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tion angles are swept through during the sine-wave bias. . . . 112
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Chapter 1

A Millimeter-Wave Galactic Plane
Survey with the BICEP Polarimeter

1.1 Bicep Galaxy Paper Abstract

In addition to its potential to probe the Inflationary cosogtal paradigm,
millimeter-wave polarimetry is a powerful tool for studgirthe Milky Way galaxy’s
composition and magnetic field structure. Towards this enelsented here are Stokes
I, Q, andU maps of the Galactic plane from the millimeter-wave polaten BICEP
covering the Galactic longitude range 269 ¢ < 340 in three atmospheric trans-
mission windows centered on 100, 150, and 220 GHz. The mappleaan optical
depth 1< Ay < 30, and are consistent with previous characterizationb@fGalactic
millimeter-wave frequency spectrum and the large-scalgnatc field structure per-
meating the interstellar medium. Polarized emission ieatetl over the entire region
within two degrees of the Galactic plane and indicates thatlarge-scale magnetic
field is oriented parallel to the plane of the Galaxy. An olssdrtrend of decreasing
polarization fraction with increasing total intensity eslout the simplest model of a
constant Galactic magnetic field orientation along the ¢ihsite in the Galactic plane.
Including WMAP data in the analysis, the degree-scale frequency spectr@alactic
polarization fraction is plotted between 23 and 220 GHz ke first time. A gener-
ally increasing trend of polarization fraction with elertragnetic frequency is found,



which varies from 0.5%-1.5% at frequencies below 50 GHz &/@3.5% above 90
GHz. The Bcep and WMAP data are fit to a two-component (synchrotron and dust)
model showing that the higher frequencycBpr data are necessary to tightly constrain
the amplitude and spectral index of Galactic dust. Furtloeegthe dust amplitude pre-
dicted by this two-component fit is consistent with modeldicBons of dust emission
in the BICEP bands. The polarization angles in all three bands are géneexpen-
dicular to those measured by starlight polarimetry and stimanges in the structure of
the Galactic magnetic field on the scale of°6Map noise and systematic effects are
characterized and the resulting maps and derived parasraateicorrected for spectral
mismatch leakage and time-series filtering effects. Tharetb extend the capabilities
of BICEP by installing 220 GHz band hardware into the existingBpr focal plane is
described along with the results of the data analysis fram#w band.

1.2 Introduction

Emission from the Milky Way Galaxy at millimeter wavelengtis both a rich
source of astrophysical information and a potential comant for cosmic microwave
background (CMB) observations. The density of gas and dubkti interstellar medium
(ISM) varies from very low & 1 particle cm®) in diffuse regions to very highx 10°
particle cm?) in molecular clouds and complexes (collections of stamiag cloud
cores at approximately the same distance and age). Measutgim the millimeter band
have the potential to probe a wide range of ISM densitiesentndar-IR bands (Martin
& Whittet, 1990) have enough resolution to probe medium ¢inldensity ISM regions.

In general, large-scale diffuse emission from the Galaxirexjuencies below
90 GHz is dominated by the synchrotron mechanism in ionizzg] gnd to a lesser
extent free-free along with thermal emission from rotagioand vibrational modes of
dust (Rybicki & Lightman, 1979). Emission at frequencies\xa90 GHz is dominated
by vibrational modes of Galactic dust (Whittet, 1992). Hoese not all emission mech-
anisms give rise to polarized radiation. For example free-émission from electron-ion
scattering can contribute to the measured intensity (aghdt is not the dominant at any
millimeter-wave band) near 90 GHz; however, this emisssomat polarized. The exact



composition of the Galaxy’s emission spectrum varies actbe sky and can change
when observing polarized intensity. Multi-wavelength ebstions in the infrared and
millimeter can determine the properties of the continuunission, spectral lines, and
polarization.

Polarized radiation probes various aspects of the ISM arldcBa magnetic
field. Dust grains aligned perpendicular to the Galactioglby the Galactic magnetic
field preferentially absorb and scatter starlight in onedation, causing more extinction
of one polarization mode compared to the other (Davis & Gstn, 1951; Hiltner,
1951; Hildebrand, 1988a; Fosalba et al., 2002; Lazaria@7200ptical polarimetric
observations of stars have revealed that the dust graidshamce the Galactic mag-
netic field in the diffuse component, are preferentiallyeated parallel to the Galactic
plane (Mathewson & Ford, 1970). Complementary to this, duains aligned along
their long dimensions by the Galactic magnetic field emitatdn in the infrared and
millimeter bands polarized orthogonally to the Galactigmetic field (Lazarian, 2007).
The desire to characterize the ISM and the Galactic magfielit provides the moti-
vation for millimeter-wave continuum polarimetry of the I&&y (Hildebrand, 1988b;
Hildebrand et al., 1999; Chuss et al., 2003; Novak et al. 32@®noit et al., 2004;
Matthews et al., 2009; Culverhouse et al., 2010; Dotson.£2@10).

The main goal of the Background Imager of Cosmic Extrageldlarization
(BICEP, Keating et al. 2003a; Chiang et al. 2010) and its succe’s@ots search for
the unigue CMB B-mode polarization pattern due to primdrdravitational waves,
which has an amplitude determined by the energy scale oftiorildSeljak & Zal-
darriaga, 1997; Kamionkowski et al., 1997). Polarized G#&taemission is an astro-
nomical foreground (Bock et al., 2008) that may need to bdroated to make this
measurement, and therefore, the properties of the emiatsormotivate the investiga-
tion (Jones, 2003; Ponthieu et al., 2005; Tucci et al., 2@0&sen et al., 2006; Hansen
et al., 2006; Amblard et al., 2007; Larson et al., 2007; Eenikst al., 2008; Leach et al.,
2008; Miville-Deschénes et al., 2008; Dodelson et al., 2@athkley et al., 2009). Only
a few experiments have explored large-scale Galacticigaltawn properties at frequen-
cies between 90 GHz and 350 GHz, such as Archeops (353 GHpjtBxral. 2004),

List of future space, balloon, and ground CMB experiments:
http://cmbpol.uchicago.edu/workshops/technology2@&8ot/meyer-stephan.pdf



WMAP (94 GHz, Kogut et al. 2007), and QUaD (100 and 150 GHz, Culwesk et al.
2010). To further study emission from sources other thanQhe, BICEP was up-
graded from a two-band experiment (100 and 150 GHz) to a-baed polarimeter
with the addition of 220 GHz capability for the second anddlseasons. This pa-
per discusses unigue aspects of thee Galactic observations, including the Galactic
maps with the additional 220 GHz channels (Section 1.4Xplagns the data analysis
methodology (Section 1.3.2-1.3.5), and discusses thgsinalf the polarized Galactic
signal(Section 1.4.6-1.4.7).

1.3 BICEP Instrument and Mapmaking

1.3.1 Brief Instrument Description

For a complete description of thel&:P telescope see Yoon et al. (2006) and
Takahashi et al. (2010). IBEP is an on-axis refracting telescope with a 250 mm aper-
ture and can scan in azimuth and elevation as well as rotatendrthe optical axis
(boresight) of the telescope, which is less than 0@d&ay from the center feed. 1B
CEPs small aperture allows the entire optical system to beemtd cryogenic temper-
atures in a vacuum cryostat, sealed with a millimeter-waaesparent foam window.
While located at the South Pole, the telescope mount is sedlat room temperature
within the observatory, protected by a fabric bellows suite. To control the response
of the beam sidelobes and minimize ground contaminatienteglescope has an inner
co-moving absorptive forebaffle and a fixed reflective outerugd screen, similar to
that used in POLAR (Keating et al., 2003b). The readout sdeats are sealed in an
RF-tight cage and consist of detector AC biasing circuitgleg preamplifiers, lock-in
amplifier cards, and cold JFETs in the cryostat.

The focal plane is comprised of 49 pairs of polarization gmesbolometers
(PSBs) (Jones et al., 2003), two orthogonal detectors e, f@hose responses are
summed or differenced to measure total intensity and malian, respectively. For the
first observing season in 2006, the focal plane had twengyféeds tuned for the 100
GHz atmospheric transmission window and twenty-four tuileedhe 150 GHz atmo-
spheric window. For the second and third observing seatfitmfycal plane consisted of



twenty-five 100 GHz feeds, twenty-two 150 GHz feeds, and texs feeds tuned for the
220 GHz atmospheric transmission window (discussed in Appel.8.1). Three cor-
rugated feedhorn sections, cooledtal K, couple radiation from the two high-density
polyethylene lenses to each PSB while also providing a doargrequency cutoff for
the band. The high-frequency cutoff is defined by a set of hne¢sh filters (Ade et al.,
2006) attached to the feedhorn stack. The filters and PSBeoated to 250 mK by
a“He->He-*He-sorption refrigerator system (Duband et al., 1990).cfefilters block
out-of-band infrared radiation to minimize optical loaglin

1.3.2 Scan Strategy

Figure 1.1 shows the three maimd&P observing regions overlaid on the Galac-
tic dust model of Finkbeiner et al. (1999) (hereafter FD)leated at 150 GHz. Ap-
proximately 10,000 hours were spent observing a regionigtestito have minimal as-
tronomical foreground contamination in an attempt to detiee B-mode signature of
inflationary gravitational waves (“CMB” region), 945 houkere dedicated to observ-
ing the Galactic plane in a region near the center of the Galaxal-bright” region,
300 < ¢ < 340°) and 1484 hours were spent observing the Galactic planeegiarr
farther from the Galactic center (“Gal-weak” region, 260/ < 300°).

BicEP observes all regions in a similar manner. The smallest ebsgunit is
a ‘half-scan’; a uni-directional azimuthal telescope nmoeat at constant elevation that
lasts 27 seconds. To avoid potential thermal disturbar&é&sseconds are cut at the
beginning and end of each half-scan. The choice of scan spdxainded at low fre-
guency by the atmosphere and detector stability, and bauateigh frequency by the
bolometer time constant. Within those constraints, thestpe scan speed is chosen
to be 2.8/sec to minimize microphonics and thermal drifts. A ‘scatidsests approxi-
mately one hour and consists of 50 half-scans each in théyeosnd negative azimuthal
directions at a given elevation.

A calibration period at the beginning and end of each scanesesists of a small
one degree elevation movement, called an ‘el-nod’, whicheseas the primary relative
gain calibration within a feed and across the focal planend$pheric loading is pro-
portional to the line-of-sight air-mass, which is well magtbas csd) plus an offset,
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Figure 1.1: 150 GHz FDS Model 8 dust emission prediction Kbeiner et al., 1999),
shown in equatorial coordinates.|&P's primary CMB observing field is called “the
southern Galactic hole”, a region of low dust emission usedoptimal B-mode de-
tection. The two Galactic fields are used for studying astnoical foregrounds and
Galactic physics. The Gal-weak region spans the Galadiicepfrom Galactic longi-
tude 260 < ¢ < 300°, while the Gal-bright region spans the plane from3aQ0 < 340°.



wherefy is the elevation angle. El-nods produce a similar deteetsponse (approxi-
mately 100 mK peak to peak) across all detectors for an etevahange of one degree.
To normalize the response over time, the average responisg dioe el-nod for all the
detectors in each band is calculated and divided out.

As opposed to tracking the celestial observing centezgB centers each scan-
set about a fixed azimuth angle causing sky sources to maé/eeto the scan center,
while stationary ground and scan thermal/optical contaton remains fixed. This
has the added benefit of grouping both the scan and groundroordtions into one
contamination (“scan-fixed contamination”). Chiang et(2010) takes this process a
step further and removes a template of the scan-fixed congdimn from each scan-set;
however, this additional step was not necessary in thisrgagause of the much larger
polarization signal relative to the noise.

After each scan-set, the telescope is stepped in elevayidh2® and moved
in azimuth to locate the next scan-set about the center obllserving region. Each
set of scan-sets (called a “phase”) consists of sevenr{fastk hours) or ten (lasting
nine hours) steps at one of four orientations about the gire€r, 180, 135, 315)
centered in the elevation range°5® 60°. Observations of the Gal-weak field were
carried out mostly in six hour phases in Austral winter. Qatons of the Gal-bright
field consisted primarily of nine hour phases during Auss@inmer 2008, although
there were a few other six hour phases executed at varioes tiuring the three years
of observing.

Timestream statistics (such as the variance, skew anddsidba half-scan) and
el-nod calibration values are used to determine nominaémisy conditions. These
statistics allowed the data to be cut on various time scalels as per-phase, per-scan-
set and per-scan bases. Gal-bright observations use 7@38 @45 total possible hours
and Gal-weak observations use 1463 out of 1484 total peskilrs based on el-nod
cuts, while scan statistics cut approximately 5% of the tiaing data.

1.3.3 Spectroscopic Characterization

Instrumental properties of the telescope can cause nbteedfects in the ob-
served Galaxy maps unless they are properly taken into atcoOne of the most



pernicious of these properties is the spectral responsmais, which can affect the
resulting maps differently depending upon the observedce®ispectrum. The key in-
strumental properties ofIBEP are summarized in Table 1.1 as described in this section,
Appendix 1.8.2 and Takahashi et al. (2010).

For all PSBs used in BEP, at all three frequency bands, detected radiation from
the sky produces a bolometer signal,

(1.1)
dit) = K(t)®{n(t)+ g(t)/dyAe(y)F(y)/dQ P(Q2)
(1+7(Q cos(@)+U sin(@)) }. (1.2)

wherel, Q, andU are the total intensity and two linear polarization Stokesameters
on the sky respectively. IBEP is incapable of measuring the fourth Stokes paraméter
which accounts for circular polarization. However, for tDBIB and Galaxy emission,
V is expected to be negligible compared with the two lineak&garameters. The ef-
fective antenna ared,, is assumed to be proportionalit@. To recover the underlying
sky signal from the detector voltage timestreai(t3, each of the following parameters
is calibrated as described in Takahashi et al. (2020}he detector polarization angle;
¢, the cross-polarization responsges % the resulting polarization efficiency(£2),
the antenna response as a function of angular poditjdn(v), the end-to-end detector
spectral response including filters, feedhorns, lenses,gét), the detector responsiv-
ity; n(t), the noiseK(t), the time-domain bolometer transfer function and filtgriue
to the electronics that is convolvedy(") with the detector signal.

Takahashi et al. (2010) explored the leakage of total irntems polarization
for each feed, estimated using individual PSB pair-sum anddfference maps from
the CMB region. The relative gain uncertainty is similar pestral gain mismatch but
can include other effects such as thermal response mismatoh maps were cross-
correlated, showing the relative gain uncertainty was fleas 0.8% and 1.3% for 100
and 150 GHz feeds respectively. It was found that the redagain mismatch for the
220 GHz pixels was 10% and visual inspection of the maps stiahestwo 220 GHz
detectors gave inconsistent polarization results. Theeat this inconsistency was
found to be mostly attributable to spectral gain mismatch.



Table 1.1: Telescope Characteristics

Characteristics of BEEP from its three observing seasons. While not an exhaustive
list of all possible categories and errors, the listed patans show the properties of the
polarimeter relevant for this paper. Section 1.3.3 disesi$ise spectroscopic character-
izations in more detail, while a brief discussion of the otBecEP characterizations
are in Appendix 1.8.2 and Section 1.4.3.4 with further dssoon in Takahashi et al.
(2010). Characteristics for 100 and 150 GHz are consistghthakahashi et al. (2010)

except for spectral characterizations.

Instrument Property (Band Average) 100 150 220
Number of Feeds (2006, 2007-2008) 25,25 24,22 0,2
Polarization Orientation Uncertainty <07 <07 <07
Pair-Relative Polarization Orientation Uncertainty .10 0.1° 0.1°
Polarization Efficiencyy 0.92 0.93 0.85
Optical efficiency (OE) 20.8% 19.8% 15.8%
Gaussian Beam Width (FWHM) 0.93 0.60 0.42
Differential Pointing / Beam Size 10% 18% 26%
Ghost Beam Power 0.41% 0.50% 1.3%
Ghost Beam Power, Pair-Difference 0.02% 0.04% 0.04%
Spectral Band Centers, flat source (GHz) 95.5 149.8  208.2
Spectral Band Centers, Galaxy (GHz) 96.3 1524  212.2
Spectral Gain Mismatéh 0.17% 0.19% 0.72%
Relative Gain Uncertainty 08% 13% < 10%
Absolute Gain Uncertainty 2% 2% 15%
Noise Equivalent Temperature:K/s) 530 450 1040
(MJy/sry/s) 0.12 0.18 0.50
Noise Equivalent Q-Polarizatiéif uK/S) 410 340 880

(MJy/sr\/9) 0.090 0.14  0.42
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Figure 1.2: BCEPSs three electromagnetic frequency spedi;), normalized to unity
(black) with the band centers (shown as vertical purple edgdimes). Also plotted is
the average spectral response fom¥¢’s 94 GHz band normalized to 0.5 (gray) and
the spectral radianc&v), for a model of atmospheric emission at the South Pole (red;
Grossman (1989)), the spectrum (blue) of the CMB anisot(ogyperature derivative

of the Planck function evaluated at 2.725 K (Fixsen & Matl&802)) and a typical
Galactic emission spectrum (green) in theeBp observing region, as seen through the
atmosphere.

A careful campaign to characterize all ofd&P's feeds was undertaken in Jan-
uary 2008 at the South Pole using a high resolution (up to 28@ Msolution) polarized
Fourier transform spectrometer (FTS). The optical alignnaed power falling on each
pair of bolometers in a feed was calibrated before a set dft éiglependent spectral
measurements were taken. Figure 1.2 shBg, the average spectral responses for
each band with the FTS’s source spectrum divided out, asgutineé FTS'’s source filled
the pixel’'s beam.

If not calibrated properly, mismatched spectral respomses cause spurious
polarization in detector differences and gain errors anffigrent feeds. For example,
the WmAP satellite (Jarosik et al., 2007) notes that passband mesmsita problem;
solved by fitting out for a spurious map component. The vafukemismatch is quoted
as 1% on average with a maximum of 3.5% for the 23 GHz band (Bagk, 2007),
in agreement with pre-flight spectral measurementsCEB does not have sufficient
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polarization angle coverage for each feed to fit out the spgrcomponent; however, it
is possible to use the measured spectral responses to tenitigmeffect.

BICEP's spectral response mismatch leaks intensity into pa#dn and is caused
by the combination of two effects. First, several feeds hmi@matched spectra, most
notably the two 220 GHz feeds. Second, each PSB is calibratatively using the
change in atmospheric loading with elevation; however,oaheric emission has a
different spectrum than Galactic emission or the CMB. Thecjal mismatch leakage
is calculated using the measured instrumental spectiabnsg, a model of the atmo-
spheric emission at the South Pole (Grossman, 1989), andelwidhe typical Galactic
spectrum in the 220 GHz observing region derived from fitiggiation 1.19 to BCEP
and WMAP data as performed in Section 1.4.5.

