SLS. We can write the observed CMB temperature variation as

ΔT (x̂) = (Θ + Ψ) |_{SLS} + (x̂ · v_γ ) |_{SLS} +

�_{present} SLS dη � Ψ̇ − Φ̇ � , (1.3)

where the first term combines the local monopole and Newtonian potential to express the effective temperature at the SLS, and the second term gives the local dipole contribution. The integral term reflects the fact that time evolution (indicated by overdots) of potential (Ψ) and curvature (Φ) fluctuations along the line of sight produce further net gravitational redshifts which can generate temperature anisotropies well after last scattering (the “integrated Sachs-Wolfe” (ISW) effect). Non-linear gravitational and scattering phenomena at late times also give rise to a variety of secondary temperature anisotropies (see Hu & Dodelson 2002 for an overview). However, degree-scale anisotropies are dominated by the first two terms of Eq. 1.3, and the shape of the power spectrum is essentially explained by the evolution of density and velocity fluctuations up to last scattering.

That evolution is governed by acoustic oscillations supported by the tightlycoupled photon-baryon plasma. While the mean free path τ̇^{−1} is short, the plasma acts as a perfect fluid, with an effective inertial mass due to the combined photon and baryon momenta, and a pressure determined by the photon density. Writing the fluid equations (continuity and Euler) in Fourier space to leading order in k/τ̇ shows that each spatial Fourier mode evolves independently according to the acoustic oscillator equation (Hu & Sugiyama 1995), � m_{eff} Θ̇_k

�_˙ + k^2 3 Θ_k = − k^2 3 m_{eff} Ψ_k − � m_{eff} Φ̇_k

�_˙ . (1.4)

The left side of this equation indicates oscillations in Θ_k of frequency ω^2 = k^2/3m_{eff} = c^2_sk^2, where the sound speed c_s approaches 1/ √ 3 the speed of light when the photons dominate m_{eff} ≈ 1 + 3ρ_b/4ρ_γ . The right side gives the gravitational forcing terms which displace the zero-point of the oscillation to (Θ + m_{eff} Ψ) = 0 and also can pump the amplitude as the evolution of the potentials is driven by the expansion rate of the Universe. With the composition and expansion of the Universe specified, all that is needed to solve Eq. 1.4 for amplitude of the fluctuations at last scattering is a specification of their initial state.

Inflation offers a simple quantum mechanism for generating nearly scale-invariant Gaussian curvature fluctuations on superhorizon scales in the first instants of time. Also known as adiabatic density (or scalar) fluctuations, in terms of our variables these initial conditions are Ψ_k = −(3/2)Θ_k ≈ −Φ_k for spatial modes k that enter the horizon during matter-domination. Any initial velocities v_{γ,k} ∝ Θ̇_k are generically suppressed on superhorizon scales by expansion, implying that all modes will start their oscillations with the same temporal phase. With these initial conditions, assuming matter-dominated expansion (constant Φ and Ψ) and neglecting baryons (m_{eff} ≈ 1) leads to simple solutions of Eq. 1.4 which are representative of the general acoustic evolution of the effective temperature and velocity for a spatial mode k:

(Θ + Ψ)_k (η) = 1 3 Ψ_k (0) cos (ks) (1.5)

v_{γ,k} (η) = √ 3 3 Ψ_k (0) sin (ks) . (1.6)

where the sound horizon s =

�_η 0 c_sdη^′ is the distance sound has traveled by time η.

At last scattering, the sound horizon sets the physical scale of the largest mode k^{−1} = s/π which has reached maximum compression. Modes that at last scattering have completed a half-integral number of oscillations and are passing through extrema of rarefaction or compression form a harmonic series to smaller scales. The familiar acoustic peaks in the temperature angular power spectrum (see Fig. 1.1) correspond to the maximization of variation power in the effective temperature at these scales ∼ cos^2 (ks), projected onto the surface of last scattering.

The oscillator solutions show that the velocity (local dipole) of the photon-baryon fluid is out of phase with these peaks, being maximized for modes which are caught midway between compression and rarefaction. However, because these flows are parallel to the wavevector v_γ ‖ k, and the Doppler term in Eq. 1.3 comes from the line-of-sight velocity component, velocities can only contribute to the observed temperature anisotropies where k lies out of the plane of the surface of last scattering, which shifts the projected modulation for a given k to larger angular scales (looking ahead, see Fig. 1.4). The resulting contribution of the velocity fluctuations to the temperature power spectrum ∝ sin^2 (ks) is both reduced and smeared, only partly filling in the troughs between the acoustic peaks.

The CMB power spectra are calculated by modern codes such as CMBFAST (Seljak & Zaldarriaga 1996, which we use to generate all the theoretical spectra in this thesis) by numerically deriving solutions for the sources of anisotropy in Fourier space (analogous to our Eqs. 1.5, 1.6 for the SLS monopole and dipole) and, with appropriate (ultra)spherical Bessel functions, projecting these contributions onto the presently observable multipoles. This includes effects such as the evolution of potentials on the r.h.s. of Eq. 1.4 passing into the matter-dominated epoch, which pumps small-scale fluctuations, and the dynamical effect of baryons (m_{eff} > 1) in displacing the oscillator zero-point, enhancing compressional (odd-numbered) acoustic peaks. The shape of the power spectrum is also affected by the duration of recombination, as the mean free path τ̇^{−1} grows comparable to fluctuation wavelengths k^{−1} . The resulting photon diffusion damps oscillations to smaller scales (Silk damping), while the finite thickness of the last scattering “surface” also washes out smaller scale structure, causing a damping tail to dramatically taper the anisotropy power beyond l ≈ 1000. Figure 1.1 illustrates the final shape given by the standard model for the degree-scale temperature power spectrum.

1.2.1 Observations: a Concordance Universe?

In the decade between the COBE-DMR detection of CMB anisotropy and the release of results from this work in the fall of 2002, a series of increasingly sensitive ground and balloon-based experiments filled in our picture of the CMB temperature power spectrum at degree and sub-degree scales.^1 The portrait revealed of the early Universe has proved remarkably consistent with predictions of the standard framework described above, with anticipated features of the power spectrum emerging one by one from the mosaic of measurements.

Soon after COBE, a number of experiments began detecting degree-scale anisotropy which confirmed a rise in the power spectrum out to l ≈ 200, as expected from the pumping of potentials at the radiation-matter transition (most of these many experiments are referenced in Bond et al. 2000). The shape of the first acoustic peak was first clearly revealed by the TOCO, Boomerang, and MAXIMA experiments (Miller et al. 1999; Mauskopf et al. 2000; de Bernardis et al. 2000; Hanany et al. 2000). The sharpness of this feature strongly indicates a coherent evolution from initial conditions of adiabatic density fluctuations. The standard model gives the physical scale of the peak in terms of the sound horizon at last scattering; given this, the projection to our observed angular scale is highly sensitive to the spatial curvature of the Universe. Measuring this peak at l ≈ 220 gives evidence that our Universe contains approximately the critical density Ω_{tot} = ρ_{tot}/ρ_{critical} ≈ 1 required for spatial flatness.

1More recent measurements, including the beautiful WMAP satellite results, are discussed in Chapter 7.

CHAPTER 1. INTRODUCTION 10

Figure 1.1 Measurements of the degree-scale CMB temperature power spectrum released at the April 2001 American Physical Society meeting in Washington, DC. Shown are the DASI results (Halverson et al. 2002) along with new analyses of the Boomerang (Netterfield et al. 2002) and MAXIMA-1 (Lee et al. 2001) data (excluding beam and calibration uncertainties). The measurements are in excellent agreement with each other and exhibit the acoustic peaks that are the expected signature of adiabatic density perturbations under the standard CMB model. Theoretical spectra calculated using this model with three different cosmological parameter combinations that fit this data well are shown: the concordance model (solid green), a similar model with higher τ (dashed), and a model with low h and high Ω_m (dot-dashed). See text for details. (Figure adapted from conclusion of Halverson (2002)).

In 2001, the acoustic interpretation of CMB physics received its strongest confirmation yet, with the detection of multiple acoustic peaks in the power spectrum out to l ≈ 1000, revealed in measurements by the DASI telescope and new analyses by Boomerang and MAXIMA (Halverson et al. 2002; Netterfield et al. 2002; Lee et al. 2001). These measurements (illustrated in Fig. 1.1) fit perfectly within the predictions of the standard model, apparently tracking the evolution of the acoustic oscillations through initial compression, rarefaction, and second compression with enough precision to fix most of the parameters of the model quite well. At even finer angular scales, measurements by the CBI telescope traced the dissipation of power through the damping tail (Pearson et al. 2002; Scott & et al. 2002), lending confidence to the standard model account of recombination.

The power of these CMB temperature results to determine the cosmological parameters of the standard model is illustrated in Fig. 1.2, where we give parameter constraints derived from the DASI measurements (Pryke et al. 2002). These constraints are derived by comparing the power observed by DASI in the nine bands shown in Fig. 1.1 and at large scales by COBE against power spectra calculated for a seven parameter model grid. The first four parameters define the composition and expansion rate of the Universe, taken from combinations of the Hubble parameter h (units of 100 km s^{−1} Mpc^{−1} ) and the present-day fraction of the critical density for baryons Ω_b, cold dark matter Ω_{cdm}, and dark energy Ω_Λ . Reionization, which can suppress small-scale power by rescattering CMB photons at late times, is parameterized by the optical depth τ to the SLS. Initial conditions are defined by the amplitude and power-law index of the primordial adiabatic density (scalar) fluctuations, parameterized by C_{10} and n_s.^2 Of the seven major parameters we consider, Figure 1.2 shows that the CMB temperature data alone (with a weak h prior) offer a very good

2Two similar parameters can be added to specify the primordial tensor fluctuations discussed in the next section. Inclusion of a running scalar index, a massive neutrino component, or a galaxy bias parameter for large-scale structure comparisons, can bring the number of parameters to twelve, though these additional parameters are not needed to explain the degree-scale temperature spectrum.

Figure 1.2 Cosmological parameter constraints from DASI temperature spectrum measurements. Shown are marginal likelihood distributions for parameters of the standard model, derived for three different priors on the Hubble parameter: no prior (dotted); a weak prior, h > 0.45 (solid); and a strong prior, h = 0.72 ± 0.08 (dashed). Within the context of this model, degree scale CMB power spectrum measurements provide good constraints on each of these parameters except τ and Ω_Δ . The agreement of Ω_bh^2 with the independent Big Bang Nucleosynthesis (BBN) constraint (green) is a crucial link between two pillars of observational cosmology (see text).

determination of five combinations.

The constraint on the physical baryon density Ω_bh^2 = 0.022^{+0.004}_{−0.003} , as described above, comes from the influence of m_{eff} on the measured heights of the second acoustic peak compared to the first and third. This result is remarkably consistent with the Big Bang Nucleosynthesis (BBN) constraint Ω_bh^2 = 0.020 ± 0.001 derived from observations of primordial deuterium abundance (Burles et al. 2001). The concordance of these two independent determinations of the baryon content of the Universe, one involving nuclear physics in the first seconds of time, the other the acoustic dynamics of the CMB, is a major victory for the standard model.

The cold dark matter density Ω_{cdm}h^2 = 0.14 ± 0.04 is also determined by the heights of the first three peaks as they trace the evolution of potential wells into the matter-domination epoch. The substantial height of the third peak is a direct signature of this non-baryonic dark matter, present in the early Universe in a ∼7:1 proportion to the baryons. This is consistent with the present-day dark matter content inferred from numerous observations, including cluster gas mass fractions (Grego et al. 2001; Mohr et al. 1999) and various dynamical cluster estimates (see Turner 2002 for a review).

Inflation makes three key predictions, two of which find support in this data. The constraint Ω_{tot} = Ω_m + Ω_Λ = 1.04 ± 0.06, which improved from previous estimates by fixing the higher peaks, indicates the spatial curvature of the Universe is consistent with the precise flatness expected from an early inflationary burst of expansion. The spectral index n_s = 1.01^{+0.08}_{−0.06} , measured across the broad range of scales probed by COBE and DASI, confirms the approximate scale-invariance of the initial adiabatic density fluctuations. The amplitude of these fluctuations given by C_{10} = 740 ± 100, while not predicted by inflation theory, is at the correct level to explain the power spectrum observed for present-day large scale structure (e.g. Wang et al. 2002).

The remaining parameters Ω_Δ = Ω_m − Ω_Λ and τ are poorly constrained by the CMB temperature data alone. However, because Ω_{tot} and Ω_mh^2 are well-constrained, the introduction of external information about either the total matter density Ω_m or the Hubble parameter h dramatically tightens the limits on Ω_Δ . For example, including the HST Key project measurement h = 0.72 ± 0.08 yields Ω_m = 0.40 ± 0.15 and Ω_Λ = 0.60±0.15. This new measurement of the total matter density is consistent with long-converging estimates from galaxy surveys (which probe Ω_mh). However, the implication that a dark energy component Ω_Λ dynamically akin to Einstein’s cosmological constant dominates the present-day Universe would have shocked many (but not all, e.g. Krauss & Turner 1995), if not for recent results from high redshift supernovae. Two teams have searched for type Ia SN to serve as standardizable candles in tracking the recent expansion of the Universe, and have discovered an acceleration of the expansion rate that indicates a dark energy component dominates matter, Ω_Λ ∼ Ω_m + 0.3 (Perlmutter et al. 1999; Riess et al. 1998).

The fact that the standard model offers an excellent fit to the observed temperature power spectrum (Fig. 1.1) is a strong argument for the validity of its assumptions. Each of the examples of concordance between cosmological parameters derived from this fit and independent lines of evidence further strengthens the case. The solid curve plotted in Fig. 1.1 is the CMBFAST-generated spectrum for what we will call the concordance model: (Ω_b, Ω_{cdm}, Ω_Λ , τ, n_s, h, C_{10}) = (0.05,0.35,0.60,0,1.00,0.65,700) (Ostriker & Steinhardt 1995; Krauss & Turner 1995). Two other theoretical spectra are shown to illustrate the two parameter combinations poorly-constrained by the CMB data. A model with τ = 0.17 but otherwise similar parameters fits the data as well as the concordance model.^3 A model with Ω_Δ = 0.4 is marginally the best fit to the CMB data, but is less compatible with external measurements of h and Ω_m. The concordance model predicts the observed temperature spectrum very well, and we will use it as a point of reference throughout this thesis.

While the striking convergence of theory and observation in the new standard model of cosmology gives the impression of a solved problem, our concordance picture is actually a mosaic of unexplained, and in some cases unexpected mysteries. Although inflation offers a beautiful explanation for the observed spatial flatness and initial spectrum of adiabatic density fluctuations, this is only circumstantial evidence which by itself has limited power to illuminate the mechanism, energy scale, or even the certainty of the phenomenon. The apparent completeness of our account of the composition of the Universe masks a shocking ignorance of the nature of each component. Even the abundance of ordinary baryonic matter and its early origin in matter-antimatter asymmetry lacks a theoretical explanation. The dark matter particle, the dominant form of matter in the Universe, remains unknown, and though the CMB and local observations tell a consistent story of its abundance, questions

3This is the WMAPext preferred model discussed in Chapter 7

about its clustering dynamics persist. Most mysterious of all is the nature of the dark energy, the dominant component of the present-day Universe. Interpreted as the energy density of the vacuum state, field theory leads us to expect a value that is either exactly zero due to cancellations or else ∼120 orders of magnitude greater than observed (the “cosmological constant problem”). Moreover, the fact that Ω_b and Ω_{cdm} are of the same order of magnitude is curious, but the fact that Ω_m and Ω_Λ are comparable today is downright disturbing (the “coincidence problem”), because this ratio evolves rapidly: Ω_Λ /Ω_m ∝ a^{−3w} , where a is the expansion factor, and w describes the dark energy equation of state (w = −1 for a cosmological constant, w < −0.5 by current observations). Because of these two paradoxes, our current picture of the cosmological mix of matter and dark energy has been described as a “preposterous Universe” (Carroll 2001).

Much of our confidence in this current picture, and much of our hope for using precision cosmology to unravel its mysteries, depends on our understanding of the CMB. A direct test of the validity of standard model CMB physics would clearly be useful.

1.3 CMB Polarization

The same acoustic oscillations that are central to our understanding of the temperature power spectrum must also impart a polarization to the CMB (Kaiser 1983; Bond & Efstathiou 1984; Polnarev 1985). Polarization therefore provides a modelindependent test of the acoustic paradigm on which our estimation of cosmological parameters from the CMB depends (Hu et al. 1997; Kinney 2001; Bucher et al. 2001). In addition, polarization measurements can in principle triple the number of observed CMB quantities, promising eventually to improve those parameter estimates dramatically (Zaldarriaga et al. 1997; Eisenstein et al. 1999).

For the two additional observables needed to describe CMB polarization, we can

Figure 1.3 CMB temperature and polarization maps are best understood in terms of independent harmonic modes which reflect the underlying physics. Polarization maps can be decomposed into E and B-type patterns in much the same way a vector field can be decomposed into gradient and curl parts. A Fourier density mode (left) undergoing compression generates a pure E pattern (center), in which polarization is aligned parallel or perpendicular to the direction of modulation. For the B modes (right), polarization is ±45^∘ to this direction. Together, the E and B harmonic modes form a complete basis for polarization maps, just as conventional spherical harmonics (or on small patches of sky, Fourier modes) form a basis for temperature maps.

choose the linear Stokes parameters Q and U measured at each point on the sky. The same information is represented by the polarization amplitude P = � Q^2 + U^2 and linear orientation α =^1_2 arctan U/Q, typically depicted using headless polarization vectors. No circular polarization V is expected. Unlike T , the definition of Q and U depend on the orientation χ of coordinate axes, transforming as spin-2 variables: Q + iU → e^{−2iχ} (Q + iU). For this reason, the expression analogous to Eq. 1.1 that gives the harmonic decomposition of polarization maps on the celestial sphere,

Q (x̂) ± iU (x̂) = � l,m − � a^E_{lm} ± ia^B_{lm}

�_{±2} Y_{lm} (x̂) (1.7)

is written in terms of combinations of spin-2 spherical harmonics_{±2} Y_{lm} (Newman & Penrose 1966; Kamionkowski et al. 1997b; Zaldarriaga & Seljak 1997). Two distinct sets of harmonic modes, called E and B-modes, correspond to the multipoles a^E_{lm} and a^B_{lm} and together form a complete basis for polarization maps. Their patterns are easily visualized in the flat sky approximation, where E and B-modes are simply Fourier modes of Q and U as defined in coordinates aligned with the 2-D wavevector u (Seljak 1997). Thus, for E-modes the polarization is aligned parallel or perpendicular to the direction of modulation, while for B-modes it is at ±45^∘ (Figure 1.3).

The polarization power spectra are defined

C^E_l = � a^E_{lm}^∗a^E_{lm} � C^B_l = � a^B_{lm}^∗a^B_{lm} � , (1.8)

just as we defined the temperature spectrum (henceforth C^T_l ) in Eq. 1.2. There are also three possible cross-spectra

C^{T E}_l = � a^T_{lm}^∗a^E_{lm} � C^{T B}_l = � a^T_{lm}^∗a^B_{lm} � C^{EB}_l = � a^E_{lm}^∗a^B_{lm} � , (1.9)

however, because the B-modes have opposite parity from E and T , parity conservation demands the last two of these to vanish. Assuming Gaussian fluctuations, the T , E, B, and T E spectra specify the complete statistics of the CMB temperature and polarization fields.