The spectral gain mismatch)(is :

_ Ga—-Gpg

= 1.

3

where the responsivitie§a g, represent the two PSBs in a feed and are given by

Fatmosphere
Gap = — i 1.4
AB FGalaxy ( )
1—‘source:/F(V)S(V) v 2dv (1.5)

where §(v) is the spectral radiancé#HZ) of the source and 2 accounts for the
throughput of the optics, which are assumed to be singleechod

Shown in Figure 1.3 are examples of the spectral gain midmagtveen two
PSBs in a feed for each band and the spectral gain mismatdregeency given by:

& Fi) RO
dv

) Statmospherél/) V_z/(GA +Gp) (1.6)

1—‘A7Galaxy 1—‘B7Galaxy

The integral of the leakage fractiogé, over the bounds shown gives the total spectral
leakage measured for that fe€d, The leakage at 220 GHz comes from the combina-
tion of a small difference in lower band edge and a large amotipower from the
atmospheric water line at 185 GHz. The average magnituddgedpectral gain mis-
match are 0.17%, 0.19%, 0.72% for 100, 150, and 220 GHz, cagply, using a typical
Galactic source spectrum and median precipitable watesrvwagnditions at the South
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Figure 1.3: Spectral gain mismatch for one feed at each©fBs three bands. The top
plots show the measured spectral responses for the two REBeeéd, “A’ (Black) and
“B” (Blue), along with a model of atmospheric transmissidrtlee South Pole during
median Austral winter conditions (red; Grossman (19899) atypical Galactic source
spectrum (green) in the 220 GHz analysis region, as seeaghrihe atmosphere. The
bottom three plots show the leakage fraction per frequegﬁ;yjf calibrated off the
atmospheric emission but observing the Galactic sourcetrgpe as shown.

Pole during Austral winter. Changing the observed sourcatmospheric conditions
can have an appreciable change in these numbers. For examplef the 150 GHz
feeds has a 0.12% leakage during typical Austral summerittonsl but can change
in value by 0.5% depending on the atmospheric model. In thep typical values
are used to correct the maps for this effect and simulatiomsaried out to probe the
effects of the uncertainty in this calculated parameter.

The absolute gain calibration fon® P maps at each frequency, co-added over
all detectors, is determined by comparing total intensitgwdar cross power spectra
from the BCEP CMB region to the angular power spectra found by in the same
region (see Chiang et al. (2010) and Takahashi et al. (2@kOnbre details). Spec-
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tral gain mismatch between feeds could potentially intomdsystematic effects into the
analysis via feed calibration differences. Comparing the 220 GHz-feed intensity
maps, a difference of 30% is found. While this discrepancy wwdially suspected to be
due to spectral gain mismatch between different feeds \asiigation into the origin of
this discrepancy did not find that this was the cause. Whllbredion per feed is impor-
tant, this effect does not leak intensity power to polargtand the quantities studied
in this paper are mostly relative quantities insensitivéhie systematic. Therefore a
calibration error per feed will not significantly affect thesults of this paper.

While the three bands are called “100 GHz", “150 GHz", and0'Z2Hz", these
are not the actual band centers. The band center for a giveoesis calculated as:

_ fVVLHV F()Sv) v2dv
f:LH F)S(v)v2dy’

whereF (v) is the measured average spectral response for eachHads the source

Yo (1.7)

emission spectrum, and? accounts for the throughput of the receiver. For a flat spec-
tral source, this gives 95.5, 149.8, and 208.2 GHz for 100, &8d 220 GHz bands
respectively. The dominant source of uncertainty is dubeaptical setup and whether
the FTS source is beam filling or not. This can change theseesdly 0.5, 0.8, and
1.0 GHz for 100, 150 and 220 GHz respectively. Changing thegiation limits can
also change these values by approximately 0.1 GHz for eawth liethe band center is
determined using a CMB source as seen through the atmodpiegives band centers
96.2, 150.6, and 208.8 for 100, 150 and 220 GHz. If the banteces determined
using a typical Galactic source with dust and synchrotroisgion, as seen through the
atmosphere, this gives band centers 96.3, 152.4, and 2212®, 150 and 220 GHz.
Another way to calculate the average band center is to carpatband center for each
detector separately and then average over all the detectarsand. Doing this for the
Galactic spectrum gives average band centers of 96.3, 182230 GHz with uncer-
tainties in the average of 0.1, 0.3, and 1.0 GHz for 100, 150229 GHz respectively.
The standard deviation of the distributions over the detscire 0.4, 1.4, and 2.1 GHz
for 100, 150 and 220 GHz respectively, showing how diffetéet spectral responses
of a given detector in a band can be. Out-of-band high frequessponse is less than
-25 dB, which was characterized by using high-pass thidledilters and a chopped
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source.

1.3.4 Time Domain Data Processing

Following the el-nod calibration and correction for spatgain mismatch, the
sum and the difference of a PSB pair are calculated. Diffagngrthe calibrated orthogo-
nally linearly polarized detectors removes most of the Usmed atmospheric response
and unpolarized, scan-fixed, contamination. Atmospheficribise dominates thens
of the pair-sum timestreams for a typical half-scan. Thasshtions can be less than
1 mK in good weather or reach approximately 300 mK in bad werathith a 1/ f knee
as high as a few Hertz. The data also contain a sub-dominantfs@d contamination,
which does not integrate down as uncorrelated noise. Toveroth I/ f atmospheric
and scan-fixed contamination, the data from each half-seahigh-pass filtered by re-
moving a second-order polynomial fit to each half-scan, atctbst of removing some
Galactic signal as well. The pair-sum and pair-differemcestreams are treated sepa-
rately but with the same filtering.

Polynomial removal causes an obvious distortion of theaigrhen the scans
include the Galactic plane. To reduce this effect, the Gaisxnasked during the deter-
mination of the polynomial fit (“polynomial mask”). The pesfed filtering scheme uses
a second-order polynomial while masking out samfes: 4°. This scheme achieves a
compromise between noise filtration and signal presenvafibis process is not perfect
and some residual filtering effects remain in the maps, asigé®d in Section 1.4.3. A
dedicated study of different filtering techniques was utakemn but none improved the
maps significantly without causing worse filtering effeatadding additional noise. For
example, maps with only a DC offset removed have less filjeajoplied to the data but
also have large scale non-physical features that makesitpiae analysis unreliable.

There is an added complication in this scheme for scans tichtwéthin the
masked region (Figure 1.4). A polynomial constrained by sneaments on both sides
of the Galactic plane closely approximates the low-fregyedrifts within the inter-
polated region. However, scans not constrained on botls sifithe plane require the
polynomial to be extrapolated beyond the fitted region. &patated polynomials tend
to diverge because there are no data constraining the fitefidre, the filtering scheme
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is modified so that scan portions that end within the maskgidmeare excluded, giving
rise to maps with a missing wedge (Figure 1.5). Additionadlyrief measurement on
both sides of the plane was not enough to constrain the poiiaie sufficiently. There-

fore, scans were required to have at least 10 samples on gitlesof the Galactic plane
to be used in the mapmaking process.

1.3.5 Mapmaking

Once the data-processing steps are completed, the Stakesqiars, Q, andU
are derived using standard techniques (Jones et al., 2BQdation 1.1 can be simplified
to

dag = gA,B(' + YaB <Q cos(2yap) + U Sin(2¢A,B)))a (1.8)

assuming the beam functions are the same for a given pair®$ B8d the responsiv-
ities, gag, still include the spectral gain mismatch after el-nodlwatiion. The Stokes
parameters, Q, andU now represent quantities integrated oveandr, and{A, B}
refers to the two orthogonal bolometers within a given feed.

Before calculating the sum and difference data of the twoPiBEa feed, the
spectral gain mismatch factors calculated in Equation de®arrected:

da =dy x (1+8) (1.9)
dy =dyx (1-9),

where¢ is the spectral gain mismatch and g, denotes the uncorrected timestream
data. The pair-sund() and pair-differenced.) timestreams can then be determined:

d, = da ;‘ dg = 1+a.Q+B,U ~| (12.10)
d = da ; dg = a.Q+BU~Q COS(2¢A) + U Sin(2¢A),

which give rise to the Stokes parametérs), andU wherea, and g4 account for
polarization angle:

A Ya COS(29)p) :2|:’}/|3 cos(2g) (1.11)
YA Sin(2¢/_\) :|:’}/B Sin(2¢5).

2

B
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Figure 1.4: A detector timestream simulation showing tha#kerent polynomial fil-
tering methods. The top plot shows a typical timestreamltiagurom a scan across
the Galaxy (blue) with a fitted second-order polynomial Jreabtracted off, causing a
significant distortion of the Galaxy (gray). The middle pbbws the same scan, except
the Galaxy (green) has been excluded from the fit. The polyaldmas been interpo-
lated across the Galaxy leading to minimal filtering effecibe bottom plot shows a
typical scan that ends on the Galaxy, requiring the polyabioi be extrapolated onto
the Galaxy. The extrapolated polynomial causes severertisst of the maps, requiring
these scan portions to be excluded from the analysis.



17

7000

5600

4200

Dec[]

2800

1400

sec
7000
5250
3500
1750
0
sec

250 200 150 100
RA[]

bl

7000

5250

bP]

3500

1750

" 150 GHz

73

-30F 220 GHz

340 320 300 280 260
IF]

7000

5250

bP]

3500

1750

Figure 1.5: Integration time per 0.25eal pi x map pixel for 100 GHz (top: Celes-
tial coordinates, second from top: Galactic coordinat&S}) GHz (second from bot-
tom; Galactic Coordinates), and 220 GHz (bottom; Galactior@inates) derived from
all three seasons co-added over all four boresight angl&aHP observations. The
wedge-shaped cuts in the map without integration time are the omission of parts of
scans with extrapolated polynomial fits (Section 1.3.4)e TR0 GHz celestial coordi-
nate map is an example of the native observation refereaogeffrom the South Pole.
The red outlined area (called the “220 GHz analysis regiaén area of the sky where
analysis at all three bands can be carried out. This regiasigset of the blue outlined
area on the 100 and 150 GHz maps (called the “100/150 GHz sisagion”) where
the final analysis can only be carried out at 100 and 150 GHz §&etion 1.4).
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The A and B bolometers are assumed to be nearly perpendisaltre pair-sum
gives the total intensity to a very high precisionzlis also assumed to be equal to one,
thena4 and g+ simplify to {0, cos(2/4)} and {0, sin(2),)}. However,~ is closer to
90%, and can differ by several percent between a given pamlofneters within a feed,
so no simplification is made during mapmaking using the gdierence signal. After
the spectral gain mismatch is corrected and after the suntliffiedence are taken, the
resulting pair-sum and pair-difference timestreams ahgnoonial filtered as discussed
in Section 1.3.4.

Thel, Q, andU maps are given by:

My oy = (ArNTA) AN d -, (1.12)

which is a noise weighted linear least squares regressi@remh is the set of map
pixels for a given Stokes parametd,is the noise covariance matrix, adis the
pointing matrix. Sinced.. -y are filtered timestreams, the resulting sky mapsy,u)
are also filtered. For this work, it is sufficient to assume tha noise is uncorrelated,
making N diagonal and simple to invert. The variance associated gathples in a
single half-scan is assumed to be time-independent, araldslated from the samples
lying outside the Galactic mask after polynomial subti@tti For the pair-sum data,
the pointing matrix consists of ones and zeros, indicatihgtiver or not the telescope
is pointing at a particular map pixel. This simplifies Eqoatil.12, only requiring the
calculation of the weighted mean df to determine the total intensity map (see
Equation 5 in Chiang et al. (2010)). To determine the poddian mapsngy from the
pair-difference datd-, the pointing matrix consists of a combination of thie and’s
and Equation 1.12 can be written as:

5 aidh > af  aif; ) < Qj )
i -3 w . 1.13
;W ( Bid ) ;W ( b B Uj (13)

The “-” subscript has been dropped from they, ands terms for clarity. Equation 1.13
holds true for each band separately wharis a single pair-difference timestream sam-
ple, w; is the inverse variance for a single sample, ingl@orresponds to a given map
pixel, andS; is the total number of samples from all the feeds per band imengnap
pixel. After summing over, the matrices per pixel per band are inverted to solve for
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Q andU. For each map pixel, the seven quantities used to redo¥@randU are the
pair-sum weights and pair-sum weighted data, pair-diffeeeveighted data multiplied
by a andf, and weighted?, 52, anda/3. An eighth quantity, integration time per pixel,
is also recorded in order to measure noise properties arehobg efficiency.

1.4 Results

The BICEP polarimeter produced high signal-to-noise maps of the Xyala
three different band including a qualitative discussiorthef map features, investiga-
tion into map statistical and systematic uncertaintiesyecticomparison to the maps
observed by the WAP satellite, and a quantitative analysis of the propertiethen
maps. For quantitative calculations, two analysis regwa® defined (Figure 1.5). The
“100/150 GHz analysis region” consists of 147 one degfeal pi x map pixels that
have intensity values greater than zero, located at lesstttadegrees in Galactic lat-
itude, and a polarization fraction magnitude less than 28%ce there were only two
220 GHz feeds installed inIBEP, this limited the sky coverage for that band. There-
fore, a “220 GHz analysis region”, using 53 of the 147 pixets1f the 100/150 GHz
analysis region, defines a subset of map pixels that can Iigzadaat all three bands.

1.4.1 Intensity and Polarization Maps

Figures 1.6-1.9 show BEP Galactic maps in three different bands, binned into
0.25 Heal pi x pixels, using second-order polynomial filtering while magkdata
|b| < 4°. Polarization angles are defined counterclockwise fronmtagdian at the map
pixel, in accordance with the IAU definition (Weiler, 197 3aiaker & Bregman, 1996).
BicEP absolute calibration casts the maps in thermodynamic teatyre (Mather et al.,
1994; Bennett et al., 2003), which shows CMB anisotropy wlhth same value at all
frequencies. This unit is convenient for CMB analysis anakgia consistent reference
frame for emission from sources other than the CMB.

The total intensity maps in Figure 1.6 show the large cohbresveen the CMB
temperature anisotropyb( > 5°) and the emission near the Galactic plane. The noise
in the intensity maps is not white; however, it is barely vigiat either 100 or 150 GHz,
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even off the plane, except at the edges of the map. The mals pixihe lower elevation
have a lower signal-to-noise ratio due to tHeal pi x pixelization scheme that bins
data into equal area pixels, while the scan strategy foll@Wercator projection. This
effect is most readily visible in the 220 GHz maps when conmgathe upper and lower
portions of the map.

The total intensity maps overlaid with polarization vestor Figure 1.7 show
that the brightest Galactic emission is within two degrefethe plane and consists of
smooth large scale features and compact sources alongathe. pfhe maps show that
the intensity signal dominates over the noise in the planalahree bands and the
polarization vectors are mostly perpendicular to the plane

Figure 1.8 shows there I3 signal in the plane corresponding to polarization
vectors that are not perfectly perpendicular to the Galaaitine. There are regions of
positiveU polarization in the plane at all three bands. However, tli®ig region in
the 150 GHz maps near Galactic longitude 322 that shows a significant amount of
negativalJ signal that is not an artifact of the filtering or systematitise noise appears
mostly white over the whole observing region with some nealdtriping along the scan
direction at this map resolution.

Figure 1.9 shows there is no significant negatpolarization in the Galactic
plane, which would have produced polarization vectors galygarallel to the Galactic
plane. The noise is nearly identical in nature to the noighé&lU maps because both
are derived from the same pair-difference data with idahfittering.

1.4.2 Map Quantities and Polarization Fraction Model

The map quantities studied drgthe pixel intensities (Section 1.4.%5), the po-
larization fraction perpendicular to the Galactic plamehe exponent of a simple power
law describing the relationship betwegmandl (Section 1.4.6); and, the polarization
angle in Galactic coordinates (Section 1.4.7 ). The derxggthblesq, u, p, andf are
given by:

|9’ u llJ—, P=+VQ2 + U2 0= %tan‘1 <9) (1.14)

q = 5



21

uK
200

100

-100

=200

T T T T T HK
200

100

-100

-100

- 0

-200

300 280 260
IP]

Figure 1.6: BCEPintensity maps from all three seasons co-added over alldforgsight
angles at 0.25Heal pi x resolution, in Galactic coordinates, at 100, 150, and 22@ GH
from top to bottom respectively. The color scale has bees@hto emphasize the CMB
anisotropy, which is visible in all three bands.



22

b[]

b[]

b[]

220 GHz

335 330 325 320 285 280 275 270
IP] IP]

Figure 1.7: BCEPintensity maps from all three seasons co-added over alldforgsight
angles with polarization vectors, in Galactic coordinaa¢4.00, 150, and 220 GHz from
top to bottom respectively. The color scale is chosen to esigk the emission in the
Galactic plane. Polarization vectors are only displaya@ddefmap pixel has a signal-to-
noise ratio above 10 for the unpolarized intendityand above 4 for polarized intensity,
P =px 1. Polarization vectors are predominantly perpendiculahéGalactic plane,
implying that the magnetic field in the medium sampled bg® is parallel to the
plane of the Galaxy. While intensity values can't physicéké negative, the observing
and analysis strategy filters the maps, causing negativeesah the maps as can be
seen near higher Galactic latitudes. To convert thermandjmgemperature unitg;K,

to differential intensity unitsMJy/sr, multiply the 100, 150 and 220 GHz map values
by 0.22, 0.40, 0.48 respectively.
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The main polarization quantity studiedjss opposed tp or u, because suffers noise
bias being a positive definite quantity, and there is reddyilittle signal inu.

It is known that the observed polarization fraction from atr@enomical source
will be lessened by disorder in the magnetic field. To exptbee Galaxy’s magnetic
structure, BCEP maps are fit to a phenomenological power law as:

T = U< ()’ (1.15)

I median
whereledianiS calculated from the map pixels in the 220 GHz analysisomegi is the
slope parameter arg, ..., iS the overall polarization fraction normalization paraene
The parameter;, approximately represents the disorder in the magnetit Wlich is
traced by millimeter-wave polarization.

The simplest Galactic magnetic field model to comparee® data to is one
wheren = 0, which has no disorder in the field. The measured polaoizas a direct
imprint of the intensity signal, related by a constant paktion factorqp.

Other models describe the Galaxy’s magnetic fields as beuaipmore random.
For example, a simple toy model for this case is one where #gt@@ is uniformly thick
and consists of a constant polarizeg) (diffuse component emitting with a weak inten-
sity, lo. Scattered throughout are dense star forming regions aittiam polarization
angles which, when integrated along the line of sight or divetbeam width, will inte-
grate down to very low net polarization but will contributetbtal intensity withl;. In
this case the polarization fraction would be:

a = R (1.16)
In this casey = -1, implying increasing dust column density that contrilsute addi-
tional polarized intensity.