In contrast to the temperature anisotropies, CMB polarization arises from a single mechanism: the effect of a local quadrupole in the intensity of CMB photons at the point of their last scattering (Rees 1968). The Thompson scattering cross section σ_T has a directional dependence (e.g. Chandrasekhar 1960) dσ dΩ = 3 8π |ϵ_{in} · ϵ_{out}| σ_T (1.10)

on the incoming and outgoing polarization orientation. Because ϵ_{in} must be transverse, a free electron which “sees” a randomly polarized incident photon field with any ± cos^2 θ intensity variation will scatter those photons with an outgoing net linear polarization perpendicular (parallel) to this “hot” (“cold”) quadrupole axis.

In the primordial plasma, rapid rescattering initially suppresses the local quadrupole, keeping the photon field randomly polarized and isotropic in the rest frame of the electrons. As recombination proceeds, the rapid growth of the mean free path τ̇^{−1} allows the local photon field to probe spatial variations; the second-to-last scattering sets the conditions that generate the final polarization. Acoustic density oscillations create a local quadrupole from the spatial gradient of the local photon dipole v_γ , which is essentially the Doppler shift due to the photon-baryon velocity field (but also accounts for photon diffusion from hotter regions as tight coupling breaks down). For a spatial Fourier mode, the quadrupole amplitude is (Kaiser 1983)

q_{γ,k} = 32 15 k τ̇ v_{γ,k} . (1.11)

This equation explains the shape and height of the polarization spectrum (Hu 2003). The factor of k/τ̇ reflects the fact that the local quadrupole probes the gradient in v_{γ,k} on scales of the mean free path. Consequently, the polarization power (∝ q^2) rises at large scales as l^2 and peaks near the damping scale l_d ≈ 1000 at a level roughly (k_d/τ̇)^2 ∼ (1/10)^2 the temperature power (Fig. 1.6). At smaller scales, the diffusion damping of the acoustic source v_{γ,k} dominates, producing a damping tail similar to that of the temperature spectrum.

The pattern of CMB polarization generated by an acoustic oscillation is illustrated in Fig. 1.4. A spatial Fourier mode of wavevector k initially undergoes compression, the photon-baryon fluid flowing v_γ ‖ k from effectively hot crests to cold troughs. The gradient in photon flow produces an m = 0 quadrupole in the local radiation field seen from troughs (or crests), with the hot (cold) axis parallel to the wavevector. The resulting polarization pattern in the surface of last scattering is like Fig. 1.3 (center), a pure E-mode. During the rarefaction phase the reversal of flows exchanges hot and cold, swapping the sign of the E-mode. Where the wavevector k is not perpendicular to our line of sight, the projected angular scale of the modulation is increased, and the amplitude of the polarization decreases as the square of the projected length of the hot (cold) quadrupole axis onto the SLS. The orientation is always parallel or perpendicular to k_{proj}, the only direction defined by the system; density oscillations cannot generate B-mode polarization.

Figure 1.4 CMB polarization is directly generated by the acoustic oscillations during last scattering. As the spatial Fourier mode undergoes compression, the flow of photons v_γ from effectively hot crests toward effectively cold troughs produces an m = 0 quadrupole in the local radiation field seen from troughs (or crests), with the hot (cold) axis parallel to k. This produces a pattern of linear polarization in the surface of last scattering (dotted frame) which alternates perpendicular and parallel to the projected wavevector. The angle with which k intersects the last scattering surface changes the projected scale of the modulation (left vs. right), but the pattern can only be E-mode (figure inspired by Hu & White 1997).

Since the velocities at last scattering are the source of this CMB polarization q_{γ,k} ∝ v_{γ,k} , the acoustic peak structure of the E spectrum captures the evolution of these velocities on different scales. Our oscillator solutions Eqs. 1.5 and 1.6 showed that while the effective temperature traces a cos (ks) evolution, the velocities evolve as sin (ks), being maximized for modes which are caught midway between extreme compression and rarefaction. It is evident that the peaks in the E spectrum, with a ∼ sin^2 (ks) character, will be approximately 180 degrees out of phase from the temperature peaks (∼ cos^2 (ks)). The same is true of the Doppler contribution that partially fills the valleys of the temperature spectrum, but because the polarization is generated by transverse velocities v_γ ⊥ x̂, its projection is a sharp function of angular scale. For this reason, the peaks in the E spectrum are more pronounced than those in the T spectrum (Fig. 1.6), and they offer a specific probe of the dynamics at the

Figure 1.5 Tensor oscillations (gravity waves) present at last scattering could also contribute to CMB polarization. The transverse contraction/expansion of a standing gravity wave generates an m = 2 quadrupole in the local radiation field. Viewed edge-on (k ⊥ x̂), a gravity wave with + polarization projects one of its quadrupole axes onto the SLS (dotted frame), producing an E-mode pattern (left), while for a × wave the two axes cancel, giving no net polarization (not shown). However, when k intersects the SLS at an angle, both quadrupole axes of the × wave contribute to a net polarization on the SLS that is ±45^∘ to k_{proj}, producing a B-mode pattern (right).

epoch of decoupling (Zaldarriaga & Harari 1995).

It is clear that the CMB temperature and polarization anisotropy should be correlated at some level, because they are sourced by the same oscillations (Coulson et al. 1994). The spectrum of the T E correlation has roughly a sin (ks) cos (ks) character, reflecting the fact that for a given mode, the sign of the generated E-mode reverses when the flow switches between compression and rarefaction, while the sign of the temperature signal reverses midway between these extrema. Zero crossings of the predicted T E spectrum, illustrated in Fig. 1.6, occur at the nulls of both the E and the T spectra. This unique signature in T E offers a powerful test of the underlying acoustic paradigm.

The acoustic oscillations come from primordial fluctuations in the curvature, or scalar component of the metric. Tensor metric perturbations, if present at last scattering, could also contribute to the CMB polarization (Polnarev 1985; Crittenden et al. 1993). Inflationary expansion generates a primordial spectrum of tensor perturbations which can be viewed as standing gravity waves. The time evolution of the gravity wave contraction/expansion transverse to k will redshift or blueshift photons in proportion to their mean free time-of-flight, producing an m = 2 local quadrupole. (Vector perturbations will produce an m = 1 quadrupole, but being suppressed by expansion these are not expected.) Figure 1.5 illustrates how the intrinsic polarization of the gravity waves with respect to the surface of last scattering leads to the generation of both E and B-mode CMB polarization (Seljak 1997; Kamionkowski et al. 1997a; Seljak & Zaldarriaga 1997). The tensor E spectrum will be unobservable, swamped by the much stronger scalar signal. The B modes are only generated by × gravity waves where k lies out of the plane of the SLS, so that similar to the Doppler T contribution, the tensor B spectrum is reduced compared to the tensor E spectrum,^4 with its features smeared and somewhat shifted to larger angular scales (see Fig. 1.6). The gravity waves oscillate coherently at a frequency ck ≈ √ 3c_sk, so peaks in the tensor spectra occur with spacing that is 1/ √ 3 that of the acoustic peaks.

Because the strength of the tensor quadrupole depends on the oscillation frequency and mean free path q ∝ k/τ̇, the tensor polarization spectra rise like the scalar E spectrum, as ∼ l^2 at large scales. However, like all radiation, gravity waves decay upon entering the horizon, so the tensor spectra peak at the horizon scale l ∼ 100 and at smaller scales are rapidly damped.

The production of primordial gravity waves is the last and most distinctive of the three key predictions of inflation mentioned in the previous section. Detection of the B-spectrum of polarization arising from these inflationary gravity waves would be a monumental achievement for the CMB; not only would it be the “smoking gun” evidence that inflation occurred, but the energy scale and evolution of the process

4The actual ratio 8/13 is related to Clebsh-Gordan coefficients (Hu & White 1997).

CHAPTER 1. INTRODUCTION 22

Figure 1.6 Standard model predictions for the CMB temperature and polarization power spectra. The temperature (T) and E-mode polarization (E) spectra are dominated by the dynamics of the acoustic oscillations, with a relationship encoded in their cross correlation spectrum (TE). Late-time distortion of E-modes by gravitational lensing produces a predictable level of B polarization (dot-dash), while the level of intrinsic E and B from primordial gravity waves (dashed lines) depends on the highly uncertain energy scale of inflation. The effect of early reionization (for τ = 0.17) on each spectrum is shown by dotted lines at large scales. See text for details.

would be directly revealed in the level and slope of the tensor spectrum. Unfortunately, theory offers few lower limits on this level (e.g. Lyth 1997). Furthermore, the late-time distortion of E-modes by gravitational lensing from large scale structure also produces B polarization, with an envelope that roughly traces the shape of the E spectrum (Zaldarriaga & Seljak 1998). The detailed mapping of these lensing B modes could allow separation of a tensor B signal down to a minimum detectable inflationary energy scale of ∼ 10^{15} GeV (Hu & Okamoto 2002; Knox & Song 2002; Kesden et al. 2002). Mapping the lensing B signal will also allow accurate reconstruction of the lensing potential field, offering a powerful probe of the dark matterand dark energy-dependent growth of structure. Possible applications include constraining the neutrino mass (Kaplinghat et al. 2003) or using cross-correlation with the ISW effect to test properties of the dark energy (Hu 2002).

These faint B-mode polarization signals, which could extend the reach of the standard model to physics at the earliest and latest times, are observational targets for the future. First, measurements of the predicted E and T E spectra will offer many opportunities to test and refine the core assumptions of the standard model. For example, observation of a peak in the E and T E spectra at large scales would be evidence of rescattering of CMB photons by early reionization (see Fig. 1.6, also Chapter 7). Comparison of the acoustic peaks of the E and T spectra allow precise constraints on isocurvature fluctuations or primordial spectrum features, the effects of which could be degenerate with cosmological parameters in the T spectrum alone. Detailed measurement of the shape of the E spectrum, which is sensitive to the way in which recombination occurred, will strictly limit the variation of fundamental constants (α, G), processes that would inject additional ionizing photons, or departures from the standard expansion history. For a review of these and other tests, see Zaldarriaga 2003.

Naturally, the first goal for experiments is the detection of CMB polarization, and the determination whether it has the level and E-mode character predicted by the standard model.

1.3.1 Searching for Polarization

The very low level of the expected CMB polarization signal, which peaks at ≲ 1% of the power in the T spectrum, presents a great experimental challenge. As progress has been made in both sensitivity and control over systematic effects, from the earliest days of CMB measurements a series of careful experiments have achieved increasingly tight upper limits on the level of CMB polarization (see Staggs et al. 1999, for a review of CMB polarization measurements).

Penzias and Wilson set the first limit to the degree of polarization of the CMB in 1965, reporting that the new radiation they had discovered was isotropic and unpolarized within the limits of their observations (Penzias & Wilson 1965). Over the next 20 years, groups in Princeton, Italy, and Berkeley used dedicated polarimeters to set much more stringent upper limits at angular scales larger than several degrees (Caderni et al. 1978; Nanos 1979; Lubin & Smoot 1979, 1981; Lubin et al. 1983, see also Sironi et al. 1997). Although the focus of the COBE/DMR experiment was detecting the large scale temperature anisotropy, it also constrained the level of polarization at these scales (Smoot 1999). In 2001, the POLAR experiment set the best upper limits for E-mode and B-mode polarization at large angular scales, limiting these to 10 μK at 95% confidence for the multipole range 2 ≤ l ≤ 20 (Keating et al. 2001).

At degree angular scales, the first limit to CMB polarization came from the Saskatoon experiment in 1993; during observations which detected temperature anisotropies at these scales, a constraint was placed on polarization (25 μK at 95% confidence for l ∼ 75) which was the first reported limit lower than the level of the temperature signal. The best limit on similar angular scales was set by the PIQUE experiment (Hedman et al. 2002) — a 95% confidence upper limit of 8.4 μK to the E-mode signal, assuming no B-mode polarization. Analysis of polarization data from

CHAPTER 1. INTRODUCTION 25

Figure 1.7 Increasingly tight experimental limits to the level of CMB polarization prior to the 2002 DASI detection. For reference, the expected level of E polarization is shown for the concordance model (solid green) and for τ = 0.17 (dashed). The level of the temperature anisotropies is also shown (faint gray). See text for experimental references.

the Cosmic Background Interferometer (CBI) (Cartwright 2003) indicates upper limits similar to the PIQUE result, but on smaller scales. An attempt was also made to search for the T E correlation using the PIQUE polarization and Saskatoon temperature data (de Oliveira-Costa et al. 2003b).

Polarization measurements have also been pursued at much finer angular scales (of order an arcminute), resulting in several upper limits (e.g. Partridge et al. 1997; Subrahmanyan et al. 2000). These measurements, like those of the CBI, are notable for employing interferometry in the pursuit of CMB polarization. However, at these angular scales, corresponding to multipoles ∼ 5000, the primary sources of CMB temperature and polarization anisotropy are strongly damped, and secondary anisotropies or foregrounds are expected to dominate (Hu & Dodelson 2002).

1.4 The Degree Angular Scale Interferometer

The Degree Angular Scale Interferometer (DASI) was conceived as an instrument that would take advantage of newly available low-noise HEMT amplifiers to combine interferometry with the appropriate sensitivity and angular resolution to explore the CMB power spectra in the region of the acoustic peaks. It would share many backend components with the CBI, a sister instrument to be developed at Caltech, which would pursue CMB measurements at smaller angular scales. Lead by John Carlstrom, work began on DASI at the University of Chicago in 1996. Early DASI publications chronicle the design of the instrument (e.g. Halverson et al. 1998) and theory of interferometric sensitivity to the CMB (White et al. 1999a,b).

DASI was shipped to the National Science Foundation Amundsen-Scott South Pole research station in November 1999, and in early 2000 began observations of CMB temperature anisotropy which continued throughout the following austral winter. The results of this first season, some of which have already been discussed, were released at the April 2001 APS meeting in Washington, DC, and presented in a series of three papers, published together (Leitch et al. 2002b; Halverson et al. 2002; Pryke et al. 2002, hereafter, Papers I, II and III, respectively). Paper I details the design of the instrument and observations, and includes maps of the 32 fields, each 3.^∘4 FWHM, in which temperature anisotropies were measured. Paper II presents the analysis and power spectrum results which revealed the presence of multiple acoustic peaks in the T spectrum (Fig. 1.1). Paper III gives the constraints obtained on cosmological parameters from these measurements (Fig. 1.2). The temperature observation results of Papers I-III are further detailed in the doctoral thesis of N. Halverson (2002).

1.4.1 Plan of this Thesis

Prior to the start of the 2001 season, DASI was modified to allow polarization measurements in all four Stokes parameters over the same l range as the previous measurements. Polarization data were obtained within two 3.^∘4 FWHM fields during the 2001 and 2002 austral winter seasons, and analysis of the data proceeded simultaneously with the observations. In September 2002, the results of this work were presented at the Cosmo-02 workshop in Chicago, IL. The E-mode polarization of the CMB was detected at high confidence (≥ 4.9σ). The level was found to be consistent with the E spectrum predicted to arise from acoustic oscillations due to primordial adiabatic scalar fluctuations under the standard model. No significant B-mode polarization was observed. The T E correlation of the temperature and E-mode polarization was detected at 95% confidence and also found to be consistent with predictions. This work was reported in two papers, published together. The modifications to the instrument, observational strategy, calibration and reduction of the polarization observations were presented in Paper IV (Leitch et al. 2002a). The data analysis and CMB polarization results were reported in Paper V (Kovac et al. 2002).

This thesis describes the DASI polarization measurements, from experimental design to final results. It incorporates all of the material that appeared in Paper V and much of that of Paper IV, especially within Chapters 4–6. The emphasis and organization of this thesis reflect the specific contributions of the author, which include the construction of the sensitivity-defining amplifiers and polarizers, the design of the polarization observing and calibration strategies, and the data analysis and likelihood results. Virtually every aspect of DASI, including these, has been the product of an extraordinary collaboration. The acknowledgments section and some notes in the text attempt to identify obvious contributions of other team members, but the production of Papers IV and V was essentially a team effort, and the use of the first person plural throughout this thesis is intended to acknowledge the DASI team—J. E. Carlstrom, M. Dragovan, N. W. Halverson, W. L. Holzapfel, J. M. Kovac, E. Leitch, C. Pryke, B. Reddall, and E. Sandberg—who are the co-authors of these results.

Beginning in Chapter 2, we discuss some advantages of interferometric observations of the CMB, emphasizing the match between the Fourier sky response pattern of a polarized interferometer and the E and B-mode patterns illustrated in Fig. 1.3. We also develop much of the formalism which we later apply in the analysis. Chapter 3 gives a brief overview of the DASI instrument and describes in some detail the HEMT amplifiers and the achromatic circular polarizers which were developed to give DASI precise polarization sensitivity. In Chapter 4, the actual polarization response of the instrument is verified, calibrated, and modeled using a number of dedicated observations. The CMB observations are discussed in Chapter 5, and the critical steps of data reduction, noise modeling, and consistency tests described. This chapter ends with the identification of a polarized signal in the CMB data, visibly apparent in a polarization map. Chapter 6 presents the method and results of the likelihood analyses which test the properties of the observed polarized signal, comparing it to various predictions of the standard model. Finally, in Chapter 7 we discuss these results, considering the statistical confidence of detection and the degree to which predictions of the standard model have been tested, and we conclude with a look ahead to new measurements and future directions for CMB polarization.

Chapter 2

Interferometric CMB Measurement

Most of the first attempts to use interferometry as a technique for measuring temperature and polarization variations of the CMB were made using existing large radio telescope arrays. While work by groups at the VLA (e.g. Fomalont et al. 1984; Partridge et al. 1988), ATCA (Subrahmanyan et al. 1993), and Ryle (Jones 1997) facilities produced upper limits at the very small angular scales accessible to these arrays, prototype compact instruments were developed to operate at angular scales more suited to the expected CMB signal (e.g. Timbie & Wilkinson 1984, see White et al. 1999a for other references). The advent of low-noise, broadband, millimeter-wave HEMT amplifiers (Pospieszalski et al. 1994) enabled the development of the modern generation of high-sensitivity CMB interferometer arrays, designed specifically to measure the CMB power spectra on angular scales of interest. In addition to DASI and its sister experiment the CBI, these purpose-built CMB interferometers include the VSA (Jones 1996) and the upcoming AMiBA experiment (Lo et al. 2001).

Interferometry has many attractive features for ground-based CMB measurements. Because they directly sample Fourier components of the sky, interferometers are well suited to measurements of the CMB angular power spectrum. Their angular sensitivity depends on array geometry rather than optical beam properties, offering an extremely stable and well-characterized sky response. This two dimensional response pattern is sampled instantaneously while inherently rejecting large-scale gradients in atmospheric emission. Multiple levels of fast phase switching, made possible by coherent amplification, downconversion and correlation, combine to offer superb rejection of instrumental offsets.