While both of the models here are strictly empirical, othadges have used sim-
ilar methods. These methods involve fitting starlight paktion to a similar power law
model; the exponent for polarization by absorption is ezlab the power law exponent
for polarization by emission in the millimeter-wave bandry = n.ns— 1. Fosalba et al.
(2002) fit starlight polarization data fovs. E(B—V)"=s finding naps = 0.8, which implies
nem=—0.2. Fosalba et al. (2002) then relates this fit parameter togmete field model
from Burn (1966) using the assumption above, namely thapth&rization fraction is
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a product of the ratio of uniform and random components ofhtlagnetic field. Jones
(1989) fits starlight polarization data fvs. 7,*, finding naps = 0.75, which implies
nem=—0.25. Jones (1989) takes the fitting process a step furtheruarsdMonte Carlo
simulations for observing Galactic magnetic field arrangets with varying level of
randomness and claims a more accurate fit than using aniarejyiation. Lastly, these
other works study polarization fractign while in this papenq is studied, which does
not necessarily follow the same power law trengpbaor example, a Galaxy with com-
pletely random magnetic field directions would predict aapiahtion fraction given by
a power law exponent af=-0.5; however in this scenarig,would oscillate about zero
and give an average= 0.

1.4.3 Noise and Systematic Error Evaluation

To confirm the integrity of the maps presented here, they werss-checked
with an independently written pipeline. The two pipelinegsquced nearly identical
Heal pi x maps, reducing the possibility of coding errors or other-pbgsical errors.
For example, taking the difference between the two pip&ih®0 GHzQ maps gave a
pixel rmslevel five times smaller than the noise level, with no obvisighal features
left.

The data haveAf noise from atmospheric fluctuations, electronic readaétsdr
thermal instabilities, and scan-fixed contamination. Thé&/momial subtraction re-
moves most of this contamination but the polynomial maskitmyvs some of this noise
to leak back into the Galaxy maps. The polynomial fitting isyaapplied to data out-
side of the Galactic plane mask, causiggnot to be minimized with respect to the
noise within the mask. However, since the noise is corré)atee polynomial fit well-
approximates the noise close to the mask edges, but desie&stectiveness the further
the pixels are from the edge of the mask. Therefore, theld@ingemask used, the worse
the polynomial fit inside the mask approximates the noiseabse there is a larger gap
over which the polynomial must be extrapolated. The smé#lemask used, the better
the fit approximates the noise; however, this also incretmsesltering of the signal in
the plane.

Optical imperfections, such as beam mismatch, cross4patan, depolariza-
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Figure 1.8: BCeEP U polarization maps from all three seasons co-added oveoal f
boresight angles, in Galactic coordinates, at 100, 1502@0d5Hz, from top to bottom
respectively. Galactic4 polarization corresponds to a polarization vector inithand
+¢ direction. Power can be seen in all three bands indicatiagsawhere the Galactic
magnetic field is not exactly aligned with the Galactic plamke significant detection
of negativdJ power in 150 GHz map at Galactic Longitude 322physical and not an
artifact of filtering or other systematics.
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Figure 1.9: BCceP Q polarization maps from all three seasons co-added oveoatl f
boresight angles, in Galactic coordinates, at 100, 1502a80d5Hz, from top to bottom
respectively. Galactic @ polarization (red), corresponding to a vector that is perpe
dicular to the Galactic plane, dominates the maps.
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Figure 1.10: Difference betwedd Gal-bright maps made at boresight rotation angles
{0, 315} and {135, 180}, divided by two, in Galactic coordites for 100, 150, and
220 GHz from top to bottom respectively. The left hand plotstae difference maps
uncorrected for spectral gain mismatch while the right hglots have been corrected.
Some of the features in these raw jackknife maps are dueferaliices in integration
time and polarization coverage such as near the edges ofbgerving area. Other
features, such as the negative excess centered me227 andb = 0° in the 150 GHz
map arise from scan-fixed or telescope systematic contaimmaviost of the excess at
220 GHz is corrected by accounting for spectral gain mismefile there is marginal
change in the 100 and 150 GHz maps. There is some faint gfrigarly orthogonal
to the Galactic plane in the 150 and 220 GHz maps from resitiuginoise leaking
through the polynomial mask.



28

tion, and sidelobe response can cause systematic chantesiaps. These “telescope
systematics”, studied and characterized by Takahashi@l0) for the CMB B-mode
analysis, are controlled very well partly because of®B”s simple, compact design.
The overall magnitude of the telescope systematics arfdldakage in the Galactic
maps are estimated by splitting the data into two halvesyrdang to the telescope’s
orientation angle about the boresight. Anglésadd 315 are called “boresight map
A’, while 135° and 180 “boresight map B”. Since there are only two 220 GHz feeds,
220 GHz boresight map A is determined from a single feed,aeV®80 GHz boresight
map B is determined from the other feed. This split is the npogbative for the po-
larimeter because the Galactic sky coverage in each halésonostly from a different
set of feeds, taken at different times, under different iweatonditions, and with the
telescope oriented differently with respect to gravityr #is study the two BCEP bore-
sight maps per frequency band are studied in this paperhvdaic be used to gauge the
general level of residual systematic contamination in tlagsn

1.4.3.1 Boresight Difference Maps

To illustrate the efficacy of the boresight difference mapgure 1.10 shows the
difference between the two groups for tQemaps for all three bands, both before and
after spectral gain mismatch correction. This is a qualggiackknife test, as it does
not test quantitatively against the expected noise or sigaage. Figure 1.10 shows
some power in th€ boresight map jackknife at all three bands, which is repretive
of all the Galactic jackknife maps. The residual power in 220 GHz raw maps was
used to validate the spectral gain mismatch model and thecposcted maps show the
level of correction achieved. While there is still somedesil power in the 100 and 150
GHz channels, it does not affect the results claimed in tagep The post-corrected
220 GHz maps give consistent polarization results betweeivto detectors; however,
there is still uncertainty in the spectral gain mismatcrapaater due mostly to changes
in atmospheric conditions.
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1.4.3.2 Uncertainty due to Spectral Gain Mismatch

Simulations were run to show the level of uncertainty indlioa the quantita-
tive parameters analyzed in this paper due to uncertairttyerspectral gain mismatch
calculation. Two sets of simulations were run; one basethemihcertainty in the atmo-
spheric conditions and one based on the uncertainty in tlzsuned spectral response.

The average spectral response and measurement uncesxtargycalculated
from the eight separate spectral response runs per de{Section 1.3.3). The uncer-
tainty in atmospheric conditions was derived from compyitire spectral gain mismatch
using Austral winter and summer conditions, using a low ipitaole water vapor (pwv)
value, a median value, and a high value for different obsgraingles. The mean and
standard deviation of these conditions were computed, evtier mean values are the
nominal spectral gain mismatch and the standard deviasiarsed as the uncertainty.
The pwv conditions used were quite conservative and achs#roing conditions most
likely had a much smaller range of weather conditions.

Simulations were performed by generating random spec#ial mismatch pa-
rameters for each feed, creating a modified list of spectil gismatches. Using the
modified list, the entire set of mapmaking steps of Secti@mland 1.3.5 are repeated,
andqq,...; andn are found. This procedure was repeated ten times for bothatthe
mospheric and spectral response measurement uncegamitismg average parameter
values and an uncertainty on each average.

The percent error computed from the simulations based éerelift atmospheric
conditions |si?“m7dr’ =[1.0%, 1.3%, 3.6%)] and‘%7 =[8.9%, 15.%, > 100%] for 100, 150,

Imedia

and 220 GHz bands. The uncertainty from spectral measuteenens ismf‘:’ii:: =
[0.2%, 0.2%,0.3%] and‘%7 = [2.4%,1.8%,41.0%)] for 100, 150, and 220 GHz bands.
The uncertainty on the 220 GHz parameters are larger thaothiee two bands because
the two 220 GHz feeds have the largest spectral gain misnaaitdtihe smallest mea-
suredn value. The spectral measurement uncertainties are fiva tontes smaller than
the uncertainties from the various weather conditions. ddmebined spectral gain mis-
match uncertainties are relatively minor for the determameof q,,.,; however, these

uncertainties provide the largest single source of erraf anall three bands.
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1.4.3.3 Uncertainty due to Polynomial Filtering

Polynomial subtraction removes signal as well as noisesingwsystematic fil-
tering effects. To estimate the filtering effects, simulas are carried out to compare
maps before and after various filtering strategies as wet asmpare to the real data.
The general algorithm for the simulation was to use an intgnsap and Galactic model
parameters to generdteQ, andU maps. These maps are then filtered in various ways
and compared to the original maps and actual data filteredsiméar manner to find
the resulting effects and uncertainties of filtering on thepm

The simulations used WaP 94 GHz DA 1 (Section 1.4.4) and FDS (Finkbeiner
et al.,, 1999) to make two separate intensity maps per freyuband. The WIAP
intensity map was first deconvolved with the beam functicovigted by WmAP and
convolved with the BCcEP Gaussian beam at a given band. Then, the maps were down-
sampled from 0.125Heal pi x pixels to 0.25 pixels. An additional simulation was
carried out using the higher resolution pixels, but thisseauless than a 5% change in
the resulting simulation values. For the FDS simulation)d@re provided to predict
the power over the entire sky at an arbitrary frequénéyfull sky prediction is made
at 0.016 Heal pi x pixel resolution for each BEP band for each measured spectral
bandpass data point (approximately 200 separate frequemiays per band), which
can then be summed together to make three full sky simulatedBand dust maps.
The maps are convolved with thedp beam at each band and downsampled t00.25
Heal pi x resolution.

Using these intensity maps, simulated polarization mapsganerated using
Equation 1.15 with parameters found from thecBp maps. For the simulations the
polarization fraction magnitude was always chosen to be R#eamedian intensity
and the power law exponentwas varied between -0.75, -0.50, and -0.25. The polar-
ization angle is set to°7 the approximate average polarization angle found in ttge 22
GHz analysis region, which sets the valudJoin the simulation. Using this model, the
polarization fraction has the possibility of taking unpiogs values, therefore, the maxi-
mum polarization fraction allowed is set to 10%. A value o¥2&as also implemented
but this did not change the results appreciably.

2http://astro.berkeley.edu/dust/index.html
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BICEP pointing was used to extratt Q, U values from the simulated maps to
generate the simulated timestreams. The simulated tieeaas were processed with the
same filtering as described in Section 1.3.4, leading taicicoverage as the real data.
In addition to the nominal 4polynomial mask, separate simulations were performed
using 2 to & polynomial masks for the WAP simulations. Mask values abové 5
gave marginal improvements in recovery of studied pararadtat these higher mask
values also decreased the amount of mapped area and altemlaree map pixels near
the edges of the observation area with abnormal propeRielgnomial masks ranging
from 2° to 5° were also applied to the real data. Then, for each map, the parals
were fit to Equation 1.15 and the average angle and standandierthe angle were
computed.

Figure 1.11 shows the results of theMAP simulation (FDS simulation results
not shown) and compares the resulting average map parantetdre real data. The
changes in derived parameters due to polynomial-mask sizgemerally smaller than
the changes in the parameters between filtered and unfiltieapd. The level of filtering
effects on the maps and uncertainty in the map correcticirfaxan be judged from
the different simulations and the comparison to the rea.d@he filtering effects and
correction factors are smaller and better understood foresparameters such as the
intensityl, but are larger and not as well understood such as.f@he conclusion from
the simulations and comparison to the real data in Figurg is.that while the BCEP
maps have been systematically filtered, the magnitude ®&ffect is small enough not
to affect the general results from the analysis of the mapmsweder, these effects do
prevent additional quantitative analysis of the maps bdywhat is performed in this
paper as a whole.

The uncertainty in the filtering correction for the integgiata is+5%, which
comes mostly from the variation of results from theMMpP and FDS simulations rather
than variations within the simulation parameters. The taggy in the polarization
filtering correction is only known ta-25%, which comes equally from variations of
simulation polarization parameters across each band and thie difference between
WMAP and FDS simulations. The average correction factors,fag, ..., 7 calculated
from these simulations for the 220 GHz analysis region af#,137%, 39%. The av-
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erage correction factor for computing the avergge 23%. These values are used to
correct results for further analysis in this paper.

1.4.3.4 General Map Noise

Background photon and detector noise dominates the whiserilmor in the
maps. The average polarization map pixel sensitivity caodbeulated by taking the
calibrated timestreams and computing the periodogramdoh éalf scan. The aver-
age periodogram per feed for each frequency band is theunlatdd (Figure 1.12). The
pair-sum data suffers from increasing levels pf hitmospheric contamination from 100
GHz to 220 GHz. Most of the Af atmospheric noise is removed from the polarization
data by pair differencing within a feed, resulting in neamyite noise at all three bands
above 0.1 Hz. Averaging the pair-difference periodograsmff.1 Hz to 1.0 Hz (corre-
sponding to an angular size of0.5° —5°) gives Noise Equivalent Temperature (NET)
per detector values of 520, 450, and 1040./(s) for 100, 150, and 220 GHz respec-
tively. After accounting for polarization efficienciesgge correspond to NEQ per feed
values of 410, 340, and 88K /(s) for 100, 150, and 220 GHz respectively. There is
very good agreement between the noise estimate from thedogriams in Takahashi
et al. (2010), which used two years of third-order polyndritered data from the CMB
region, and this calculation using three years of data ftoenGal-bright and Gal-weak
regions that has second-order polynomial filtering.

The noise in a given map pixel is calculated using the NEQ @ed fvalues, the
integration time per %pixel, and assuming the integration time is split evenlysen
the Q andU maps. The average sensitivity fQ or U map pixels in the 220 GHz
analysis region is 2.8, 2.8, 16.K-rms for 100, 150, and 220 GHz respectively.

Another method to gauge the noise in the maps is to split tkee idehalf and
take the difference, which cancels off the signal and leséegesidual noise. Maps
were made from right going and left going scans separatetytlzen differenced. This
split is used to test for detector time constant mismatcheorecal telescope thermal
effects; however, it tends to be one of the least probativeBicEP because the two
halves are taken at nearly the same time, under the sameewreatiditions, and with
the same set of feeds. Pixels from QeandU differenced maps, with a significant
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Figure 1.11: Fractional change in the average map parasneser polynomial-mask
size for 100 GHz (red diamonds), 150 GHz (blue triangles) @&Hz (purple upside-
down triangles), and the 150 GHz MApP simulation (black circles) showing the size
of, and general level of uncertainty in, the filtering efleeoh the maps. The parameters
studied are intensity, Q polarization,Q polarization fraction at the median intensity,
71, and polarization angle. The units are relative percefém@ince (angular difference
for the bottom plot) between a given average map paramétand the 4 polynomial-
mask average map paramet€f; AX = (X /X4 —1). At the bottom of each plot is the
fractional differenceAunritered, iN the parameter value derived from the average values
of unfiltered simulation maps compared to that from filtenmalusation maps with a4
polynomial-mask.
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Figure 1.12: Average periodogram for the pair-sum and giffierence timestreams
from all of the Galactic scans, after second-order polymbmemoval. The second-
order polynomial filtering is apparent at 0.05 Hz (the lowfestjuency bin), where the
power is lower than the white noise level. The rise at higlydency is due to the
deconvolution of the detector and system time constant.



35

amount of integration time, were multiplied by the squaret raf integration time per
pixel and the standard deviation of all the pixels was comguihis was done for all
the pixels and the 220 GHz analysis region pixels. Usindhalfixels, the average noise
values are 420, 320, and 93 /sfor 100, 150, and 220 GHz respectively, which are
comparable to the NEQ per feed noise estimate from the pmgradh method indicating
good agreement between the two methods. The noise for th&B20analysis region
pixels as compared to the entire map is 20%, 40%, and 45% high&00, 150, and
220 GHz respectively, due to excessf hoise leaking inside the mask.

1.4.4 WmAP 94 GHz Band Comparison

WMAP is a millimeter-wave satellite that has ten differencingeasblies (DAS),
all producingl, Q, andU maps over the whole sky using one channel at 23 GHz, one at
33 GHz, two at 41 GHz, two at 61 GHz, and four at 94 GHz. The coation of BCEP
data with WMAP data provides frequency coverage in the 220 GHz analysisrégm
23 to 220 GHz. As an important cross check on the validity efBrcEP observations,

a direct comparison is made between theiA¥ 94 GHz band and BEP 100 GHz
intensity maps.

There are two systematic differences that prevent directpewison. First, the
BicepP beam is a different size than thensp beam and the maps are filtered as de-
scribed in Section 1.4.2. Therefore, to make a direct coispayeach Wiap DA map
is smoothed to BEEP's beam resolution, sampled intad&:pP-like timestreams, and fil-
tered. For consistency, sampling of theAAP maps was performed using both 0.0125
maps, and the nominal 0.02faps. Since both sets of maps are filtered, there is no
need for systematic filtering correction in this case.

Secondly, there is a difference in spectral bandpass batied¢wo experiments.
BiCcEPis calibrated to WWAP by comparing the CMB fluctuations in the low astronom-
ical foreground region. However, Galactic emission hasffer@int spectrum than the
CMB, and combined with the different bandpass responsecthild cause a systematic
difference between the two experiments. In a very similanmea to the spectral gain
mismatch calculation in Section 1.3.3, the expected mils@dion is calculated using
the average BEP 100 GHz spectral response, the averageA® 94 GHz band spectral
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response, the CMB anisotropy spectrum as seen from spadeaandhe South Pole,
and the typical Galactic source spectrum as seen from space South Pole.

Different atmospheric observing conditions were simuldbe BICEP(Section 1.3.3)
to compare to WIAP, which is in space and is not affect by a change in atmospheric
conditions. The mean and standard deviation of spectral g&amatch from the dif-
ferent atmospheric conditions betweercBp 100 GHz and WiarP 94 GHz band is
0.322%+ 0.001% (the positive sign indicates an increase ige» power relative to
WMAP). The small difference results from the shape of the emissjmectra being
nearly identical for the CMB and the typical Galactic souspectrum at this particular
band (this is not true at other bands), so even thougte Band WMAP have relatively
different bandpasses, there is no spectral gain mismateleba the experiments. The
extremely small standard deviation on this quantity resiuim the insensitivity of the
Bicep 100 GHz band to different atmospheric conditions, esplgdiaé emission lines
outside the band. Instead of using the average 100 GHz apé¢his calculation was
repeated for each individual detector’s spectral respgnsag an average and stan-
dard deviation of anomalous gain factors d316%+ 0.055%, consistent with the first
method.

The data from the two experiments were compared in a simi&rmar to the
absolute calibration routine from Chiang et al. (2010),ept¢he comparison was per-
formed using maps (called “MAP”) instead of spherical hamodransform coefficients
(aym). The anomalous gain factor comparing theBp 100 GHz and WiAP 94 GHz
band intensity maps is calculated as

anom — <MARNMAPj X MAPBICEP,>
K <MAR/\/MAPj X MARNMAPK>
where the angle brackets represent a weighted average 22€h&Hz analysis region

-1 (1.17)

pixels using the BCEP integration time as the weights. The indéxfor BICEP corre-
sponds to the two boresight maps and the indigels) for WMAP corresponds to the
four DAs at 94 GHz wherg Zk so the noise in a given map is not rectified. As a consis-
tency check on this method, the gain was computed for the Chigwing region and
compared to the absolute calibration numbers from Chiarad. €2010), which found
the gains using the angular power spectrum, gave consigt®uits. The two boresight
maps give values of 5.0% and 4.7% gain increases using. 2% haps and 4.2% and
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4.0% gain increases using thel@5 maps. Each has a 0.5% statistical error derived
from using the different combinations of MAp 94 GHz band DA maps.

To check the uncertainty based on pixel selection or skyamag, a simulation
was done using all pixel valuél| < 3° in the BICEP observing region (335 one degree
pixels) for the 0125 maps. For each of 1000 different trials, 53 pixels were chose
at random and the anomalous gain was computed. The meanaartthst deviation
of the distribution gave 3.1 2.1% and 2.5+ 1.9% for the two boresight maps. For
comparison, the same procedure was repeated for the 253egneedpixels between
—-3° and-6° in Galactic latitude giving anomalous gain values of £8.5% and -5.0
+ 6.5%

Chiang et al. (2010) quotes the absolute gain uncertairig @96 for the BCEP
maps, which decreases the relative significance of the doasgain factor found here.
The difference in anomalous gain factor due to the bandpéiessthces was calculated
to be a very small; however, this calculation used a simptedamponent continuum
Galactic spectrum. The real Galactic spectrum is undoljptadre complicated, which
could lead to a larger spectral factor difference. Anothely cause of anomalous gain
is from systematic uncertainties in the processing of ra®itEeP-filtered WWMAP maps
(Section 1.4.2), either from the beam correction or flatrpéation procedure. Regard-
less of the underlying cause, the 4% gain difference doesepoesent a significant
detection of a deviation between the two experiments in thiexy. A larger difference
was found between WaP and QUaD (Culverhouse et al., 2010), despite the similarity
between the BEEP and QUaD instruments and analysis approach. However, JaD’
high-frequency cutoff is higher and low-frequency cutafiver than either BEEP or
WMAP, making it sensitive to certain emission lines to whiclcBr and WMAP are
insensitive.

1.4.5 Intensity vs. Frequency

By studying the spectrum of the unpolarized and polarizeg&ion for a given
point on the sky, it is possible to understand the compasididhe ISM across the sky.
The spectral response plots of intensity vs. frequency baw ghe fraction of dust
and synchrotron in the Galactic plane.MAP provides a vast amount of information
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on this topic; however, their highest frequency band st An appreciable amount of
synchrotron emission. Above 150 GHz, most Galactic emmsstones from dust, which
is where BCEP's 150 and 220 GHz channels add unique information.

A common unit for distributed astrophysical millimeterwesemission is differ-
ential intensity as opposed to thermodynamic temperatuhere the conversion factor

from thermodynamic units can be calculated as:

dB
i = dT 2725 deT,

andB is the Planck blackbody function. The derivative with redfe temperature is:
dB 2kgr? Z2€? hy
— = —————: wh =——.
aT @ (-1 " rTT

Using the values of the physical constants and theeB band centers, the conversion

factors are:

dB _ MJy/sr
a7 - O.22,O.4O,O.48W, (1.18)

for 100 (95.5), 150 (149.8), and 220 (208.2) GHz bands resedg; where the true
band centers are shown in parenthesis. Similarly, the ecsimrevalues are 0.016, 0.033,
0.049, 0.10, 0.22 for \MAP’s 23 (22.8), 33 (33.0), 41 (40.7), 61 (60.8), and 94 (93.5)
GHz channels and are used in Table 1.2. Figure 1.13 and tseguént spectral analysis
in this section usesBEP, WMAP, and FDS data in these differential intensity units.

Figure 1.13 shows a plot of the mean and standard error of g#snmtensity
of the analysis area pixels from bothd&p and WMmAP, calculated from each of the
ten WmAP DAs and two boresight maps fon®ePs three bands in differential inten-
sity units. BCEP maps have been filtered by the mapmaking process, systathatic
lowering the intensity values. To correct for this, eacle® point and error bar has
been increased by 11% (Section 1.4.3.3). The error barh©éFDS points and other
bands come from sky variance, not measurement errocerEhas two data points per
band that are computed from the two boresight maps. TheHlattwo data points are
nearly identical indicates that the systematic unceiisrdre not the dominant source
of uncertainty for the average intensity of the maps, evertife 220 GHz channels,
consistent with the discussion in Section 1.4.3mXN# points are from each DA sepa-
rately, which can indicate the approximate level of residyatematic uncertainty in a
given band.
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Figure 1.13: The mean intensity as a function of frequencytife 220 GHz analysis
region for WMAP’s ten DAs (gray triangles) andIBEP's two boresight maps for each
of the three bands (black squares)icBPs 100 GHz points are shifted to the right
5 GHz from the calculated band centers for clarity.M¥#® points come from raw,
unfiltered maps, downsampled toresolution. The noiseless FDS model 8 (Finkbeiner
et al., 1999) predicted dust maps (green diamonds) havelssen smoothed, spectral
bandpass filtered, and downsampled tdd.match BCEP's bands but not polynomial
filtered. The fit to Equation 1.19 using only MAP points (gray) gives a dust spectral
index(q = 5.06, larger than when BEP data (blue) are included, which givés= 3.70.
The pink and red dashed lines are the individual positive regghtive spectral index
components from fitting to both WapP and BCEP points.
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The points in Figure 1.13 are fit to
|(v) = Asv’s + Ag /%, (1.19)

a simple two-component power law model whég are the magnitudes of the syn-
chrotron and dust components ajid are the power law exponents for the synchrotron
and dust components. IBEP's points and error bars have been increased by 11% us-
ing the systematic filter correction found in Section 1.3.3The best fit spectral in-
dex parameters and errors from using only th&A¥ points in Equation 1.19 are
[(s, (4] = [-0.36,5.06] + [0.02,0.33], while if BICEP data is included thenc{, (4] =
[-0.39,3.70]+[0.07,0.11]. For reference, FDS model 8 predigts= 3.5 in the fre-
guency range 23 - 220 GHz in the same analysis region. Fronalssgmulations, the
uncertainty in systematic filter correction could be asdaag 5%; however, this factor
has a relatively minor effect on the fit. For example, a 5% uag&y in this correc-
tion factor leads to an uncertainty {g of o, = 1%. This reduced sensitivity to input
uncertainty is due partially to the non-linear nature offitteng model but also due to
the WMAP points not suffering from BCEP's filtering bias. Repeating the fit procedure
with only one set of boresight maps, causes a changgedho,, = 2%. Splitting the map
into the Gal-bright and Gal-weak regions gaye= [3.81,3.27] with o, = [0.14,0.15]
indicating a difference in dust spectral index between wWeeregions at 2.7 sigma sig-
nificance.

Therefore, in this case, the uncertainty in this fit itselfaiger than the uncer-
tainty due to systematic contamination from weather oistpe systematics which is
larger than the uncertainty due to systematic filtering biasertainty. Analyzing the
WMAP DAs separately is a way to include systematics from that exyat. However,
the separation between points in anywP band (See Figure 1.13) is smaller than the
uncertainty in the average value from that band, makingesyatics minimally impor-
tant.

The simple two-component model fits the data well; howewadjtaonal com-
ponents are not excluded. The plot shows the importance asanements at higher
frequency bands to fully understand the composition of 8M.1At 95 GHz, using the
two-component fit parameters, dust makes up 51% of the toteseon, while at 150
GHz it makes up 87% and at 220 GHz it makes up 97%. Finkbei®®3Pgives a tem-
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plate for the full sky free-free emission basedlynmeasurements. Taking their input
map at 0.0625resolution, downsampled té tesolution, converted t8lJy/sr using the
factors given in their table 1 at 100 GHz, the average map padee in the 220 GHz
analysis region is 0.00M1Jy/sr. Therefore, free-free is approximately 40 times smaller
than either the dust or synchrotron componentiioe maps. Further measurements at
intermediate frequencies with finer spacing would also ®useful information about
the transition from the synchrotron to dust dominated regamd give more information
about other possible emission sources.

1.4.6 Polarization Fraction vs. Intensity

The Galactic magnetic field cannot be measured directlyefoee measure-
ments of the field’s effect on the intervening interstellattar are crucial. The Galactic
magnetic field produces polarization on large and smallescatross the electromag-
netic spectrum. Millimeter-wave polarization measuretagmobe emission that spans
the full extent of the Galactic plane making it possible talege or motivate models
for the Galactic magnetic field structure.

1.4.6.1 Polarization Fraction Data

One prediction of most Galactic magnetic field models is adref observed
polarization fraction as a function of unpolarized intépgMiville-Deschénes et al.,
2008). To determine if there is a trend and what the naturbetrend may be, Fig-
ure 1.14 shows scatter plots gfvs. | for the various BCEP maps with two W1AP
channels also shown for comparison. The plotted map pigelsdth BCEP and WMAP
are from the 100/150 GHz analysis area except for the 220 Gifzpixels, which use
the 220 GHz analysis area. The error bars are calculated tr@moise per band or DA
and the integration time per pixel. Over-plotted on thetecatlots is the weighted lin-
ear least-squares fit following Equation 1.15 and the weijimearg. Since the white
noise floor value is used, all of the fits had redugédralues much greater than one,
indicating, to some extent, the total absolute uncertaingluding genuine variation
about this trend across the sky. To better approximate thédbsolute uncertainty in
the resulting fit parameters, the uncertainty for each fiapeter is multiplied by the
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v/ XZqucea Which are the error bars used in Figure 1.15. It is importanbte that all of
the BICEP maps detect a trend of decreasing polarization fractioh initreasing inten-
sity at more than three sigma; exceptBrP 220 GHz, which has ten times fewer feeds
than BCEPs 100 or 150 channels.

Figure 1.14 may not sufficiently support the hypothesistinate is a significant
trend of decreasing polarization fraction with increasimgnsity as opposed to a con-
stant model foy. The difficulty is that the error in polarization fractiorcieases as the
intensity value decreases because the uncertairgysrproportional to =1, weighting
theq values measured more strongly at higheHowever, the fact that there is a slope
detected for all bands from 23 GHz to 150 GHz favors a slopedeihover a flat one
(See Table 1.2).

1.4.6.2 Model Fit Parameters

Figure 1.15 shows a plot of the fit parameters from Equati@b for BICEPS
two boresight maps (so there are two data points per bandy\andr en DAs sepa-
rately (which can give some idea of possible systematicnaicgy in a WMAP band).
Table 1.2 lists the average parameters with uncertaintoes three sources and band
properties. One type of uncertainty is from the nonlinegression covariance matrix,
and these uncertainties have been increaseg H%,,..4t0 better approximate the true
parameter uncertainty and include other noise sourcesasighnuine spatial variation
across the sky. This type of error can be decreased by imgudore map pixels (pos-
sible at 100 and 150 GHz, but not at 220 GHz) or by increasitggnation time or
detector sensitivity.

Second, there is uncertainty due to the dispersion of éiffemaps within a
band, the two boresight maps fondp and the various DAs for WAP. This un-
certainty, especially for BEP, indicates the approximate level of systematic contam-
ination from the atmosphere, instrument thermal properied telescope systematics
other than spectral gain mismatch. This type of uncertasgpyevalent at all three bands
and hinders further quantitative analysis)of

Third, there is uncertainty from spectral gain mismatch thauantified from
simulations in Section 1.3.3 using different atmospheoinditions. This type of un-
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Figure 1.14: Polarization fractiom, as a function of total intensity, using 147 one
degred-eal pi x pixels (gray) from BCEP's three bands and two boresight maps along
with WmAP 23 and 33 GHz bands. Out of the 147 pixels, 53 were used for therB
220 GHz detectors because of the reduced observed regibalbdeat that band. The
error bars are those due to the white noise in the maps andt@ecaunt for systematic
errors due to the atmosphere, instrumental systematiddfesmg. The best fit line
(blue) and constant model (green) are shown. The weightechge and uncertainty
(black) of q for pixels less than the median value and greater than theamedlue
clearly show the trend of decreasing polarization fractisrfntensity increases.
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certainty compared to the other two is only important at 22zGOverall, there is a
strong detection ofj ..., at all three bands and a significant detectiom @t 100 and
150 GHz. There is not a detectionpfit 220 GHz due to the combination of all three
types of uncertainties exacerbated by the fact tha€eB only has two 220 GHz feeds
for only two of the three observing seasons (See Appendid 108 more information).
Fitting for n is somewhat biased by the uncertainty in each pixel beinggtmnal to
|71, as the higher intensity pixels tend to dominate the fit. Baneple, it is difficult
to tell whether a third parameter is needed to fit the datagrtpr whether there are
separate effects happening for lower intensity pixels sbate models would predict.

The top plot of Figure 1.15 shows a trend of increasigg,., vsS. frequency
with a sharp increase between 60 and 100 GHz. The two botesgyhpoints per band
are close to each other relative to the error bars indicatiagthe general level of sys-
tematic uncertainties is not the dominant uncertaintygfgr,.,. At higher frequencies
where dust emission dominates the polarization fracti@bmve 2.5%, rather than be-
low 1.5% at lower frequency where synchrotron emission dameis. The polarization
fraction is nearly constant as a function of frequency indbist dominated bands pre-
dicted by Hildebrand et al. (1999) and expanded upon by Hilaed & Kirby (2004);
Vaillancourt (2007); Draine & Fraisse (2009).

The observations of low polarization fraction for synchootor higher relative
polarization fraction for dust may seem to be in contradictio standard theory or ob-
servation (Rybicki & Lightman, 1979; Kogut et al., 2007);wever, standard values
are typical of high Galactic latitude regions, not necasar the Galactic plane. In
addition, while synchrotron emission theory predicts a immaxn polarization fraction
near 75%, this has not been observed and values closer to 20&e@mmonly found
off the plane where the emission efficiency should be thedsghLine-of-sight and
beam size effects can further degrade the observed pdlanZeaction. Unpolarized
emission mechanisms, such as free-free or spinning dustsemj contribute to the
measured intensity but not the polarization also loweltmgheasured polarization frac-
tion. Although Section 1.4.5 indicates that free-free doeiscontributes significantly
for the BICEP bands and sky coverage region. Comparison to Figure 5 froguket al.
(2007), which shows a histogram of polarization fractiamnirpixels within the Galactic
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plane, shows the polarization fraction levels for the¥ map pixels chosen here are
in agreement with the lowest histogram bin of values withie Galactic plane. This is
consistent with the BEP observing region being very close to the Galactic center.

The bottom plot in Figure 1.15 showgas a function of frequency; however,
no model of this function is proposed in this paper. The tweebight map points per
band show a comparable level of systematic error relatiibecstatistical error from
the error bars. This is consistent with the discussion ini&ed.4.3 but is approaching
an unacceptable level. One important point is thelhanges the relative positions of the
points inq vs. frequency. For example, since the averag@alue at 220 GHz is close
to zero, the value off at 220 GHz is relatively constant as a function of total istgn
Therefore, ifgwere evaluated at a very large value of total intensity aegtht ofq vs.
frequency remade, then it would appear that the polarizdtaxction increases relative
to 150 GHz, even though the actual polarization fractiomealt 220 GHz was nearly
constant.

The weighted mean and standard erroy atross all bands, assuming theeBp
data points are corrected for filtering,7js= —0.474 0.05. A simple, flat polarization
model,n =0, is ruled out as is the simple toy model of unpolarized edded sources
in a uniformly polarized background in the Galaxy, from $a&ttl.4.2,7 =-1. A more
complicated Galactic magnetic field model is needed to @xpilee measured value. A
comparison ofg and»n between the Gal-bright and Gal-weak regions was performed,
but there was no detectable difference between the twonegio

An inherent problem in analyzing tleevs. frequency plot is that it depends on
the intensity value at which is evaluated. While evaluatirggat the median intensity
gives aq value at a moderate level of intensity, other methods, ssatoenputing the
average ofy, effectively results in finding) at the weighted mean intensity, as in Fig-
ure 1.16. The average has two advantages: a model inclydsmgot needed and no
value ofl needs to be chosen at which to evalugteFor this plot, the average from
all the data is shown, neglecting different boresight amigled DAs. As opposed to
Figure 1.15, this figure uses only map pixels from the 220 Gddggon, simplifying the
comparison of 220 GHz vs. the other bands. While the miningquatcurs near 40
GHz in this plot, depending on what value of intengjtig evaluated, this frequency can
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Figure 1.15:qq,,...) andn as a function of frequency usingi®Pp (red) and WAP
(green) data. All frequencies use the 100/150 GHz analggisn except for 220 GHz,
which uses pixels from the smaller 220 GHz analysis regiohe @&rror bars are the
guadrature sum of fitting errors and the uncertainty fromoagpheric conditions. B
CEPs points have been corrected for filtering effects, incegldsy 37% and 39% faog
andr respectively, based on signal simulations. The trend otamingg with increas-
ing frequency is apparent while there is no statisticallfyraléve trend fory.



a7

Table 1.2: Raw fit parameters fqivs. |

Average fit parameters and errors for Equation 1.15 usingpihags from WMAP and
BicEPin the 100/150 GHz analysis region (except for 220 GHz whsésipixels from
the 220 GHz analysis region). ThedP fit parameters have been corrected for filtering
effects (Section 1.4.3.3). The systematic errors “A’ fog BICEP 1 parameters come
from atmospheric uncertainty on spectral gain mismatcht{@e 1.3.3). The statistical
errors for both Bcep and WMAP come from the non-linear fits, while the systematic
errors, “B” for BICEP come from the two boresight maps and fomMAP, the different
DAs. The median intensities are set by taking the medianevalithin the analysis
region (53 pixels) at a given band and rounded to two sigmifiigures.