For observations of CMB polarization, interferometers offer several additional advantages. They can be constructed with compact, symmetrical optics that have small and stable instrumental polarization. Furthermore, linear combinations can be constructed from their direct output which are essentially pure E- and B-mode polarization response patterns on a variety of scales, closely matching the patterns illustrated in Fig. 1.3. This property of the data greatly facilitates the analysis and interpretation of the observed polarization in the context of the anticipated CMB polarization signals.

In the next chapter, we will discuss ways in which DASI’s instrumental design attempts to take full advantage of these features offered by interferometry. Our focus in this chapter will be DASI’s theoretical response to the CMB as a polarized interferometer. First we will derive the polarized sky response pattern for a single pair of receivers and examine the natural separation of E and B-mode polarization that it offers. Next we calculate the theory covariance matrix, which describes the statistical response of the complete dataset to the CMB power spectra. This matrix will become a basic tool of our analysis in Chapter 6. We conclude with a simple application of this matrix, as we discuss DASI’s expected level of sensitivity to the polarization power spectra.

2.1 Polarized Visibility Response

The basic output of DASI’s complex correlator is the visibility, a time-averaged crosscorrelation of the electric fields measured by each pair of receivers in the array. To

CHAPTER 2. INTERFEROMETRIC CMB MEASUREMENT 31

Figure 2.1 Schematic representation a single baseline u of an interferometer. An incident plane-wave signal has orthogonal electrical field components E_1 and E_2, which arrive at the receivers with relative path difference λu · x̂. The focusing optics sample the electric field distribution across the aperture of each receiver, defining the directional sensitivity. The polarizing optics define the linear combination of field components (E_{rxA} ∝ α_1E_1 + α_2E_2) that is amplified and passed to the complex correlator.

derive the response of the visibility to polarized sky signals, we begin by considering the electric field as a superposition of incident plane waves. For an arbitrary quasimonochromatic plane wave propagating in the k = −kx̂ direction the electric field at location x^′ can be represented

E (x^′, t) = (ϵ_1E_1 + ϵ_2E_2) e^{ik·x′−iωt} . (2.1)

The Stokes parameters of the incident radiation field are defined I ≡ � E^2_1 � + � E^2_1 � (= T ) Q ≡ � E^2_1 � − � E^2_1 � U ≡ ⟨2Re (E_1E^∗_2 )⟩ V ≡ ⟨2Im (E_1E^∗_2 )⟩ . (2.2)

It follows from these definitions that the Stokes parameters T and V are independent of the orientation of the polarization basis vectors ϵ_1, ϵ_2. A rotation χ of this basis about the line of sight results in the transformation of the linear polarization parameters Q + iU → e^{−2iχ} (Q + iU) (2.3) quoted in Chapter 1. Choosing ϵ_1 and ϵ_2 to correspond to north and east on the sky, respectively, gives the standard astronomical definition of these parameters.

Figure 2.1 illustrates a plane wave incident on pair of receivers, A and B, which we identify with the baseline vector u that measures their separation in wavelengths. Receiver B measures the same incident field as receiver A, but with a relative phase delay e^{2πiu·x̂} that is modulated as we vary the direction of incidence x̂ in the plane of the baseline. The focusing elements (§3.2.1) define the “primary beam” directional sensitivity by coupling the electric field incident across the aperture of each receiver to the dual-polarization signal admitted by its circular waveguide throat. Within each receiver’s throat, polarizing optics (§3.4.5) further couple a particular linear combination of the complex fields E_1 and E_2 to the single-moded input of each HEMT amplifier. Neglecting the primary beam for now, the measured signals are

E_{rxA} (t) = (α_1E_1 + α_2E_2) (2.4) E_{rxB} (t) = (β_1E_1 + β_2E_2) e^{2πiu·x̂} . (2.5)

We will use the coefficients α_1, α_2 and β_1, β_2 to define the polarization states of receivers A and B, respectively.

For each baseline, the complex correlator measures the real and imaginary parts of the time-average

V^{AB}(x̂) = ⟨E_{rxA}E^∗_{rxB}⟩ (2.6) = � (α_1E_1 + α_2E_2) (β^∗_1 E^∗_1 + β^∗_2 E^∗_2 ) e^{−2πiu·x̂} � (2.7) = e^{−2πiu·x̂} � α_1β^∗_1 � E^2_1 � + α_2β^∗_2 � E^2_2 � + α_1β^∗_2 ⟨E_1E^∗_2 ⟩ + α_2β^∗_1 ⟨E^∗_1 E_2⟩ � (2.8) = e^{−2πiu·x̂} 2 [α_1β^∗_1 (T + Q) + α_2β^∗_2 (T − Q) + α_1β^∗_2 (U + iV ) + α_2β^∗_1 (U − iV )] (2.9) = e^{−2πiu·x̂} 2 [(α_1β^∗_1 + α_2β^∗_2 ) T + (α_1β^∗_1 − α_2β^∗_2 ) Q + (α_1β^∗_2 + α_2β^∗_1 ) U + i (α_1β^∗_2 − α_2β^∗_1 ) V ] . (2.10)

In the fourth line we have used our definitions Eq. 2.2 to rewrite the visibility response in terms of the Stokes parameters of the incident field. The general result, Eq. 2.10, is equivalent to (and simpler than) the expression given in (Thompson et al. 1991, Eq. 4.43), who credit its first derivation to Morris et al. (1964).

It is evident from Eq. 2.10 that the visibility response to an unpolarized signal T vanishes precisely when the polarization states of the two receivers are orthogonal, i.e. when α_1β^∗_1 + α_2β^∗_2 = 0. A receiver is set to a right circular (R) polarization state if it has equal response to E_1 and E_2 but with a +90^∘ phase shift, α_1/α_2 = i. The orthogonal state, left circular (L) polarization, is defined by β_1/β_2 = −i. If we design our polarizers so that all the receivers in the array are set to measure either pure left or pure right circular polarization, Eq. 2.10 gives the four possible combinations

V^{RR}(x̂) = [T + V ] e^{−2πiu·x̂} V^{LL}(x̂) = [T − V ] e^{−2πiu·x̂} V^{RL}(x̂) = [Q + iU] e^{−2πiu·x̂} V^{LR}(x̂) = [Q − iU] e^{−2πiu·x̂} . (2.11)

Recovery of the full set of Stokes parameters for a given baseline requires the measurement of all four pairwise combinations of left and right circular polarization states (RR, LL, RL and LR), which we refer to as Stokes states. The co-polar states (RR, LL), are sensitive to the total intensity (and any incident net circular polarization), while the cross-polar states (RL, LR) measure linear polarization. The potential for residual total intensity response in the cross-polar visibilities due to leakage of the unwanted circular polarization state is discussed in §4.4; for the present, we assume ideal polarizers.

To obtain the full expression for the visibilities observed for a given baseline u_i, we must integrate the plane-wave visibility response of Eqs. 2.11 over the field of view,

V^{RR} (u_i) = α_i � dx̂ A (x̂, ν_i) [T (x̂) + V (x̂)] e^{−2πiu i·x̂}

V^{LL} (u_i) = α_i � dx̂ A (x̂, ν_i) [T (x̂) − V (x̂)] e^{−2πiu i·x̂}

V^{RL} (u_i) = α_i � dx̂ A (x̂, ν_i) [Q (x̂) + iU (x̂)] e^{−2πiu i·x}

V^{LR} (u_i) = α_i � dx̂ A (x̂, ν_i) [Q (x̂) − iU (x̂)] e^{−2πiu i·x̂}, (2.12)

where A (x̂, ν_i) specifies the primary beam power pattern at frequency ν_i, T (x̂), Q(x̂), U(x̂), and V (x̂) are specified in units of CMB temperature (μK), and α_i = ∂B_{Planck} (ν_i, T_{CMB}) /∂T is the appropriate factor for converting from these units to flux density (Jy). Here we have assumed that the aperture field distributions of both receivers are identical and independent of polarization, so that the primary beam

Figure 2.2 The fringe pattern of the co-polar visibility response (real part) to temperature is shown at left for one of DASI’s shortest baselines (u = 30), oriented horizontally. RR and LL Stokes states have identical response to T . The analogous cross-polar response is to linear polarization is shown for RL and LR at right. Moving across the corrugation pattern, the change in relative phase delay combines with the Q ± iU response to cause a rotation of the plane of linear polarization response. The sense of the rotation is opposite for RL and LR.

A(x̂, ν) simply corresponds to the Fourier transform of the aperture field autocorrelation measured in wavelengths. Residual polarization dependence can produce off-axis leakage, considered in §4.5. In principle, the response should also be integrated over the finite correlated bandwidth Δν, to account for the delay beam destructive interference of the fringes e^{−2πiu i·x̂} many cycles from phase center that is caused by the scaling |u_i| ∝ ν. However, for DASI the fractional correlated bandwidth (1 GHz / ∼ 30 GHz) is small enough compared to the ratio of the aperture diameter to the longest baseline ( 24 λ / 143 λ) that the primary beam dominates the delay beam, which can be neglected except for calculation of interfield correlations.

The sky response patterns that correspond to the integrands of Eq. 2.12 are illustrated in Fig. 2.2. The gradient in the phase term e^{−2πiu i·x̂} across the main beam in the direction parallel to the baseline results in a corrugation which, for the real part of the co-polar visibilities, gives a simple positive-negative fringe pattern. The same phase term modulating the Q + iU response of the RL visibility rotates the plane

Figure 2.3 Linear combinations of the cross-polar visibilities RL and LR give nearly pure E and B-mode response patterns (compare Fig. 1.3). For a horizontal baseline, the E and B combinations result from simply adding and subtracting the patterns in Fig. 2.2. These patterns deviate from pure E or B only in the taper of the primary beam; for longer baselines the modulation scale is small compared to the primary beam, and the purity of the E/B separation becomes nearly perfect.

of linear polarization response, as in Eq. 2.3, at half the fringe rate. The Q − iU response of the LR visibility is rotated by the phase gradient in the opposite sense.