Experiment Freq Imedian Imedian ~ Qlmesay 20 7 Anstat Ansysa Afjsyss
Channel (GHz) (pK) (MJy/sr) (%) (%)

Wwmap K 23 8500 0.14 1.5 0.10 -0.36 0.05 N/A N/A
WwmapP Ka 33 3400 0.11 1.3 0.10 -0.45 0.06 N/A N/A
WmarP Q 41 1900 0.093 1.3 0.11 -0.48 0.06 0.04 N/A
WmaPV 61 880 0.088 1.7 0.17 -0.56 0.08 0.02 N/A
WmaP W 94 800 0.18 2.8 0.27 -0.60 0.10 0.06 N/A
Bicep100 955 800 0.18 2.5 0.16 -0.64 0.09 0.10 0.041
Bicep150 149.8 1400 0.56 3.4 0.20 -0.56 0.10 0.07 0.063
BiceEp220 208.2 4400 2.1 2.8 040 -0.08 0.29 0.23 0.24

change. The polarization fraction approximately quadrstom 41 GHz to 95 GHz
showing a relatively large dependence on frequency. Nalthemolarization fraction
above 100 GHz is visible, although the error bars do not ebecthis possibility. In the
end, Figure 1.15 demonstrates the systematics levels alempared to the general
trend ofq vs. frequency as is evident from either Figure 1.15 or Figui® (even if the
error bars are larger for Figure 1.16 because fewer mapspiee used in the average).

1.4.7 Polarization Angles

The Galactic magnetic field generally causes polarizatrayies to be perpen-
dicular to the Galactic plane in the millimeter regime. Heoee BICEP and WMAP
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Figure 1.16: The average and errorgdirom the 220 GHz analysis region pixels com-
bining all the data at eachiBeP (red) and WuAP band. This shows a different method
of computingg vs. frequency as compared to Figure 1.15, which uses a modielt
the value ofq, splits the data by boresight angle or DA, and uses a diftavamber
of pixels at 220 GHz. Once again a general trend of incregsalgrization fraction
vs. frequency is found with the minimugqoccurring near 40 GHz. There is a steep in-
crease in polarization fraction between 60 GHz and 100 GHz tive minimum fraction
occurring near 40 GHz.
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measurements show the magnetic field is not exactly patallile plane and changes
direction between the two observing regions (Figure 1.Ig analysis area is split in
half by region, Gal-bright (27 pixels) and Gal-weak (26 f&}eand the weighted aver-
age polarization angle for eachd®p boresight maps and Wap DA is found. The two
BiceP boresight maps per band show the general level of systeoratirtainty due to
excess noise and telescope systematicsaAW points are from each DA separately,
which can be indicative of possible systematic uncertamtygiven band.

The average polarization angle in the Gal-bright regiomftmoth BCeEP and
WMAP is 6.2° + 1.7° whereas the average polarization angle in the Gal-wealkmegi
is 20.8° +2.2° for both BICEP and WMAP. This represents a 5 sigma detection of a
difference in polarization angle between the two regionsteNhat the BCEP angles
have not been corrected for filtering effects.

Bicep and WMAP polarization angles can also be compared to starlight polar
ization data. Millimeter-wave dust polarization is due toigsion from particles that
are preferentially aligned perpendicular to the local nedigrfield (Lazarian, 2007). A
complimentary process takes place in the optical band dabdorption, leading to po-
larization angle that should be rotated 38lative to the millimeter-wave polarization.
Heiles (2000) compiles a table of stellar polarization nieasents and characteristics
that can be used to compare polarimetry from the optical aiidmater-wave bands.
Out of the 9286 stars, only those with angle errors less tlartHat are within the
BiCEP observing region were considered. For direct comparisenstarlight polariza-
tion angles have the expected°Qifference subtracted off. There were 36 stars with
starlight polarization measurements in the Gal-brighimegiving a weighted average
polarization angle 0f8.3° 4+ 3.8° while there were 24 stars in the Gal-weak region giv-
ing a weighted average polarization angle ofl28 2.8°. One caveat is that the starlight
polarization measurements do not exactly trac&ke’s and WMAP’S measurements in
space, as there are multiple stars in some map pixels andinarbers. In general,
there better agreement between optical and millimeterevpmlarization angles in the
Gal-weak region as opposed to the Gal-bright region.

The polarization direction seen in all millimeter-wave damand by the starlight
polarization measurements increases systematically fr@rGal-bright to Cal-weak
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regions. Since the Gal-bright and Gal-weak regions areratgghby 60 in Galactic
longitude, this indicates the Galactic magnetic field hascstire on very large scales.
Further small-scale analysis is possible, but resultsrareniclusive due to the uncer-
tainty in BICEP's current polarization angle measurements. As opposggdth@re is no
difference in the average polarization angle between pwlose intensity is less than
the median intensity and greater than the median interiddytrend in polarization an-
gle as a function of frequency is detected, showing congistedependent polarization
angle measurements from different lower frequencies wigmehrotron dominates to
high frequency where dust emission dominates.

1.4.8 Visual Optical Depth

In order to compare underlying astronomical objects froexaptical to millimeter-
wave band, the intensity of the emission can be convertedctmramon unit used in
studies of the interstellar medium, visual optical degth, Following Equation 1.18
the conversion can be calculated as:

dA, _ dA, dr dB

X — X

dT =~ dr ~dl T dTlamsk
where the relationship between the emitted intensity artccapdepth, assuming an
optically thin medium, is given by:

| = B(l-exp’)~Br.

A relationship to millimeter-wave optical depth()), derived by Hildebrand (1983)
and Dickman (1978) is:

A, ~ 19007()) ( = gum>2

Assuming a dust temperature of 20 K, the conversion factealsulated as:

dA, A )2 " 1 " 2ka? Z2€
dT 250,um B(zo K) c? (eZ— 1)2'
Substituting in the values of the constants, wavelengthd,BacEP band centers this

~ 1900(

gives conversion factors of:

dA,

Ay
97 ~ 1404321487, (1.20)
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Figure 1.17: Polarization angle as a function of frequemeyBiceEP (red squares) and
WMAP(green triangles) with the average angle over-plottede(liilne) and the aver-
age starlight polarization angle (orange line) and unggstgdgray shaded region) for
the Gal-weak region and Gal-bright regions. The polarratingles do not have any
trend as a function of frequency in either region showingstgiency between the two
experiments and different emission mechanisms. There & pasitive rotation of po-
larization angle from the Gal-bright to Gal-weak regionsdth millimeter-wave bands
as well as the starlight polarization angles indicatingésscale structure in the Galactic
magnetic field.
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for 100, 150, and 220 GHz respectively. One caveat to thautation is that the factors
are only valid for dust emission. Section 1.4.5 showed th&5aGHz, 51% of the
emission comes from other sources such as synchrotrorticadi&Jsing the factors of
[0.51, 0.87, 0.97] from Section 1.4.5, intensity maps froncf®B> can be converted to
Ay for the dust component in the map as:

d A
A ~ 7.14,3.751.44—L (1.21)
dTeicePpust mK

for 100, 150 and 220 GHz.

BiCcEP detections span a thermodynamic temperature brightnege feom [0.1,
0.3, 0.7] to [6, 8, 25K for 100, 150, and 220 GHz respectively. This corresponds to
integrated visual optical depth,, using Equation 1.21, from [0.7, 1.1, 1.0] to [42,

30, 36]. On average, IBEP probes a component of the ISM which is more diffuse
than star-forming regionsA({ = 10), but is more dense than the medium sampled by
optical polarimetry &, < 2). Due to the relative beam sizes and dust spectrucg B
measurements probe approximately the same density medliooahintensity maxima

at all three bands. In principle, experiments such as QUai Amcheops have the
potential to probe even denser cloud complexes becausesiofsthhaller beam sizes;
however, Archeops had higher noise levels thaoe® and both Archeops and QUaD
have so far presented their polarization data with angelsmlution~ 0.5°, similar to
BICEP.

1.5 Discussion

Continuum polarimetry results can be interpreted with tltecd a model in
which the magnetic field for a given patch of sky is nearly ¢ansin magnitude but
has an angular structure which is a superposition of a unifand a random compo-
nent (Jones, 1989; Miville-Deschénes et al., 2007). The sienplest models, such as a
completely uniform magnetic field or a completely random,@re ruled out by BCEP
and WMAP which show a statistically significant trend of decreasipgolarization
fraction vs. increasing intensity (Section 1.4.6).

The detection of dust polarization with MAP, QUaD, Archeops and IBEP
constrains the degree of order in the Galactic magneticdielidrge scales. An ordered
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magnetic field nearly parallel to the plane is detected amélimeter-wave frequen-
cies. The mean polarization angles are nearly constant ascéidn of frequency, but
systematically change direction betweercBrs two Galactic regions. This change
in direction is also found in starlight polarization measuents. This change shows
structure in the Galactic magnetic field on scales greatar 8@ in Galactic longitude.

The average degree of polarization observed in the intedjexhission from star-
forming cores A, = 30) p < 1.5% Stephens et al. (2010), is similar to the degree of po-
larization observed with BEP (Section 1.4.6). However, this coincidence does not im-
ply that the observed IBEP polarization arises from a superposition of unresolved sta
forming cores, with no significant polarized component &xdiby the diffuse medium.
While there is some evidence for coherence in the magnetetcdiross star-forming
molecular cloud complexes up to 100 pc in size (Li et al., 2089 a whole, those com-
plexes and cores have a nearly random distribution of magjinedt! directions and there
is no evidence for coherence in the dense medium on largkrss@@lenn et al., 1999;
Stephens et al., 2010). The contribution from these stanifaqy complexes to BEEP
maps would consist of polarization with a high angular dieoy averaging to very low
polarization when the beam encompasses multiple complés@sexample, a BEEP
150 GHz 0.6 beam corresponds to 50 pc for a typical Galactic source atardie of 5
kpc in the Gal-bright field, and hence poorly resolves mdkaotioud complexes. Con-
sequently, becausel®P observes a substantial degree of polarization over theevhol
Galactic plane at-1° resolution on average,|IBEP must sample a medium outside star-
forming cores, one with an embedded magnetic field thatmetasignificant component
ordered on the Galactic scale.

On the other hand, BEP rules out a model where no additional polarization
intensity comes from the higher density ISM. The polarmafraction drops somewhat
as surface brightness increasgss | %47, but the decline is more shallow thanx |
as predicted by the toy model of Section 1.4.2 having brigigtalarized sources em-
bedded in a polarized medium. ThereforecBr measurements probe aligned grains
and magnetic fields over the full range of observed columrsities approaching star-
forming cores. Jones (1989) and Fosalba et al. (2002) findqaivaent power law
exponent from starlight data closerg, = —0.25, implying a more ordered magnetic
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field than what is implied from millimeter-wave measurenserA caveat to this com-
parison is those previous works analyzed total polarimafiiaction p, which does not
necessarily have the same functional relationshig. ado attempt to directly modei
using magnetic fields is included in this paper.

The detection of statistically significant polarizatiorr@s the Galactic plane
at all intensity levels shows that there are aligned dusihgracross the entire map.
The n parameter indicates the nature of the Galactic magnetid &irtl the disorder
within the beam and along the line of sight. The polarizafraation g increases as a
function of frequency, which was somewhat unexpected;ratleek has indicated that
the opposite can be true at higher latitudes due to the mugéarlaolarization fraction
intrinsic to the synchrotron emission compared to dustnation (Kogut et al., 2007).
In contrast, BCEP has shown that dust emission can have a higher polarizataotidn
in the Galactic plane. This could indicate unpolarized smis mechanisms such as
spinning dust play a more important role in the map regiorsdyaed here or it could
be an indication that material emitting synchrotron radiaexists in more randomized
Galactic magnetic field regions on average, as opposed tgdias which may lie in
more ordered field regions.

The observations discussed here are consistent with a tigataagnetic field
whose structure and order vary inversely with density. lecegasing disorder in denser
components of the ISM may be due to gravitational or dynahaiceumulation of gas
and/or feedback from star formation. The high angular tégmi and sensitivity of
the Planck (Tauber et al., 2010) 350 GHz polarization chisnsteould be able to map
this structure with greater precision to discriminate agwmore detailed models for the
neutral ISM.

1.6 Conclusion

BiceEPs Galactic observations have added new information anijhihsnto
Galactic physics, while also confirming previous measurgsle BCEP samples an
intermediate optical depth of the ISM and polarization isedeed everywhere within
a two degrees of the Galactic plane with values ranging up fewapercent at 100,
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150, and 220 GHz. BEP detects a significant trend of decreasing polarizatiortifsac
as intensity increases in the maps and increasing polamzagaction as a function of
frequency. Polarization angles were found to be consistent 23 GHz to 220 GHz
and in general agreement with polarization angles meadwears in out observing
regions. Adding 220 GHz capability toIBEP helped to refine the understanding of
in-plane foreground emission.I&P data have shown astronomical foregrounds to be
complex, and simply modeling polarization as a percentdgmpolarized intensity is
insufficient. While polarized foreground models in the Gétaplane are becoming
more precise, less is known at higher latitudes and it is heitows that one can extrap-
olate models from the plane to these latitudes. Future CMBrimoeters are poised to
build upon BCEP's results.
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1.8 Appendix

1.8.1 BcCEP 220 GHz channels

Prior to the second observing season, two feeds designebstrne through
the 220 GHz atmospheric transmission window were instatiedBICEP. These feeds
represent the first attempt to observe CMB and Galactic al#on in this frequency
band using PSBs. Due to the relative sensitivity of a 220 Givinoel to thermal dust
emission and its polarization over lower frequency chasrible 220 GHz feeds serve
a three-fold purpose. First, to constrain the polarizatiod intensity of the three main
millimeter-wave sources (synchrotron, thermal dust, &@d@MB) solely from BCEP
observations, without an ad hoc foreground model, reqtime® frequency bands. Sec-
ond, thermal dust emission and its polarization increagskergtanding of the physics
of the Galaxy. Finally, it was unclear whether the CMB B-m&dBICEP'S primary
science target, would be contaminated by foreground eomssind would need to be
modeled and removed. The 220 GHz feeds can carry more wgighfeed, than the
other two bands for measurement of dust polarization duegsteep spectral index of
millimeter-wave dust emission. More 220 GHz feeds werenaito be added in 2008
but logistical constraints at the South Pole in 2008 ultehaprevented this, limiting
the experiment to using two feeds for the two final observiagsns.

Emission from the Galaxy has the potential to contaminaéaimt B-mode sig-
nal in all observing fields. Since dust emission follows artied spectrum, by monitor-
ing polarized interstellar dust at higher frequency thaghmary B-mode bands (100
and 150 GHz), it is possible to monitor dust contaminatiothwigher signal-to-noise
per feed. While BCEPs CMB region, located at high Galactic latitude, certaishk¢
hibits minimal dust column-density and therefore low-igi#y millimeter-wave emis-
sion, this doesn’t imply it will exhibit low-polarized ens®n due to the details of mag-
netic grain alignment (Lazarian, 2007). Little is known abthe polarization properties
of thermal dust emission in the high-frequency bands ab60e3Hz used for CMB ob-
servations. BCEP's 220 GHz feeds are a unique link between the low-frequendBC
polarimetry of WMAP and the high-frequency survey of the Archeops experimemnt; f
centimeter wavelengths to the sub-millimeter. The comimnaof WmAP, QUaD, B-
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CEP, and Archeops polarization observations of the Galactam@lcover more than a
decade of frequency.

Bicer PSBs were only fabricated for 100 and 150 GHz operation. 2@ 2
GHz pixels therefore were modified from 150 GHz PSBs usedatfitet season obser-
vations. The 220 GHz feed installation consisted of replgtivo 150 GHz feedhorn
stacks with a set of 220 GHz feedhorn stacks. Each feedhaok sonsists of three
separate feedhorn pieces, all of which used the same artasfas the 150 GHz feed-
horns. Two of the feedhorn inner-forms were made with a sinpitofile to the 150 GHz
feedhorns. The most difficult part of the design process wamptimize the feedhorn
that couples the radiation to the bolometer. In this cage280 GHz coupling feedhorn
and corrugation profile had to be matched to the existing 198 lometer and hous-
ing. Using HFSS, the feedhorn-to-bolometer housing coupling, co-polambshape,
total throughput, and cross-polarization beam response a@imized. Specifically, a
straight 220 GHz feedhorn profile inserted into the 150 GHrsihy resulted in the best
overall simulated performance (Figure 1.18). The lowequiency cutoff of the 220
GHz band is defined by the feedhorn waveguide cutoff whiléntgker cutoff is defined
by a set of metal mesh filters, borrowed from the ACBAR experitr(Runyan et al.,
2003).

1.8.2 Telescope Characterization

Summarized here are the characterizations of paramet@ebie 1.1 not men-
tioned previously. For more information, see Takahashil.e2810). The detector
polarization angley, is measured with a 02uncertainty across all three bands, while
the relative angle uncertainty in the pair is measured wilhilla accuracy (Takahashi
et al., 2010). Nominally this is the mechanical orientatidrthe bolometer web in the
focal plane, however in practice, this is a parameter charaed after deployment for
more precise analysis. The ability to measure this paramete such low statistical
and systematic error is one of&P's design advantages.

The average cross-polarization responrseneasures the relative magnitude of
the residual signal in the orthogonal or cross polarizatimaction given a purely po-

3Ansoft's HFSS: http://www.ansoft.com/products/hf/tifss
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Feedhorn
Corrugations

Bolometer Webs

Figure 1.18: HFSS simulation of the 220 GHz coupling feedhorl50 GHz bolometer.
The color scale represents the electric field intensity. piese was chosen to maximize
the field intensity at the bolometer webs. The shape of thelocwufeedhorn and dis-
tance between the last corrugation in the feedhorn to thié@osf the bolometer webs
is optimized to increase the coupling efficiency and minartlze cross-polarization re-

sponse.
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larized input in the co-polar direction. The HFSS simulasi@redicted the 220 GHz
feeds should have anless than 0.07, similar to the measured value. Depolamizati
is larger for the 220 GHz channel due to the coupling effeetsvben the 220 GHz
coupling feedhorn and the bolometer and housing optimiaed30 GHz observations.
The resulting polarization efficiency, is the loss of polarization signal compared to
the unpolarized signal used for calibrationdirectly affects the observed polarization
fraction, however, it has been measured to 2% uncertairitighwis much smaller than
other errors in the measurement.

The optical efficiencies (OEs) were derived by taking loacves while observ-
ing blackbody radiation at different temperatures and ginvetotal end-to-end sensi-
tivity on the sky. While this parameter is not used in the makimg pipeline, it is
implicitly included in the telescope noise estimates. THes@or the last observing
season were 20.8%, 19.8%, and 15.8% for 100, 150, and 220 €4gectively. HFSS
simulations for the 220 GHz feeds predicted a coupling efficy over 98% (similar to
the 100 and 150 GHz feeds) with 2% reflected power. The OE ofeth@s that were
converted from 150 GHz to 220 GHz declined by an average of, M@#e the other
feeds did not change between seasons. The simulated tsmiemand reflectivity did
not include the lenses, which were optimized for 125 GHz afpen (midway between
100 and 150 GHz), not 220 GHz.

The beam functions(2), were measured using a circularly polarized broad-
band noise source for 100 and 150 GHz feeds and Jupiter foGRR20feeds. The beam
response functions are fit with an elliptical Gaussian gj\an average beam full width
half max (FWHM) of 0.93, 0.60", and 0.42 for 100, 150, and 220 GHz respectively.
The differential beam size and ellipticities are very sniallBICEP and do not affect
the results of this paper. Both polarized and unpolarizédisbe response are charac-
terized by observations of a broadband source and are dagsiito be negligible for
this analysis.