It is apparent from Eq. 2.12 that the observed visibilities are closely related to the Fourier transform of the sky distribution of T , Q, and U—in fact, that if the primary beam A(x̂) were sufficiently broad, they would directly measure combinations of the Fourier mode u of these fields. In Chapter 1 we stated that in the flat-sky approximation, the E and B-modes are simply Fourier modes of Q and U as defined in coordinates rotated (using Eq. 2.3) to align with u. Thus, as illustrated in Fig. 2.3, the separation of Q and U that comes from forming the combinations RL + LR and RL − LR offers, for a horizontal baseline, a nearly pure separation of the Fourier modes ~E(u) and ~E(u). For baselines of other orientations, a combination with an appropriate phase rotation accomplishes the same separation. Because interferometers directly measure nearly pure T , E and B Fourier modes on the sky, the data they produce easily lends itself to placing independent constraints on these power spectra.

2.1.1 CMB Response and the uv-Plane

So far, we have emphasized the interferometric response pattern in the sky plane. It is common practice in interferometry analysis to work mainly in the Fourier, or uvplane. This approach is especially suited to analyzing response to the CMB, because in the flat sky approximation, the expected signal consists of uncorrelated Fourier modes.

The flat sky formalism offers an accurate description of CMB statistics within DASI’s 3.^∘4 field of view (White et al. 1999a). In this approximation, the temperature power spectrum is defined

C^T_l ≃ C^T (u) ≡ � ~T^∗(u) ~T (u) � , (2.13)

where ~T (u) is the Fourier transform of T (x) and l/2π = |u| gives the correspondence between multipole l and Fourier radius u = |u|. The variance of the uncorrelated multipoles a_{lm} has been replaced by that of independent Fourier modes. The flat sky polarization spectra and cross spectra are similarly defined,

C^E (u) ≡ � ~E^∗(u) ~E (u) � C^B (u) ≡ � ~B^∗(u) ~B (u) � (2.14)

C^{T E} (u) ≡ � ~T^∗(u) ~E (u) � C^{T B} (u) ≡ � ~T^∗(u) ~B (u) � C^{EB} (u) ≡ � ~E^∗(u) ~B (u) �

The correspondence we have described between the Fourier modes of E, B and those of Q, U can be written

~Q (u) = cos (2χ) ~E (u) − sin (2χ) ~B (u) ~U (u) = sin (2χ) ~E (u) + cos (2χ) ~B (u) , (2.15)

where the uv-plane azimuthal angle χ = arg(u) and the polarization orientation angle defining Q, U are both measured on the sky from north through east. Note that unlike in the sky plane, this transformation is strictly local in the uv-plane. Because ~T , ~Q, and ~U are Fourier transforms of real fields, conjugate points on the uv-plane are associated, e.g. ~Q (−u) = ~Q^∗ (u). (From the above, ~E (−u) = ~E^∗ (u) also, so we can define real fields on the sky E (x̂) , B (x̂) through the inverse transform, although these fields—a scalar and pseudo-scalar, respectively—are non-local.) Translational invariance on the sky guarantees that in the uv-plane, except for conjugate points, there can be no non-local correlations in the CMB signals.

The visibility response in the uv-plane follows from Eqs. 2.12 and the convolution theorem, giving

V^{RR} (u_i) = α_i � du � ~T (u) + ~V (u) � ~A (u_i − u, ν_i)

V^{LL} (u_i) = α_i � du � ~T (u) − ~V (u) � ~A (u_i − u, ν_i)

V^{RL} (u_i) = α_i � du � ~Q(u) + i ~U(u) � ~A (u_i − u, ν_i)

V^{LR} (u_i) = α_i � du � ~Q(u) − i ~U(u) � ~A (u_i − u, ν_i) , (2.16)

Using Eq. 2.15, the cross-polar visibilities can also written

V^{RL} (u_i) = α_i � du e^{+2iχ} � ~E(u) + i ~B(u) � ~A (u_i − u, ν_i)

V^{LR} (u_i) = α_i � du e^{−2iχ} � ~E(u) − i ~B(u) � ~A (u_i − u, ν_i) . (2.17)

In these equations, the Fourier transform of the primary beam power pattern ~A is equal to the autocorrelation of the aperture field distribution. This is an azimuthally symmetric function that peaks at ~A(0); its radial profile is given exactly in Halverson (2002). The finite extent of the aperture clearly implies ~A(u) ≠ 0 only for |u| < D_λ , the aperture diameter in wavelengths. Eq. 2.16 tells us that the visibilities measured for each baseline are samples at u_i in the uv-plane of combinations of ~T , ~Q, and ~U convolved with this relatively compact function. The uv-plane sampling for the u_i (i = 1...78) baselines of the DASI array is illustrated in Fig. 2.4. The 6-fold rotational symmetry apparent in the figure results from a 3-fold symmetry of the array configuration, together with the association of conjugate uv points. DASI’s shortest and longest baselines at 35-36 GHz are u = 30 and u = 143, corresponding

Figure 2.4 Coverage of the uv-plane for visibilities measured by the DASI array. Pairs of the 13 receivers (0..12) in the array give 78 baselines (0..154, odd numbers index the imaginary parts). The baseline vectors u_i = (x_B − x_A)/λ connecting the two receivers are circled in green and labeled, while conjugate points −u_i are circled in yellow. To improve clarity, the circles are drawn at 1/3 the actual limiting radius of ~A, and baselines are drawn only for one frequency band (35-36 GHz); the pattern scales in proportion to frequency for each of the nine other bands (26-35 GHz). The resulting 780 effective baselines have a high degree of overlap in their uv-coverage.

to l = 187 and l = 900 respectively. For each of the nine lower frequency bands (26-35 GHz) the baseline lengths and radius of ~A decrease in proportion to frequency, making the shortest baseline u = 22 (l = 140) measured at 26-27 GHz.

The CMB power spectra and Eqs. 2.13–2.15) determine the variance and covariance of ~T , ~Q, ~U at independent points in the uv-plane, while Eqs. 2.16 tell how the observed visibilities sample these modes. This completely specifies the CMB response

Figure 2.5 Response in the uv-plane of the RL+LR combination shown in the left panel of Fig. 2.3. The two baselines illustrated are DASI’s shortest and longest (u = 22 and u = 143, corresponding to l = 140 and l = 900)), oriented horizontally. Response is shown at both u_i and −u_i to emphasize the association of these points. The upper panel shows the uv-plane window function in the Q plane, the lower panels show the same response after using Eqs. 2.15 to transform points in this plane to ~E and ~B. The E and B spectrum window functions are azimuthal integrals of these plots. This data combination samples mainly ~E, and for long baselines the B response nearly vanishes.

of the experiment; we can use these equations to calculate and to understand the expected variance and covariance of the CMB signal in our dataset.

For example, in the previous section we considered the data combination RL+LR for a single horizontal baseline. By Eq. 2.16 this combination measures ~Q convolved with ~A, sampling modes in the uv-plane near u_i. This is illustrated in the top panel of Fig. 2.5 for DASI’s shortest and longest baselines (u = 22 and u = 143). Each baseline’s response is shown at both u_i and the conjugate point −u_i. The uv-plane window function is proportional to | ~A (u_i − u, ν_i) |^2, reflecting the contribution of

� | ~Q(u)|^2 � at each independent uv point to the variance of the observed signal.

The lower two panels of Fig. 2.5 illustrate the result of using Eqs. 2.15 to transform ~Q to ~E and ~B, deriving uv-plane window functions for the E and B contributions to the RL + LR signal. The same result follows directly from Eq. 2.17; an unavoidable contribution of B to this mostly-E data combination arises from the variation of the azimuthal angle χ across the sampled region ~A (u_i − u, ν_i). For long baselines u_i ≫ D_λ this variation becomes insignificant. E and B-spectrum window functions can be obtained as azimuthal integral of these uv-plane plots.

2.1.2 CMB Sensitivity

As illustrated in Fig. 2.5, the total area under the visibility window functions depends only on | ~A (u, ν_i) |^2 and does not change with baseline length. For discussions of CMB sensitivity, it is helpful to temporarily change the units of Eq. 2.16, dispensing with the factor α_i which converts from units of CMB temperature to the more traditional units of Jy at beam center. In temperature units, it is appropriate to normalize the integral of the beam power pattern � dx̂ A(x̂) = 1 rather than its peak. Consequently, ~A(0) = 1, i.e. the window function peak is normalized, and the area under the window function � du| ~A(u)|^2 is a dimensionless factor which scales as D^2_λ . For DASI at 31 GHz, this factor is 146.

For the concordance model, the second peak of the CMB E-spectrum rises at l = 350 to l(l + 1)C^E_l /(2π) ≈ 15μK^2 (using the conventionally plotted units), which gives C^E(u) ≃ C^E_l = 0.00077μK^2. Consider a baseline length u ≈ 55 that is matched to this peak. If we approximate C^E(u) as constant over the window function, and consider our (RL + LR)/2 combination with nearly pure E sensitivity, the expected variance of the polarization signal measured for this baseline is ∼ 0.00077 × 146 = 0.11μK^2.