The absolute telescope pointing is calculated from obsiensaof multiple stars
taken by an optical camera mounted to the telescope. Théuadpointing is the same
as used in Chiang et al. (2010) and is independent of a giestsfgansmission band.
Relative radio pointing for each feed is calibrated usirgjvidual maps of CMB tem-
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perature anisotropy. The differential pointing mismatetween PSB pairs has similar
values across all three bands, with a mean of 0.008D046, and 0.0047 (1.0%,
1.8%, 2.6% of the beam size) for 100, 150, and 220 GHz resed¢tiThe 220 GHz in-
tensity maps show some small evidence for differential fpagnbetween the two PSBs
within a feed and between the two feeds.

Reflections in the optical system created a “ghost imagebsip@to the primary
image with respect to the boresight for each feed. The aeeghgst image power, as
determined by observations of the Moon, was 0.41%, 0.50%,1aB6 for 100, 150,
and 220 GHz respectively relative to the primary image. Tlagmitudes of the ghost
beam images relative to the primary image are nearly idaiftic a given pair of PSBs
in a feed, giving power differences of 0.02%, 0.04%, 0.04% 100, 150, and 220
GHz bands respectively. Since the Moon’s high intensitydmithe responsivity of the
detectors, the ghost image systematics given here are lippes. These differences
are below the noise level in the Galactic polarization mapsafl three bands. While
this effect has been measured well using a bright source asttie Moon, there is no
evidence for ghost effects in the Galactic maps.

A miscalibration of the time-domain impulse responké), would act like a
beam size mismatch leaking intensity to polarization. H@vethe time-domain re-
sponse for each of the three bands is measured to a very lagisipn and deconvolved
from the raw 50-Hz-sampled timestream. There is no evidémceme constant mis-
match from either the Galaxy data or CMB data.



Chapter 2
Galaxy Paper Addendum

Bierman et al. (2011), hereafter “B11”, represents thetimisproduct of BCEP
Galactic analysis. A significant amount time and resourcestwnto this publication;
however, it only represents part of my effort towards thibject. In this chapter, |
expand upon that work to include results not included in thenjal submission.

2.0.3 Spectral Mismatch vs. Relative Gain

Section 1.3.3 of B11 discussed spectral gain mismatch bas&d'S measure-
ments; however, it is important to also derive these cdiimmgparameters from other,
complementary methods. Spectral gain mismatch not onksledensity into the final
polarization maps but that leakage is coupled with scatestyeand can be washed out
due to averaging. Spectral gain mismatch primarily leaksnisity into the difference
signal, or difference maps.

An ideal source to investigate intensity to polarizaticakigge is a bright unpo-
larized astronomical source with a spectrum similar to tiahe Galaxy. The Galaxy
itself is not a good source because it is polarized and thiaripation is the goal of
the observations. The next best source would be the CMB @ipdiich is similar in
brightness to the Galaxy at 100 and 150 GHz but much dimme2@tHz. However,
the noise level and observation time needed for this typésérvation makes the use
of the CMB dipole unrealistic (although these observatiwwase made).

The other possible source is the CMB anisotropy, which iapzéd, mostly
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due to the symmetric polarization field correlatiofBE)). However, the temperature-
polarization correlation(TT E)) is zero when averaged overTherefore the correlations
of the intensity and either Stok€¥or U maps should be zero. In addition, the correla-
tions between the raw pair-sum and pair-difference maps gile rise to Stoke® and

U, should also be zero. The major problem with this methodesGMB anisotropies
are an order of magnitude smaller than the CMB dipole netedsgj a large amount of
integration time. Adding to the signal-to-noise problenthiat the leakage needs to be
computed on a per-feed basis, so adding more detectors dtesaito help.

My collaborator Dr. Chiang derived the intensity to leakagen factors cor-
relating the sum and difference maps from each feedITeB for the first two years
of BICEP observations. The cross spectral leakage gain factor igedesimilar to the
absolute gain calibration factor by:

dif ~su

Gea= e @.1)
whereay, are the angular spherical harmonic transform componeriteeahaps made
from the pair-sum timestreams (“sum”) and pair-differeticeestreams (“dif”), not
from the Q andU polarization maps. Figure 2.1 shows a scatter plot of thedata
sets. The 150 GHz data show a very good correlation betweetwihdata sets giving
confidence that this effect is real. The slope of the scalt¢igp 150 GHz is -0.67 where
the minus sign is dependent on how the differences are defirete can also be a fac-
tor of two difference based on the definition of cross spétdekage. Either way, there
is still a difference of 40% in absolute magnitude betweeanttto sets for an undis-
covered reason. There is a single 150 GHz outlier point (RZ)}; Wwhich has spectral
mismatch leakage that is highly dependent on the sourcelasdd. At 100 GHz there
is no general correlation although two feeds (RTC 40 and R&Cpdtentially show
some effect. The reason for the poor correlation at 100 Giiddme entirely due to the
higher noise level at 100 GHz compared to 150 GHz. Overadl,dbmparison showed
additional evidence of intensity to polarization leakagel #hat the values computed
using FTS measurements were a viable diagnostic.



63

hcebicep vs. emb relgains

_||||||||||||||||||||||||||||||||||||||||||||||||||_
2 -
1 . =
a C e '. . .
@ r . ]
o T on n ]
o Of Tole i
o B 0.0.0 [ ] —
= - e .
S l= ~ ° o =
2 =
:||||||||||||||||||||||||||||||||||||||||||||||||||I;
-2 -1 0 1 2
EMB

Figure 2.1: Spectral mismatch leakage (EMB) vs. cross spbszkage (hccbicep) from
BiCcEP's second observing season for the 100 GHz (red squaresp@n@Hz (blue cir-
cles) feeds. The cross spectra leakage is derived from CNHd@opy measurements
while the spectral mismatch leakage values are calculatied) ineasured spectral re-
sponses and models of the atmosphere and CMB anisotropyrapesponse. Both
effects leak intensity into polarization, so these are tagependent measurements of
the same resulting effect. There is very good correlatiawéen the values at 150 GHz,
and less so at 100 GHz.
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2.1 Az360 scans

One interesting scan strategy attempted using tleEBtelescope was to spin
the telescope in a complete circle relative to the South.FAdie scan length in azimuth
was 360 (called Az360 scans). Scanning in local coordinates like takes a map
projection in Galactic coordinates similar to a doughnuthwhe Galactic South Pole
in the center. These long scans allow lower frequency maxlbs recovered and also
provide a longer baseline to remove contamination in thexdal

2.1.1 CMB Dipole

The most common way to refer to the magnitude of the CMB aroggtis that
it is 107 of the 2.725 K monopole signal. It is true that the cosmolagamisotropies
are this small; however, the CMB also has a relatively laigeld signal that is 3 mK
peak-to-peak over the full sky caused by the relative modibour Galaxy relative to
the last scattering surface. Satellite and balloon expartenmust take time to consider
this mode and remove it carefully so that it does not contateimeasurements of other
sources. For ground experiments, the noise coherence ®tatge scale usually pre-
vents detecting this signal. Also necessary for detectiothe dipole is a telescope
that can observe a large fraction of the skycBP's Az360 scans fulfill both of these
requirements.

In order to detect the CMB dipole, the Az360 scans must mityniidter low
frequency modes. For each Az360 half-scan, consisting @ $@mples, the mean and
variance are computed. Just the mean is removed as oppdsigthéo order polynomi-
als or a scan-fixed signal. The inverse variance is still @sethe weight to co-add the
scans.

The CMB dipole can be discerned in the raw maps at both 100 80d5Hz;
however, there is not enough sensitivity at 220 GHz to sedlite dominant feature
in these basic maps are large striping features. To remasethie destriping method
from Culverhouse et al. (2010) is employed. The generalcjpia of this method is
to make a final map using minimal filtering, then remove thgistg by because this
false signal power occurs at very high frequencies perperati to the scan direction
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in the final two-dimensional map. The final minimally filteretap is low-pass filtered,
removing the striping and producing a filtered map that candssl as a basis to more
effectively separate signal and noise in the raw timestsedimestreams are generated
from the destriped map and subtracted from the raw timasseeemoving true signal
and allowing a better estimate of the low frequency noiseetodmoved from the raw
time streams. The improved noise modes estimates are renaonethe timestreams
are added together again to give a destriped final map. Tihesdhethere is some loss
of signal in this method, but only at higher frequencies anig o one direction. Note
that this method effectively removes striping features dngs not remove scan-fixed
signal. These are the main sources of uncertainty on lagest the Galactic maps
from Chapter 1 necessitating the polynomial removal wittskiag.

Figure 2.2 shows the IBEP Az360 maps from this processing and a plot of the
CMB dipole found by the Wiap satellite. Even with the more advanced processing,
the dipole is still not visible at 220 GHz. A visual review bktraw time streams shows
a large scan fixed signal; however, this eventually averdges at both 100 and 150
GHz to see the CMB dipole. While these final maps look good fuisnal inspection,
a review of the boresight jackknife maps still show somedhasi power consistent with
scan-fixed contamination. Regardless, the images at 10A3Md5Hz are still both
dominated by the CMB dipole signal. One could potentiallg tieese maps as a cal-
ibration tool for the experiment as opposed to the CMB anmgés. The problem is
that the 1/f noise is higher where the CMB dipole is observetié audio band relative
to the almost white noise level where the anisotropies asemied. It would require
a large amount of data to average down far enough to get ggodlsio-noise on the
dipole, which is the opposite scan strategy needed whengirgi observe cosmolog-
ical B-modes. If an experiment were trying to observe thenmegical reionization
B-mode peak at af~10, observing the CMB dipole would be a natural strategy.

2.1.2 Filtered Az360 Scan Maps

Another possible method to filter the Az360 scans is to agmynbminal Galac-
tic processing strategy (Section 1.3.4). Figure 2.3 shbwsd scans at all three bands
using the nominal Galactic filtering strategy using a fougrée Galactic latitude mask,
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Figure 2.2: BCEP intensity maps from all three seasons co-added over alldorgsight
angles from 360scans. The maps have a DC component removed and then arpeatestr
with the technique from Culverhouse et al. (2010). The lomggnt panel is the CMB
dipole, fit to by WMAP (Bennett et al., 2003), and plotted in thecBP observing region.
At both 100 and 150 GHz the dipole signal is visible while ad Z2Hz the noise still
dominates. The scan fixed signal has not been removed andcdog#ute some to
these maps; however, the dipole signal is still the domifeattre.
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except a fourth order is used instead of a second order palighoThe contrast level
is chosen to emphasize the CMB anisotropies. The lowegjriatien time occurs at
the lowest elevation centers, which shows up at the edgdseoGalactic “doughnut
region”. The 220 GHz maps suffer from only having two pixeighe focal plane and
higher noise, therefore resulting in a marginal detectibanisotropies for these scans
at this map resolution. Both 100 and 150 GHz clearly show thigotropies. The size
of the Galactic signal can be seen to increase rapidly asaidumof electromagnetic
frequency in these plots.

Since these maps were not used for quantitative studieseoG#iactic plane,
it was useful to remake the maps in a way that completely magchnon-white noise
at the cost of removing more signal. To accomplish this, hrtegie similar to Chiang
etal. (2010) is used. A scan fixed template is made from easchdialata and subtracted
from each scan. Instead of 100 scans from Chiang et al. (2€1i6)data set only had
22 scans per hour because the scan length was so much langddition to the ground
subtraction, a tenth order polynomial was removed. No nmasld used to make the
maps in Figures 2.4, 2.5, and 2.6 so there are some artifaet®dinging apparent.

In making these maps | discovered that using the linear ssgre method with
normal polynomials up to tenth order gave unstable restilis.source of the instability
is the matrix that is inverted to find the coefficients can hese large off-diagonal
elements. To counteract this, | developed my own code torgemerthogonal polyno-
mials up to a general order and scan length. Using thesegmttad functions as the
column vectors that make up the fitting matrix, automatjcadts the off-diagonal ele-
ments of the inverted matrix to zero, thereby stabilizingratrix inversion. Using this
procedure, polynomial fitting can be reliably accomplishdo a very large polyno-
mial order. One limitation is that the orthogonal polynohhiasis could not be made to
a high enough precision to be a complete basis for a givenlsogth. For example,
a normal scan has 200 points, therefore orthogonal polyalsrap to 199th order (the
DC component is the zeroth order) are necessary to form aletenpasis. However,
even using double precision, the polynomials at the higbrelgr still could not be made
orthogonal. For a 200 point basis, | was only able to makeogihal polynomials up
to approximately 125th order. For the Az360 scans of len@801 polynomials above
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Figure 2.3: BCEPintensity maps from all three seasons co-added over alldorgsight
angles from Az360 scans for 100, 150, and 220 GHz from top ttmivorespectively.
The filtering method is similar to the nominal Galactic pajiegring scheme. The color
stretch saturates the Galactic plane but allows the CMB&noigies and some low level
Galactic signal to be seen. The CMB anisotropies are cleasiple at 100 and 150
GHz while only marginally visible at 220 GHz due to fewer feethd integration time
at that band. The large Magellanic cloud can be seeh=a280 andb = -30° at all
bands and seems to be nearly constant in brightness similae CMB anisotropies.
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500th order are possible. Fortunately, this high a degreensaneeded for the Az360
scans.

Figure 2.4 shows the Galactic plane signal in celestialdioates, which can be
seen clearly and with almost all white noise features. Ag tuntrast level the higher
level filtering causes visible effects in the map. Figure &¥ Figure 2.6 show the
same maps in Galactic coordinates for Q and U polarizatidres& maps, in addition
to being visually pleasing maps with large map coverage endnloise, are useful to
check whether certain features in the less filtered maps magdl or are just artifacts.
The increase or decrease in signal strength from one bambtbex is also visible.

2.2 Elevation Scans

Normally, the telescope scans are at a fixed elevation tonmiuei effects due
to atmospheric loading changes, gravitational effectd, dranging thermal properties
of the telescope. In addition, any scan strategy in elenatiast also deal with more
complicated geometrical projection effects and shortandengths. One instrumenta-
tion problem is the elevation drive is not designed to do aiem scans whereas the
azimuthal drive system is exactly designed to give smoothcamtinuous motion over
long lengths and long time intervals.

Given all these problems, elevation scans may not be a hsxpereleavor. With
changes in atmospheric loading also comes a better unpediacalibration source. Es-
sentially, elevation scans are just very large el-nods¢clwhre used as calibration tools.
Scanning in elevation and staying fixed at a single azimutbater lets the sky drift
by, observing every map pixel by every focal plane feed. &SBICEP's feeds have po-
larization angle sensitivity that changes for every fegddgsign), this means elevation
scanning gives a nearly continuous polarization angleremeefor each map pixel. This
increased coverage allows leads to optimum removal of beatedescope systematics.
To do this with azimuthal scans would take significantly melevation centers.

While these are all advantages for elevation scans, the mativation behind
elevation scans is to get orthogonal information on the skymared to azimuthal scans.
Low frequency modes are inevitably filtered out and remowemihse they are contami-
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Figure 2.4: BCEP intensity polarization maps from all three seasons co-@ader all
four boresight angles from 36@cans shown in celestial coordinates for 100, 150, and
220 GHz from top to bottom respectively. A set of tenth ordgéhagonal polynomials
has been removed along with a scan-fixed template. The 220nG&tps still seem to
have noticeable 1/f noise features due to less integratiog but the 100 and 150 GHz
maps have very high signal-to-noise at this contrast level.
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Figure 2.5: BCEP Q polarization maps from all three seasons co-added oveoatl f
boresight angles from 38Gscans for 100, 150, and 220 GHz from top to bottom re-
spectively. A set of tenth order orthogonal polynomials besn removed along with a
scan-fixed templateQ power is mostly positive (perpendicular to the plane) irtlaiée
bands due to the Galactic Magnetic field direction. Someufeatthat seem to exhibit
—Q power, such as in the Galactic plane at 150 GHz 1iea295’.
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Figure 2.6: BCEP U polarization maps from all three seasons co-added oveoual f
boresight angles from 38&cans for 100, 150, and 220 GHz from top to bottom re-
spectively. A set of tenth order orthogonal polynomials basn removed along with
a scan-fixed template. There is a non-zergower at all three bands, mostly in the

Gal-bright regions.
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nated no matter what the scan direction happens to be. Therély scanning in orthog-
onal directions, it is possible to recover the low frequenaydes lost in one direction
by using the maps made from the other direction. The termas&tinking”, is most
commonly used for this principle.

The easiest way to think of this is in the two-dimensional fi@ryplane. Each
set of maps from azimuthal and elevation scanning can beefilten Fourier space by
setting the low frequency modes in either the horizontalestigal directions to zero.
Then the two maps can be averaged together and the zerose@pléth information
from the maps made in the other direction. The only frequéinaycan never be filled is
the lowest central one & =k, = 0, because that one is filtered in both directions. While
this principle seems very promising, the data analysis@BllceEp elevation scans never
progressed far enough to show the possibilities of full enpéntation.

The scan strategy for elevation scans is similar to azinhsitens, except the
azimuthal and elevation drives are switched. The telesstgpged fixed at a single az-
imuthal value while doing 30sky dips. As the sky rotates, the map area increases and
polarization angle coverage per map pixel improves. Tha daalysis pipeline | wrote
used similar methods from the azimuthal scans but with a feanges. | deconvolved
the bolometer time constants, downsampled, and foundahaif-scans similar to az-
imuthal scans. For elevation scans there is no need to dodslHpefore and after the
scans because a change in atmospheric loading occursllyatboa each half-scan in
the elevation direction, | fit the data to a cosecant-elevatnodel exactly like the op-
eration performed on el-nods. | used these fit values, aveyagyer adjacent values,
to produce a full atmospheric model for the entire scan perdich is removed from
the data per channel. For the initial processing, the Galkuxpt masked and there is
no evidence this adversely affected the fits. Using theseaadsrated half-scans with
the atmospheric effects removed, | subtracted a seved#r-arthogonal polynomial
and a scan-fixed template from each scan without masking #h&x@ All the scans
are co-added from all the telescope boresight angles usenmverse variance of each
half-scan as the weight.