The noise equivalent temperature of either the real or imaginary output of a complex correlator is (Thompson et al. 1991)

C_{noise} =

T_{sys} η_Q √ 2ΔνΔt

. (2.18)

For a typical DASI system temperature T_{sys} = 30K (see §3.3), correlator efficiency ≈ 1, and correlated bandwidth 1 GHz, this noise is 670μK/Hz^{1/2}. To reach a signalto-noise of one on either the real or imaginary part of the (RL + LR)/2 combination can be expected to take ≈ 10, 300 hours of continuous integration. This is far more than is practical even from the South Pole—as discussed in Chapter 5, our final dataset includes ∼ 1/10 this integration time in each Stokes state. However, DASI’s 780 baselines exhibit a high degree of overlap in their sampling of the uv-plane (see Fig. 2.4). It is clear that to search for a CMB polarization signal in the DASI dataset, it will be necessary to model and make use of the significant correlations between the response of different visibilities. Calculation of the complete visibility covariance matrix (of which the window functions we have discussed contribute only the diagonal part) is the subject of the next section.

Before turning to that task, we offer a few general remarks on CMB sensitivity and the uv-plane. The first is that a scale invariant power spectrum, one for which l(l + 1)C_l = constant, has power in the uv-plane that scales as C(u) ∝ u^{−2} . We noted above that (in units of temperature) the area under a visibility window function scales as D^2_λ . Consequently, when observing a scale-invariant signal, increasing a baseline length with fixed D_λ reduces the rms signal-to-noise proportionally. However, scaling an entire array by some factor—both the aperture diameters and baseline lengths— broadens the window functions but leaves the sensitivity level to a scale-invariant spectrum unchanged. For a rising power spectrum like the E, an array scaled to target the signal maximum l ∼ 1000 (e.g. CBI vs. DASI) should reach a detection in the minimum integration time.

For a fixed baseline length (or angular scale), increasing the aperture diameter increases the rms signal-to-noise in proportion to D_λ , although broader uv window functions offer less spectral resolution (Δl) and, as we have seen, worse E/B separation. The limiting case is a close-packed array, which in the limit of large N can easily be seen to offer raw sensitivity on the angular scales spanned by its baselines equivalent to that of a single-dish telescope of the same total aperture with N focal-plane receivers (e.g. Crane & Napier 1989). The DASI array has only a few “close-packed” baselines—its design reflects the goal of exploiting the advantages of interferometric measurement while providing useful sensitivity over the maximum practical range of angular scales for a single aperture size.

2.2 Building the Theory Covariance Matrix

In our analysis of data from DASI, we will consider the real and imaginary parts of each observed visibility as separate data elements. We arrange these 2 parts × 78 baselines × 10 frequency bands × 4 Stokes states into a 6240 element datavector for each separate array pointing. In this section, we calculate the full 6240 × 6240 matrix that gives the covariance of the signal in this datavector as a function of each of the CMB power spectra.

This theory covariance matrix will play a central role in the likelihood analysis of Chapter 6. It will be unnecessary to explicitly form data combinations like the RL + LR example of the previous section to isolate E or B signals; the covariance between the Stokes states for a single baseline reflects their intrinsically separate response to the E and B spectra, while the covariance between baselines adjacent in the uv-plane contributes additional statistical power to separate these signals. The response of the dataset to the cross-spectra is also naturally expressed in the covariance matrix.

The general expression for an element of the theory covariance matrix, the covariance due to the CMB signal between two visibilities labeled i and j, is given

C_{T ij} ≡ � V^{P Si} (u_i)V^{P Sj} (u_j) � = α_iα_j 1 2 � du C^T (u) ~A (u_i − u, ν_i) � τ_1 ~A (u_j − u, ν_j ) + τ_2 ~A (u_j + u, ν_j) �

+ 1 2 � du C^E (u) ~A (u_i − u, ν_i) � ε_1 ~A (u_j − u, ν_j) + ε_2 ~A (u_j + u, ν_j) �

+ 1 2 � du C^B (u) ~A (u_i − u, ν_i) � β_1 ~A (u_j − u, ν_j ) + β_2 ~A (u_j + u, ν_j) �

+ 1 2 � du C^{T E} (u) ~A (u_i − u, ν_i) � ϑ_1 ~A (u_j − u, ν_j) + ϑ_2 ~A (u_j + u, ν_j) �

+ 1 2 � du C^{T B} (u) ~A (u_i − u, ν_i) � ζ_1 ~A (u_j − u, ν_j) + ζ_2 ~A (u_j + u, ν_j ) �

+ 1 2 � du C^{EB} (u) ~A (u_i − u, ν_i) � κ_1 ~A (u_j − u, ν_j) + κ_2 ~A (u_j + u, ν_j ) � . (2.19)

The form of this expression follows directly from Eqs. 2.16 and 2.17. Here, P S_i and P S_j indicate the real/imaginary part and Stokes state for visibilities i and j (e.g. Re (RL)_i). The factors α_i, α_j convert, as before, to flux density, while the factor of 1/2 arises because we have separated the real and imaginary parts of the visibility.

The uv-plane window functions that appear in the integrands of Eq. 2.19 multiplying each of the power spectra have the form of the product of the aperture autocorrelation ~A (ν_i) centered at u_i with the same function centered at u_j, multiplied by coefficients (τ_1, ...) that we derive below. This overlap integral is only nonzero for baselines close in the uv-plane: |u_i − u_j| < D_{λi} + D_{λj} . Association of conjugate points is accounted for by also including ~A (ν_j) centered at −u_j. For the diagonal elements i = j, these overlap integrals are equivalent to the variance window functions considered in the previous section (see Fig. 2.5).

For the unpolarized case, we need consider only the first line of Eq. 2.19, and the real and imaginary parts of Stokes state RR. The coefficients τ_1, τ_2 in this case are given simply, according to Table 2.1. This case is discussed extensively in Halverson τ_1 τ_2 = Re (RR)_j Im (RR)_j Re (RR)_i 1 1 0 0 Im (RR)_i 0 0 1 −1

Table 2.1 Theory covariance calculation coefficients for the unpolarized case. The coefficients τ_1, τ_2 are zero for Stokes state combinations not included in the table.

(2002), and we have built on this formalism to include polarized response to the other five CMB spectra. A program covtheory.c was originally authored by N. Halverson to calculate the temperature covariance matrix overlap integrals to arbitrary numerical precision. This code has been extended to treat the covariances of all Stokes states and power spectrum combinations represented in Eq.2.19, and is used for numerical calculation of all theory covariance matrices in our analyses.

The coefficients for the full polarized case, which also indicate how covariances involving at least one cross-polar visibility respond to each of the two CMB polarization spectra and three cross spectra, are given in Table 2.2. It can be seen that, like the ~E and ~B visibility response, these coefficients generally depend on the uv-plane azimuthal angle χ.

The coefficients can be directly derived from Eqs. 2.16 and 2.17 for each cell of Table 2.2. For example, if both i and j measure Re (RL) for their respective baselines,

C_{T ij} = � V^{Re(RL)} (u_i) V^{Re(RL)} (u_j) � = � du � du^′ � Re � e^{i2χ} � ~E (u) + i ~B (u) � Re � e^{i2χ ′} � ~E (u^′) + i ~B (u^′) �

× ~A (u_i − u, ν_i) ~A (u_j − u^′, ν_j) . (2.20)

ε_1 ε_2 β_1 β_2 κ_1 κ_2 ϑ_1 ϑ_2 ζ_1 ζ_2

= Re (RL)_j Im (RL)_j Re (LR)_j Im (LR)_j

Re (RL)_i

1 cos 4χ 1 − cos 4χ 0 −2 sin 4χ

0 sin 4χ 0 − sin 4χ 0 2 cos 4χ cos 4χ 1 − cos 4χ 1 −2 sin 4χ 0

− sin 4χ 0 sin 4χ 0 −2 cos 4χ 0

Im (RL)_i

0 sin 4χ 0 − sin 4χ 0 2 cos 4χ

1 − cos 4χ 1 cos 4χ 0 2 sin 4χ sin 4χ 0 − sin 4χ 0 2 cos 4χ 0 cos 4χ −1 − cos 4χ −1 −2 sin 4χ 0

Re (LR)_i cos 4χ 1 − cos 4χ 1 −2 sin 4χ 0 sin 4χ 0 − sin 4χ 0 2 cos 4χ 0

1 cos 4χ 1 − cos 4χ 0 −2 sin 4χ

0 − sin 4χ 0 sin 4χ 0 −2 cos 4χ

Im (LR)_i

− sin 4χ 0 sin 4χ 0 −2 cos 4χ 0 cos 4χ −1 − cos 4χ −1 −2 sin 4χ 0

0 − sin 4χ 0 sin 4χ 0 −2 cos 4χ

1 − cos 4χ 1 cos 4χ 0 2 sin 4χ

Re (RR)_i cos 2χ cos 2χ − sin 2χ − sin 2χ sin 2χ sin 2χ cos 2χ cos 2χ cos 2χ cos 2χ − sin 2χ − sin 2χ

− sin 2χ − sin 2χ − cos 2χ − cos 2χ

Im (RR)_i

− sin 2χ sin 2χ − cos 2χ cos 2χ cos 2χ − cos 2χ − sin 2χ sin 2χ sin 2χ − sin 2χ cos 2χ − cos 2χ cos 2χ − cos 2χ − sin 2χ sin 2χ

Table 2.2 Theory covariance calculation coefficients for the full polarized case. The pattern of coefficients given in each cell of the table is specified at upper left. The table is symmetrical, so that the entries of the two right-most columns (Re (RR)_j and Im (RR)_j , omitted to save space) can be read in the bottom rows, except for the RR_i × RR_j portion which is identical to Table 2.1.

We can evaluate the expectation value in the integrand � Re � e^{i2χ} � ~E (u) + i ~B (u) � Re � e^{i2χ ′} � ~E (u^′) + i ~B (u^′) � = � Re � e^{i2χ} ~E (u) � Re � e^{i2χ ′} ~E (u^′) � + � Re � e^{i2χ} i ~B (u) � Re � e^{i2χ ′} i ~B (u^′) � + � Re � e^{i2χ} ~E (u) � Re � e^{i2χ ′} i ~B (u^′) � + � Re � e^{i2χ} i ~B (u) � Re � e^{i2χ ′} ~E (u^′) �

= � 1 2 � e^{i2χ} ~E (u) + e^{−i2χ} ~E (−u) � 1 2 � e^{i2χ ′} ~E (u^′) + e^{−i2χ ′} ~E (−u^′) �

+ � 1 2 � e^{i2χ} i ~B (u) − e^{−i2χ} i ~B (−u) � 1 2 � e^{i2χ ′} i ~B (u^′) − e^{−i2χ ′} i ~B (−u^′) �

+ � 1 2 � e^{i2χ} ~E (u) + e^{−i2χ} ~E (−u) � 1 2 � e^{i2χ ′} i ~B (u^′) − e^{−i2χ ′} i ~B (−u^′) �

+ � 1 2 � e^{i2χ} i ~B (u) − e^{−i2χ} i ~B (−u) � 1 2 � e^{i2χ ′} ~E (u^′) + e^{−i2χ ′} ~E (−u^′) � . (2.21)

Multiplying out these terms and substituting our power spectrum definitions Eqs. 2.13-2.14 gives = 1 4 C^E (u) � e^{i2(χ+χ ′)} + e^{i2(−χ−χ ′)} � δ (−u, u^′) + � e^{i2(χ−χ ′)} + e^{i2(−χ+χ ′)} � δ (u, u^′) �

+ 1 4 C^B (u) � −e^{i2(χ+χ ′)} − e^{i2(−χ−χ ′)} � δ (−u, u^′) + � e^{i2(χ−χ ′)} + e^{i2(−χ+χ ′)} � δ (u, u^′) �

+ i 4 C^{EB} (u) � e^{i2(χ+χ ′)} − e^{i2(−χ−χ ′)} � δ (−u, u^′) + � −e^{i2(χ−χ ′)} + e^{i2(−χ+χ ′)} � δ (u, u^′) �

+ i 4 C^{EB} (u) � e^{i2(χ+χ ′)} − e^{i2(−χ−χ ′)} � δ (−u, u^′) + � e^{i2(χ−χ ′)} − e^{i2(−χ+χ ′)} � δ (u, u^′) �

= 1 2 C^E (u) [δ (u, u^′) + cos (4χ) δ (−u, u^′)] + 1 2 C^B (u) [δ (u, u^′) − cos (4χ) δ (−u, u^′)] + 1 2 C^{EB} (u) [−2 sin (4χ) δ (−u, u^′)] . (2.22)

Substituting this back into Eq. 2.20, we have

C_{T ij}= � du � du^′ 1 2 C^E (u) [δ (u, u^′) + cos (4χ) δ (−u, u^′)] ~A (u_i − u, ν_i) ~A (u_j − u^′, ν_j ) + � du � du^′ 1 2 C^B (u) [δ (u, u^′) − cos (4χ) δ (−u, u^′)] ~A (u_i − u, ν_i) ~A (u_j − u^′, ν_j) + � du � du^′ 1 2 C^{EB} (u) [0 − 2 sin (4χ) δ (−u, u^′)] ~A (u_i − u, ν_i) ~A (u_j − u^′, ν_j) = 1 2 � du C^E (u) ~A (u_i − u, ν_i) � ~A (u_j − u, ν_j ) + cos (4χ) ~A (u_j + u, ν_j) �

+ 1 2 � du C^B (u) ~A (u_i − u, ν_i) � ~A (u_j − u, ν_j) − cos (4χ) ~A (u_j + u, ν_j) �

+ 1 2 � du C^{EB} (u) ~A (u_i − u, ν_i) � 0 − 2 sin (4χ) ~A (u_j + u, ν_j ) � , (2.23)

which is our final result.

The coefficients for the other visibility combinations can be derived in a similarly direct manner, but a less tedious approach is to use Eqs.2.16 and 2.17 to write the

CHAPTER 2. INTERFEROMETRIC CMB MEASUREMENT 48

visibility uv-plane point response in matrix form � � � � � � � � �

Re (RL (u))

Im (RL (u))

Re (LR (u))

Im (LR (u))

Re (RR (u))

Im (RR (u))

� � � � � � � � �

=

� � � � � � � � � cos (2χ) − sin (2χ) − sin (2χ) − cos (2χ) 0 0

sin (2χ) cos (2χ) cos (2χ) − sin (2χ) 0 0

cos (2χ) sin (2χ) − sin (2χ) cos (2χ) 0 0

− sin (2χ) cos (2χ) − cos (2χ) − sin (2χ) 0 0

0 0 0 0 1 0

0 0 0 0 0 1

� � � � � � � � �

� � � � � � � � �

Re � ~E (u) � Im � ~E (u) � Re � ~B (u) � Im � ~B (u) � Re � ~T (u) � Im � ~T (u) �

� � � � � � � � �

(2.24)

Call this matrix T, and let us generically label the coefficients for each of the six

power spectra in Eq. 2.19 as ξ_1, ξ_2. It is trivial to write the 6 × 6 matrices C_{ξ1,2} that

give the covariance of the vector on the right due to each of the power spectra and

for each of the cases (1) u_i = u_j and (2) u_i = −u_j . Acting with T on each these

matrices, TC_{ξ1,2}T^t = Ξ_{1,2}, gives the covariance in the basis of the vector at left, that

of the visibility uv-plane point response. Each of the resulting matrices Ξ_{1,2} gives the

values of a particular coefficient ξ_1 or ξ_2 within all the cells of Table 2.2.

A similar approach simplifies the derivation of the interfield covariance, where

visibilities i and j are measured on different fields which are near enough for the

CMB signals in each to be sustantially correlated. The translation to a different

pointing center for the visibility j results in a relative phase gradient

γ(u) = 2πu · (x̂_i − x̂_j) (2.25)

which applies to the visibility uv-plane point response, and must be included inside

the integrals of Eqs.2.16 and 2.17. The rotation by angle γ between the real and

imaginary parts of the point response of j across the uv-plane can be accounted for

by applying a matrix R to the previous 6 × 6 coefficient matrices Ξ → RΞ, where R

is a block-diagonal matrix of 2 × 2 real rotation matrices. The resulting coefficients

for Eq. 2.19 are trigonometric functions of both γ and χ. Although the interfield

covariance is straightforward to calculate, we have found it to be negligible for the

DASI fields at the separation distance (8.6^∘) used for the two difference fields of the polarization observations, so this effect is not included in the covariance matrices we use to analyze the polarization data in Chapters 5 and 6.

Chapter 3

The DASI Instrument

DASI is a compact interferometric array, specifically designed to measure anisotropies in the temperature and polarization of the Cosmic Microwave Background (CMB) at degree and sub-degree angular scales from the South Pole.

The array consists of 13 horn antennas mounted on a rigid faceplate in a three-fold symmetric pattern. Following each antenna is a cooled, low-noise HEMT amplifier optimized for the 26 – 36 GHz DASI band. The signals from the receivers are combined in a broadband analog correlator that computes the complex visibilities, between pairs of receivers in ten 1-GHz bands. All components of the signal chain including the correlator are rigidly mounted directly behind the faceplate, providing exceptional gain and phase stability. The locations of the horns in the faceplate are optimized to provide uniform uv-plane sampling over the multipole range l ∼140 – 900 (§2.1.1). The thirteen horn/lens antennas that comprise the DASI array are compact, axially symmetric, and sealed from the environment, yielding small and extremely stable instrumental polarization. Additional systematic control comes from multiple levels of phase switching and field differencing constructed to remove instrumental offsets. The DASI mount is fully steerable in elevation and azimuth with the additional ability to rotate the entire horn array about the faceplate axis. The flexibility of this mount allows us to track any field visible to us from the South Pole continuously at constant elevation angle, and to observe it in redundant faceplate orientations which

CHAPTER 3. THE DASI INSTRUMENT 51

allow sensitive tests for residual systematic effects.

As described in §1.4, DASI was shipped from the University of Chicago to its observing site at the South Pole in November 1999, and results of the subsequent observations of temperature anisotropies in the CMB made during the 2000 austral winter were reported in Papers I, II, and III. The DASI telescope in this configuration has been extensively described in Paper I and in Halverson (2002). In this chapter we give only a brief overview of most aspects of the DASI instrument, referring to these references for a more complete discussion. We describe in more detail the hardware that has been modified or added for the 2000–2001 polarization observations, for example the ground and sunshields. These modifications were originally reported in Paper IV. We also give some details regarding the microassembly and testing of the HEMT amplifiers and other RF components of the signal chain. Finally, we dedicate a substantial portion of this chapter to the switchable achromatic circular polarizers which were developed in 2000 and installed in early 2001 to enable DASI to observe with polarization sensitivity to all four Stokes parameters, as described in the previous chapter, with minimal contamination of the polarized signal from instrumental polarization effects.

3.1 Physical Overview

3.1.1 South Pole site

The National Science Foundation Amundsen-Scott Station is located at the geographic South Pole, on the interior ice plateau of Antarctica at an altitude of 2800m. As was detailed in Paper I and Lay & Halverson (2000), the sky above the South Pole is extremely dry and stable, resulting in 30 GHz opacity 0.01 < τ < 0.02 and atmospheric noise contamination far below DASI’s instrumental noise at least 95% of the time. In addition to the excellent atmospheric conditions, from the South Pole

CHAPTER 3. THE DASI INSTRUMENT 52