Intensity and integration maps from the initial run are showFigure 2.7 and
Figure 2.8. Looking at the integration time map gives soneaidf the geometrical
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effects involved in these elevation scans and the resutiomgequences. The Galactic
signal is seen at all three bands, showing that at least thedity data can be recovered
with elevation scans. Figure 2.8 shows the Gala@tisignal found from these initial
observations, which shows no visual evidence of any skyasigrhe lack of a detection
is probably not due to inherent problems in elevation saanbut rather the analysis
pipeline. Each bolometer is calibrated per half-scan ferdhtire scan time, possibly
calibrating out the polarization signal. As further eviderof this, there is a hint of po-
larization signal in the 220 GHz maps at the level of the gpégain mismatch problem
discussed in Chapter 1. Spectral mismatch would not beragdith out from performing
the elevation fitting because the bolometers are not matspectrally and would still
leak temperature into polarization. A potential futurejpod would be to upgrade the
pipeline and re-analyze the elevations scan data, hopetudiwing their full efficacy.
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Figure 2.7: BCEP intensity maps from four elevation scan phases for 100, h6l(20
GHz along with the 220 GHz hits map. A seventh order orthobpolgnomial has been
removed along with a scan-fixed template from each scanngitieis seen in all three
bands consistent showing that intensity data can be reedu®y elevation scanning.
The lower right hand plot is the integration time per 0.Bgal pi x map pixel for 220
GHz demonstrating the projection effects involved in elevascanning.
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Figure 2.8: BCEP polarization maps from four elevation scan phases for 180, and
220 GHz from top to bottom respectively. A set of seventh oatéhogonal polyno-
mials has been removed along with a scan-fixed template fewh scan. There is no
apparent polarization at 100 nor 150 GHz with only a hint of polaripatiat 220 GHz.
The polarization at 220 GHz is believed to be due to spectal ghismatch, which
is discussed in Chapter 1. The lack of signal is most likelg thua sub-optimal data

analysis pipeline process rather than a failure in concept.



Chapter 3

The UCSD FTS and BICEP
Calibration

Extreme care is needed to fully characterize the propesfiasmillimeter-wave
polarimeter. While this is not a glamorous task, the impwéaof this characterization
was not lost on the BEPteam. A vast amount of personnel and resources were spent on
agonizing over every aspect of thed&P telescope. Most of my personal contributions
to Chiang et al. (2010) come from participating and carrygagnumerous characteriza-
tion procedures. This is especially true of the spectralsmeanents that not only were
used for Chiang et al. (2010) but also turned out to be crliciahe Galaxy publication
and the 220 GHz channels. For this Chapter, | highlight mykwor the UCSD FTS
and the Far Field Flat runs used to characterizeeB's beam properties.

3.1 UCSDFTS

In order to characterize the spectral response of allloEBs feeds and FRMs,
a Fourier Transform Spectrometer (FTS) was built at UCSI2. Bdsic idea of the spec-
trometer is an interferometric setup where varying the petigth leads to characteri-
zation of different frequencies (Martin & Puplett, 1970)né&factor making this con-
struction easier is the precision of alignment and constrmof parts is not as high at
millimeter wavelengths. This wavelength size at this basd means the spectrometer
is proportionally larger than at other bands as well.
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3.1.1 FTS Design

The design requirements of the FTS are not fully defined bytijaive model-
ing and simulation but also needs personnel with previopsm/ence using similar de-
vices to set the size and functionality requirements. Theeg® design process started
with a review of the Case Western Reserve University deviRall{l FTS”) built by
Professor Ruhl and others (Matsuo et al., 1998; Bin et a9},%nd modifying it for
our needs. In the end, the entire layout was changed to g@ithe ability, portability,
and adaptability of the UCSD FTS. The moving arm was lengttethe input and out-
put ports rearranged for more portability, and the optitanents were standardized as
much as possible.

While not a strict design requirement of the FTS, higher poavel throughput
are desired to expedite the characterization of dual-atton feed telescopes such as
BICEP. In these types of telescopes each feed has two orthogamahted polarization
sensitive bolometers (PSBs). For sake of time and easeatkegharacterized simulta-
neously by directing the polarized radiation from the FT® iach feed at 45elative
to PSBs such that each arm has one-half of the maximum optear. Therefore, the
trade-off to faster and simpler characterization is thghbr throughput is needed.

The layout of the FTS is shown in Figure 3.1. A Martin-Puppetitarizing FTS
is now a standard device in the millimeter-wave field. Thersedor the FTS is a
broad-band thermal source (“FTS source”), usually hightyssive material (eccosorb)
cooled to cryogenic temperatures with liquid nitrogen. geeeral design calls for the
emission from the source to be polarized by a small freedstgrwire grid (“polarizing
grid”) and collimated by the first mirror (“collimating mior”).

While | did try this configuration, it did not have the desiridoughput; there-
fore construction of larger wire grids became the standardhanged the design in
Figure 3.1 by switching the order of the mirror and polargigrid and attaching an
external hot lamp source (GE sunlamp tanning bulb, T 2D0Dhe hot lamp provided
a much brighter source for the system by almost an order ohinate (~30 mV as op-
posed to ~5 mV). It also had the advantage of not needing en®gnd not being cold,
which causes ice or condensation to form. The location ottiémating mirror was
moved to the location of the old source and a new 12 inch phayigrid was moved
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to the location of the old collimating mirror. The ability tmnstruct large wire grids
allowed the collimating mirror to come first in the opticalsitgn, making for a more
compact system.

The next element of the UCSD FTS is the second free-standieggwd (“split-
ting grid”), also 12 inches in size, which splits the poladzsource into two compo-
nents. This is the second splitting of the emission from thgolarized source, so one
fourth of the initial power is sent in orthogonal path direns. In both directions there
is an optical element (“roof mirror”) that reflects the liginid rotates the polarization
direction sending the light back towards the splitting githce the light’s polarization
orientation is now rotated, light that was initially refledtdown one arm now passes
straight through to the output, and light that passed ditdfgough to the other arm is
now reflected towards the output as well. One of the roof meriefixed and the other
is placed on top of a moving stage. The fixed roof mirror is @that the approximate
center of the moving track, “the white light” fringe posmio This is where the path
length is equal in each direction, giving maximum constugcinterference of the light
from the two arms.

The last required optical element is the third free-stagelire grid (“combining
grid”) which splits the output light into two polarizatiofrdctions going to two separate
ports. By splitting the outgoing light, the two polarizatidirections are summed (“sum
port”) and differenced (“difference port”). Operationalboth output ports can be used
as the main FTS signal. For some configurations, one pored as a reference while
the other is used to characterize a specimen. The UCSD FT&@nsally set to use
only the differencing port, although this can be changedédadbe.

The final element of the UCSD FTS is not required for the FTSddwproperly,
but is used to properly couple the light to the external sydbeing tested. The large
diameter collimated polarized beam propagating from thehining grid can either be
directed or focused out of the FTS. If the simple collimatear is required, a flat
reflecting mirror is placed at the exit port to direct the tiglit of the FTS box. If a
focused beam is required, a second mirror (“focusing miiynsrplaced at the output
port. The initial UCSD test cryostat needed a focused beahsartwo identical mirrors
were made that could be used interchangeably as either theating or focusing
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mirror.

One modification | wanted to implement (but did not have theetand resources
to do so) was to add two roof mirrors on either side of the palag grid. The polar-
izing grids splits the unpolarized broad band source istowb polarization directions,
using one for the system and throwing away the other poléwiza By replacing the
eccosorb covered walls on either side of the polarizing gitti two roof mirrors, the
other polarization direction could have been rotated addeeted through the system,
doubling the total throughput. Maximizing the throughpftittee FTS is important be-
cause deploymentin the field requires a very bright sourtso, A a bright enough FTS
source can be made, it would be possible to spectrally cteize multiple telescope
feeds at one time, instead of the current procedure reguiney be done one at a time.

Two numbers to keep in mind are the minimum and maximum frequéhat
can be measured by the system. If one were able to build ansysftenfinite length
and infinite resolution, this would not be a concern. Howgsaey actual device will
have a minimum and maximum frequency due to the scan lengtistap size, respec-
tively. The step size of system relates to the maximum frequen the spectral response
function (assuming perfect polarizing grid efficiency) as:

Vmax = C/ (4 x minimum step size (3.1)
and the maximum single-sided throw gives the minimum fregyes
vmin = C/(4 x one sided scan distange (3.2)

where the factors of 4 come from Nyquist sampling and thet liggverses the path
length difference twice because it is reflected back. A Usefit selection for the speed
of light in these equations is= 300 mm-GHz. For example, using equation 3.1 and
knowing the minimum step size is 1 mm, it is very straight fard/to calculate the
maximum frequency of this hypothetical FTS would be 75 GHze&fically in IDL the

frequency axes in the plots are found as:

c
NxSx10%x2d
wherei is the index of the sample starting from zecas the speed of light\ is the total

Frequencyarray=i x x 107° (3.3)

number of samples arfdlis the step size from the encoder or inferred from the sample
timing and motor speed.
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Figure 3.1: Optical design and mechanical layout of the UESIS with two pictures
of the actual device. The upper left hand picture shows theutaof the main optical
elements including the three polarizing grids, the two moafors, the moveable stage,
and the two possible output port positions. The upper rigimdhpicture is a Code V
ray tracing diagram used to model and predict the propesfitise FTS. Both of these
images were made in a cooperative effort with Dr. Thomas Reyds. The two lower
pictures were taken after the device was initially builtwhig what the real parts looked
like, including the walls coated with absorbing eccosorlbbubdown on reflections. In
the final incarnation of the device, the source (cup of liquitdogen-cooled eccosorb)
was replaced by a mirror that reflected light from an extelnoalamp source.
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In practice, the minimum step size is generally smaller twhat is needed to
reach the maximum frequency for a system. If it is not, it ¥gaals possible to decrease
this number by getting a better linear encoder system oristpiine motor down and
using faster timing circuits. Rather, the grid efficiencylarther optical elements limit
the maximum spectral response of the system. The minimugudérecy measured by
the system is more difficult to design because it is deterchinethe scan distance of
the moveable mirror and cannot be changed once the systamitisib order to get a
longer travel length, the system also needs to have suffitieoughput. There is no
point in having a ten mile long track length if the source i$¢ hoght enough to be
seen. The other FTS parameter setting system requirensethis frequency resolution
of the spectral response. While it would be nice to have 1 Mplcmg, that level of
resolution is not needed and would require the track lergtietl 50 meters long. In the
end, the track length was chosen based on the relative tesobf other devices and
the practicable device size.

3.1.2 FTS Construction

All optical components for the FTS were made at UCSD while riatort
(MDI23), stagé (Ips_24-20), and external linear encotlérIDA 477) were made by
external vendors. The motor came with some encoder capeditiut the external en-
coder is much more precise, down to a maximum precision of &kani The main
optical stage was donated by Dr. Buffington’s group, whicl bae left over from
a previous experiment. The bases for the two arms were dasignSolidworks and
fabricated at the UCSD physics machine shop. The walls RS were made by
our group using 1/16 inch aluminum sheet metal coated witto&arb-LS30. The two
mirrors were designed using Code V to have a 12 inch focusertite propagation di-
rection 90. These mirrors were fabricated and polished by the Scripgstuition of
Oceanography (SIO) machine shop.

While the design and construction of the mirrors was notalithe most difficult
elements to fabricate were the free-standing wire gridseséhgrids polarize and split

lwww.imshome.com
2www.servosystems.com
Swww.heidenhain.com
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the light, and consist of a solid metal frame wrapped witHamily spaced wire. This
type of optical element is available commercially, but they very expensive and more
importantly we could not find a vendor that produced the @essize. The size of the
wire grids sets the throughput of the FTS, because the léngagrid the more light that
can be transmitted through the system. This meant we hacdh&ircot them ourselves.

The frame design for the grids is straight-forward: a simplgtangular frame
with a 10 inch by 12 inch opening is machined with two cut o##&tand with a series of
mounting holes drilled through the edges. Thé déts make it easier to get the required
relative orientation of the grids. Bare tungsten wire, @.0@hes in diameter and 2500
m long, was ordered from Alfa Aesar Johnson Matthey (PN: 5p4iditially costing
only $264. Since then commodity prices have driven up thé¢ sigsificantly so that
spools in May 2011 now cost over $1000. The long edges of #rads were rounded
so the wire would not be accidentally cut during winding. Bluefaces that were going
to be in contact with wire during winding were all also smaathand polished so the
wire would not accidentally snag or be cut during winding.olwire grids were made
and fastened together by a set of screws so that for eachngintsio sets of wire grids
would be made.

Figure 3.2 shows the winding setup used to make the first seirefgrids. The
lathe used was chosen because the minimum rotation speeDwjas, much less than
most modern lathes allow. | machined a grid holder to smgaht firmly place the
wire grids into the lathe. With the rotation speed at 30 rgme, dross speed was set so
that the wire spacing would be 90 microns, or about threegithe wire distance. The
most difficult part of the setup was refining the method to gfanthe wire from the
manufacturers spool to the wire grid. The final method usech@osh ceramic piece,
grooved to control the direction of the wire, to feed the wifee manufacturer’s spool
was reversed tensioned by a DC motor to provide the corrasiae. After the wire
grids were finished, a liberal application of epoxy held theew/to the frame so they
could be split and used in the FTS. All together | made fouasse sets of grids, one
smaller set and three larger sets. Figure 3.3 shows imaghs fifst set of small grids
that | made. Overall the in-house grid construction qualias very good and allowed
for an inexpensive and compact FTS construction.
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Figure 3.2: Pictures showing the setup to wind the wire giadshe UCSD FTS. The
empty grid frames are mounted into the lathe using an adapmtéras the lathe turns, the
cross guide moves the grids longitudinally at the desiréelfia a given wire spacing.
The spool feed is a home-made ceramic piece designed to Biypgaide the wire from
the manufacturer’s spool on to the wire grid. The spool ierse biased with a DC

motor to provide the correct level of tension.
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Figure 3.3: The first small grid made at UCSD showing the garsdrape of the grids
and wire layout (left side picture). A digital microscopgger right) and a measuring
microscope (lower right) were used to characterize theityuaf the grid and wind-

ing process. The average wire spacing is 93 microns withradatd deviation of 23
microns.
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3.1.3 FTS Data Analysis

The general operation of the FTS is that of an interferoméiéhen the two
mirror arms are at the same relative distance from the isygjigirid, there is no path dif-
ference, which leads to all frequencies being construlgtivéerfered. When there is a
path-length difference, only frequencies with a full im@giumber of wavelengths will
interfere constructively, while all others will deconsttively interfere to some degree.
When a data set is taken using the full track length (Figut® &is will give a measure-
ment of total interference versus distance (called “isti@@ram”). The interferogram is
the time domain partner of the frequency domain spectralbmese function. Therefore,
to get the spectral response function, the Fourier transtdithe interferogram is com-
puted. A thorough reading of Bracewell (1986) is recomméerfde anyone interested
in this subject.

There is one confusing point related to coherence. Simdpeemental setups
are used to test for the coherence length of a light sourcene@ace length is the
distance light travels while it maintains a given definitep relationship. If the phase
relationship is degraded, it is impossible to get maximumstactive or destructive
interference. A spectral response function taken withigértincoherent light is the
product of the nominal interferogram multiplied by a Gaassiunction whose width
is related to the coherence length. This does not affect 68 FTS appreciably
because the coherence length for typical millimeter-waneg e is long compared to
the path length difference.

Three separate pieces of software are needed to produdesspesponses from
the FTS. First, the stage motion needs to be controlled antb seove in a uniform
continuous state back and forth. If the motor is moved tobdaspared to the detector
time constant or is not moved uniformly, this can lead to wessary uncertainty in
the resulting spectra. One might think that the motor showide the stage, stop at
a particular location, observe at that particular stagetipos and then move on to the
next spot. However, there is typically 1/f noise in the daiesystem which makes this
sub-optimal and also increases both the complexity of theommotion and the useful
operating time. The motor control software used was imtigfogrammed by sending
ASCII text commands to the motor itself, but then a Labvieagsam was written to
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Figure 3.4: An interferogram from the UCSD FTS. The data lenlhigh pass filtered
to remove 1/f noise. Ideally, the interferogram is suppdsdak completely symmetric
about the white-light fringe (peak), but there are smali-aptnmetric parts visible. To
obtain the spectral response function, the real part of thei€r transform is computed.
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automate and control this process more efficiently. The modatrol software need
not be run by the same computer as the data acquisition hexcma for all intensive
purposes, it is easier to have a dedicated computer sysgtnio joontrol the motor.

The second piece of software reads the external linear encodl derives the
position of the stage. The output of the encoder is a starnglargport quadrature en-
coder signal. This is similar to sine and cosine giving thageh(direction) and am-
plitude (location). There is also a home signal that telessistem the stage is at the
zero position. Quadrature decoding can be done either twaid or in hardware if a
suitable board is available. In lieu of a working encodetteys it is also possible to
get the approximate position of the stage by using the timeagtof each position and
knowing the speed of the motor. This is clearly not optimal tecessary when the
encoder system is malfunctioning.

The third piece of software is the detector signal conditigrand Fourier trans-
form. A naive Fourier transform computation from the inggdgram will result in
highly sub-optimal spectral response function deternomatSignal conditioning con-
sists of three components: filtering the data, phase spittie data, and correcting for
non-linear detector response. First, the detector timsteon should be deconvolved
and the filter applied to the data to minimize the low freqyeb€ contamination. The
filtering is a low order polynomial, nominally fourth ordésssuming the motor speed is
optimized to place the signal band in a relatively clean phithie audio spectrum, filter-
ing should have minimal effect on the actual measured sgeesponse function. For
example, the BECEP detectors have 1/f knees around 0.5 Hz. The time constants of
most detectors are around 20ms. These two numbers providdzbtinds for the clean
part of the audio band signal. For the sake of time and repityakhe scans are done
as fast as possible. The lowest electromagnetic frequernyepest in BCEP is no less
than 75 GHz. Therefore, the stage is moved at 1 mm/s, pla&rgHz radiation in the
audio band at 0.5 Hz and 750 GHz radiation at 5 Hz. This setitinie$cale of one 40
cm scan to be 400 s and nine scans of the same focal plane fesd lveone hour.

The data was phase-shifted so that the white light fringe ieeo path length
(index number zero in IDL) and the interferogram is symneeffihe symmetric part of
the interferogram gives rise to the real part of the specéisphonse function while the
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anti-symmetric part gives rise to the complex part. Sineestpectral response function
is strictly real, any power in the complex portion is noisel @an be disregarded. If
the interferogram is not phased properly, it is possiblese Ireal signal or add spurious
noise. My phasing algorithm was based on splitting the fategram in half, computing
ax? based on the difference of the two halves, and then doingappase shifts in the
frequency domain until thg? was minimized. The phase shifting was done in the
frequency domain to avoid having to interpolate in the tiroendin.

Lastly any non-linear detector response was removed. ongbe, if the source
was too bright, the detector responsivity would decreasevaruld be proportional to
the optical power@,) falling on the detector. This can be modeled as a power law:

V = AQ, = AQop Q- (3.4)

where by displaying the equation as a product of a linear tardha modified non-linear
power term falling on the detector, usage of the convolutiorem is emphasized. A
product of two functions of time in real space is equivalenatconvolution of their
Fourier transforms or vice versa. This implies the nondmeesponse creates a har-
monic in frequency space with negative power (see Figure I3 remove this effect,
one has to assume that there are no actual harmonics of tmefrequency response
peak and then apply correction factors to the real data tir@tmzed the power at the
harmonics of the main frequency peak as seen in Figure 3.5leWHis assumption
could lead to problems if there were real harmonic leaks ensgpectral bandpass, the
factors applied are relatively small, ranging from 2% to 4Rgure 3.5 shows a plot of
how the correcting factors affect the raw spectrum and a eoisgn of a corrected vs.
raw spectrum.

3.1.4 2008 FTS South Pole Run

UCSD’s Fourier Transform Spectrometer was brought dowéogeographic
South Pole in January 2008 to take archival spectral regsootall BICEP pixels,
derive differential gain factors, find band centers and gdand characterize spectral
leaks. While this goal seems straight-forward, the actasi tvas not. There was no
precedent for how to accomplish the goal and most of the imetegation was developed
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Figure 3.5: Spectral response functions for various noeal correction factors (top)
and a comparison of a raw spectral response (blue) to onedqpéidhally corrected for
detector non-linearity (bottom). The important point i tiop plot is not the amplitude
of the main spectral band pass changing but rather the hacrfeatures that grow in
size from a large positive feature to a large negative featwhile it is clear from the
bottom plot that most of the large features in the originacspum (blue) were due to
non-linear effects, leaked power at higher frequency ramei the corrected spectrum
(red) near 350 and 420 GHz.
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on the fly. The issues and solutions devised to successfuffeiment and use an FTS
in the field can be used to improve future FTS deployments.

3.1.4.1 South Pole Setup

The general scheme was to deploy the FTS to the roof Dark Seabmratory
(DSL), the building housing the IBEP telescope, use a series of mirrors to direct the
FTS radiation into the telescope, and use telescope drivete each feed into proper
position (see Figure 3.6). To accomplish this, without dgimgthe delicate optics and
electronics of FTS, it was placed inside of a specially-giesd thermal crate to keep it
warm. The thermal crate (8% 72” x 36”) was made out of wood and special 3" thick
high-R foam called isocyanurate with aluminum foil on boithes. Testing samples of
the foam showed it to be fairly opaque at millimeter-wavegewithout the foil), so
an optical port made of highly transparent zotefoam washgaténto the crate on the
top. Both a space heater and high wattage heater tape wesgpeside to maintain an
average temperature of 28 while the outside temperature was closer to”-B0or a
55° C (99 F) temperature gradient.

The BICEP telescope does not have the ability to observe at low el@vatbe-
cause of the setup configuration and the fabric boot attahtte telescope, allowing
the telescope operator to be inside and warm (seen in thei¢tyrgpin Figure 3.6).
Therefore an oversized “far field flat” mirror (“FFF”, ~4’ by flat mirror) was con-
structed and rigidly attached to the telescope mount toatefie telescope beams down
to horizon level. This gave a horizontal beam path out of éhestope, which could po-
tentially directly couple to the FTS if the device was turmedits side or the summing
port was used. However, a more elegant solution is to usefeetdien” mirror (30" by
33" flat mirror), attached to the outer ground shield, diregBICEP'S beams down into
the thermal box and the FTS crate. The initially setup desajled for the deflection
mirror to be clamped to the outer ground shield but this dititnm out to be sturdy
enough. Instead, the deflecting mirror was attached to afagide structure that hung
over the ground screen with counterweights and was clamped tbr extra stiffness.

The original planned optical setup had a design flaw in thditlihot incorporate
the parallax of the telescope (Figure 3.7) due to the optige not being coincident
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Figure 3.6: Images from the roof of the dark sector laboya#bithe geographic South
Pole in 2008 showing the IBEP telescope sticking up out of the building with the
protective green fabric boot inside of the metal groundestrgop) and the FTS setup
(bottom) with its two intrepid operators (Dr. Yuki Takahaahd Evan Bierman). Two
mirrors were used to couple the FTS beam to the telescope WiglFTS was housed in
a thermal crate on the roof to keep the delicate optical aactratal components warm.
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with the mechanical axis. This effect is better known frormsooff-axis telescopes
that incorporate this effect to minimize the physical sit@ ¢elescopes. The parallax
was ~34 cm for the outer pixels compared to the center piXdiss prevented a single
optical alignment from being used to characterize all fegase time. This effect could
be partially mitigated by taking advantage of the degenerathe focal plane boresight
angle. To a very good approximation, there are six uniquekadsitions in the BCEP
focal plane and 11 unique positions in the focal plane if ctetgpolarization orientation

is included (siXJ positions and five positions). However, the set of 100 GHz feeds at
4.1° and 150 GHz feeds at 4.%ere close together and a single focal plane position was
used, leaving five unique radial positions and nine unigustioms including detector
polarization orientation. Each unique position had to becafly aligned separately,
making characterization of the entire focal plane morealiffi

The optical alignment procedure is as follows. The centéhefdeflection mir-
ror was marked and a small circle of eccosorb placed on tofewhe mirror was tilted
up to the sky, thereby giving a large point source signal. fEfescope was scanned
back and forth in azimuth and elevation until the feed in ¢joesvas peaked up. The
repeatability of this process showed the center of the $daebm to be aligned to within
+0.1°.

The next step was to use a plumb bob to find the point directiywbthe center
of the mirror. The eccosorb point source was placed at thrg pofront of a third mirror
directing the beams back up to the sky. The deflecting miiitawés changed until the
eccosorb source was found. This process consisted of gétiEnangle approximately
correct and then an el-nod was performed to find the changegie aeeded to move
the mirror. A digital protractor was used to make gross ddjests afterwards. The
repeatability of this process showed the center of the $dgeim to be aligned to within
+0.1°.

Next, the FTS output port was marked on top of the zotefoandowin The
plumb-bob mark was used as a guide to move the FTS box intcethergl correct posi-
tion (with manual labor help from the South Pole Telescopene Minor adjustments
were made by applying delicate impulses from the knee of titeoa while Dr. Taka-
hashi relayed the signal size over the radio system. Theataipdity of this process
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Figure 3.7: Diagram of the telescope parallax caused by thehanical and optical
telescope axes being misaligned. As the telescope rotaresécusing one feed on an
object to another, there is a physical translation of the,fée- 34 cm To correct for
this effect, the telescope must be rotatedzsbyg, where D is the distance to the source.
The angle¢ is negligible for all astronomical sources, even the Moarnt, dan cause

problems for calibration sources in the near field such agt&
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showed the center of the feed’s beam to be aligned to witidii°. From then on, since
the FTS was directly below the mirror, it no longer neededisimipents. The angle of
the deflecting mirror could then be changed for each unigdie@saf the focal plane.

Each of the five focal plane radii were optically aligned @ked up”) by con-
trolling the telescope to point a test feed to the center efitlirror as describe above.
The angle of the deflecting mirror was moved to approximétetycorrect angle by tak-
ing the difference between the expected position of thel piné the measured position
of the pixel and dividing by two. The parallax caused the raeas position of the feed
to be different than the actual position of the feed to hitgame spot on the deflecting
mirror. The telescope had to be over-rotated to compensétiothe translation from
the parallax. This extra rotation angle then had to be ctedetor by the deflecting
mirror. The angle for the deflecting mirror was half of thd figflecting angle because
the beam intrinsically moved by twice the angle the deflgctmrror was moved.

The UCSD FTS has a focusing/collimating mirror as the lastapelement (6"
diameter, 12" focal length). The spare BICEP back (eyepileres was used to match
the beam waist of the FTS to BICEP. A wooden stool was modifiedoild the lens,
which was placed on top of the thermal crate at the optimatteiThe focal length of
the back lens was calculated to be 630 mm or 25". Howevergoraptimal alignment
occurred almost 4" further than that calculated distanatiserepancy that was never
resolved. The lens was carefully leveled té“Gaccuracy using a digital protractor and
shims of cardboard.

3.1.4.2 South Pole Setup Troubleshooting

The FTS was disassembled and packed properly for shippitigtS8outh Pole,
which meant it had to be reassembled completely upon arrikal troubleshooting
purposes, the FTS was assembled inside the building fifsireobeing deployed to the
roof. Immediately it was found that the motor was dead orvakriSuspected actions
of unplugging the serial command cable while the power wid®stto the motor is the
most likely cause. Unfortunately we had no spare motor so(twe extra as a backup)
were ordered and shipped to the South Pole, which took ore tixeeks (hand delivered
by Professor Keating).
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The UCSD FTS has an external linear encoder from Heidenhéimsiandard
TTL square waves outputs (called “A’, “B”, and “index”). Fooise considerations, A,
B and the index all have the inverse signals available wighdttiginal signal. The pair
are fed into the B.EP Programmable Multi Axis Controller (PMAC) board, which is
able to count A pulses and use the B pulse to determine thetidine The count of the
index pulse is noted in a separate register each time it sepgaand sets the absolute
position of the encoder. Calibrating the system beforeiptpit on the roof determined
that the precision of running the track back and forth was mwerons over a scan of
30 cm. The error was not related to the speed of the stageathérrthe distance, as
scans less than 15 cm lost no counts. The velocity of the niatdifferent settings was
carefully checked and calibrated to a very high precision.

Unfortunately, several days after being placed on the ritnaf,encoder signal
became garbled and no longer read useful counts. The offigiisqoroblem was never
found but the device did undergo some temperature cyclirigpwiitially being placed
on the roof. Instead the position alignment was taken froennlotor. Microstepping
the motor, coupled with the screw pitch, gave a minimum siepaf 50 nm (although
this was never independently confirmed). Using calibratetbmspeed, coupled with
the system sample rate of 50 Hz, gave the position of the myawiimror. Since the
motor velocity was checked before the device was moved tootbie the uniformity of
the scans was expected to be very close to the predictedgmssihowever, since the
encoder was broken this could not be independently confirrAéditionally the limit
switches for the motor died halfway through the optical pestoiextra caution was taken
not to drive the motor to the end for fear of damaging the malastead of using the
full 60 cm throw of the FTS, only 40 cm scans were done.

Finally, once all these issues were diagnosed and/or sawelthe optical setup
of the telescope was done, the FTS placed in the thermal aratéurned on, things
were starting to look up. Initial testing of the FTS showedappreciable signal coming
from the device. It was found that the internal optical atigmt of the FTS, the height of
the moveable roof mirror arm relative to the stationary mafor arm (Figure 3.1), had
to be shimmed because the metal arms were not completdlgrstithe FTS was now
sitting on soft foam. Before adjusting the internal aligmmnef the FTS, the chopped
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magnitude at the white light fringe was an order of magnitodeso larger than the
peak-to-peak size of the white light fringe during a scanteAfealignment, the ratio
was one-to-one.

The initial spectral responses showed evidence of largelinearities as the
setup with the BCEP telescope is more sensitive than the one used in the UCSDdab.
minimize the non-linearity, the telescope was misaligrigghty so that the total peak
to peak interferogram value was no larger than 30 mV. In sgieat, this was a terrible
idea as the change in optical alignment can affect the sgeesponse shapes. Instead,
the bulb should have been hooked up to a voltage regulatdharidyht intensity should
have been changed (as suggested by Professor Keating).

After a week of painful manual operation of the telescoperand to get detailed
spectral responses for each feed, | started the data amplggiess. This was clearly a
mistake to wait so long but a cursory review of the interfeamgs and spectral responses
showed no initial problems. Figure 3.8 shows plots of sonte@problems found in the
spectral responses. After changing settings on the scahsearforcing the deflecting
mirror setup, it was found that the deflecting mirror was singkThe arms holding the
mirror had not been made stiff enough causing mircrophadnitise audio band above
400 GHz, making it impossible to fulfill one of the goals to caerize out of band

power leakage.

3.1.5 FTS Spectral Response Comparisons

Considering the amount of troubleshooting steps needeshtpiete the spectral
characterization at Pole, the deployment was a succes#$ ddiglity archival spectral
responses of all BEP feeds were taken, high precision differential gain facteese
computed, and the band centers and widths were found. Wniziely, out-of-band
spectral leaks were not characterized with the FTS; howeserg the thick grille filter
this was determined to be of very little importance. The higécision spectral re-
sponses taken for each bolometer showed good repeatantitjow statistical error in
the measurement process. As a point of emphasis, theseapesponses were key to
including the 220 GHz feeds in Chapter 1, showing that hankwan pay off.

Figure 3.9 shows a comparison of the spectral leakage vdkresd from mea-
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Figure 3.8: Frequency domain plots showing the result ofdéféecting mirror setup
not being rigid enough. The top left plot shows a sample spetmagnitude with the
phase below it. There is a well-defined phase for the real Ip@sd section but not
for the harmonic created by the setup. The upper right shaxemmed-in view of the
feature in the nominal setup configuration and after thepsets solidified more (lower
right). Solidifying the setup decreased and moved the fediut it did not eliminate it.
The bottom plot shows two spectral responses taken at @iffescan speeds showing
the feature moves with scan speed as opposed to the mainadpesponse band.
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surements at the South Pole as compared to derived from UQSDnteasurements
before deployment. There is no statistical correlatiowkeh the two sets showing
that either the errors are large on the quantities or theaesistematic change between
the measurements. | believe the errors are not the cause tavitcorrelation because
the computed statistical error is small and it was possiblddrive a correlation be-
tween similar values from CMB anisotropy cross-spectrgyfé 2.1). Rather, this is
a good example of how the optical setup and coupling betweerrTS and experi-
ment is crucial to having repeatable spectra. Figure 3® sti®ws a spectrum taken
by the UCSD FTS and Ruhl FTS before deployment. The diffexen¢TS resolution
is clearly visible comparing the blue and black lines. Eventhis single pixel, using
a similar coupling setup, there are major differences betwtbe measured spectral re-
sponse. This problem of a repeatable FTS optical couplingpse an inherent problem
in trying to do the measurementssituas opposed to a controlled environment, such as
used with a VNA. Currently there does not exist a reliableraktive method to derive
these calibrations.

3.2 BIceP Calibration

My largest and most important contribution to Chiang et2010) was analyz-
ing data taken of the Moon and Jupiter. Mostly, these obsensare done to char-
acterize BCEP's beam properties. It is noteworthy to mention that usiregoon for
beam calibration is unique toIBep because the beam widths are so large. For exam-
ple, it would be nonsensical for the Hubble space telescop&émpt the same process
because their beam widths are a tiny fraction of the size®Mbon. For BCEP, the
Moon is the brightest and easiest astronomical source tfous®am characterization.
Jupiter was also used, and is much smaller in apparent sizes dlso much dimmer.

Figure 3.10 shows an example of one set of raw Jupiter obs@mgatrom one
detector and the collage image from all detectors. Manyaats can be seen the raw
image such as imperfect detector time constant decongalgtusing ringing and the
ghost image of the main beam. The collage image is made froimgtall observations
from the entire first season of observing for all detectocs@adding the two arms in a
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Figure 3.9: Comparison of spectral mismatch for the idehtCcEP feeds taken at the
South Pole and before deployment (top) and spectral resgaken by the UCSD FTS
(Black) and Ruhl FTS (Blue) taken before deployment (bojtéona single feed. The
calculated spectral mismatch results from the run at thehS®ale and the run before
deployment do not agree well. The spectral responses taiterthe two different FTS
systems before deployment also show many differences.aMsamparison shows the
general systematic uncertainty from using different FTiBs® which is a caveat to any
system’s quoted accuracy.
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feed. While the images may seem visually appealing, theasignnoise ratio in a given
measurement is insufficient to derive precise beam chaistate from Jupiter obser-
vations. Specifically, pointing parameters and ellipigsitare very difficult to derive,
although the main beam size is possible.

The Moon provides a bright astronomical source from whickessd beam char-
acterizations can be calculated. The brightness of the Mowed numerous observa-
tions because very little integration time is needed. Eaalconsisted of eight individ-
ual boresight angles maps at°4Btervals. For each boresight angle, the raw data was
deconvolved using the time constant transfer functionsrélérfrom a different setup
by Dr. Yoon and smoothed with Gaussian low-pass filter stgréit 10 Hz. The data
was split into constant velocity sections and scan diractiche geocentric position of
the Moon was used to find the position of the Moon and mask itwdike determin-
ing a third-order polynomial from each half-scan (see Céaptfor more information).
The position of the Moon was found by taking each detectdtjraout a window of
+2° around the expected Moon center and fitting for a symmetiic@aussian. This
process was iterated once to try and take out any bias frong ulse “expected Moon
center”.

While this process sounds straight-forward, | spent nesrly months of time
to reconcile the resulting measurements. The left and ggitig scans had a clear
pointing center difference. The cause is due to the deté¢icher constants, which are
highly dependent on optical loading. Deconvolving the mead “good” time constants
taken under different optical loading conditions was ndficent to correct these effects
in the image. Since no other method of dealing with this pobivas found, the average
of the left and right going measurements was used. Fortiyn¢tes proved to be quite
robust as the resulting point center tracked the boresigiieao a very high degree.

These measurements ended up being extremely importargyastibwed there
was a repeatable differential pointing problem across tiiessfocal plane. Figure 3.11
shows the collage images of the main Moon beam and the ditiateMoon beams,
which are dominated by differential pointing errors. In didd, the Moon was bright
enough to characterize the ghost beam for each feed and legeatifterential ghost
beams, which are mostly dominated by differential elliptes (Figure 3.12). The dif-
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Figure 3.10: Raw observing image from a single detector re¢ight subtracted RA and
Dec coordinates (top) and collage image of all detectors ffapiter observations taken
with BICEP (bottom). Some of the unusual artifacts in the top image ppa@nt such
as aliased power from the main beam on either side of the ne@imllue to imperfect
time constant deconvolution or the ghost beam power on thesie side of the focal
plane. The collage of thelBEP focal plane (bottom) shows the 100 GHz and 150 GHz
feeds are spread across the focal plane, while the two 220 Btéfrs are located at
relative RA an Dec of£2.5°, +9.0°).
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ference in the ghost beam profile to main beam profile due tectatloading differ-
ences is apparent from the color scale differences in thedfigithe differential pointing
parameters taking from this analysis were successfullyirfem scan strategy simula-
tions showing that this systematic was a large effect bugnité large enough to hinder
BICEP's two-year analysis (Chiang et al., 2010).
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Figure 3.11: Collage image of Moon observations using time stithe pair of bolome-
ters in a feed (top) and the difference (bottom) normalizedhe sum images have a
maximum intensity of 1. The difference images are on the ssecak as the sum im-
ages allowing a direct magnitude comparison. The main be#erahce images are
dominated by a dipoles feature due to differential pointing
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Figure 3.12: Collage image of ghost images of the Moon ugiegsum of the pair of
bolometers in a feed (top) and the difference (bottom) néimee so the sum images
have a maximum intensity of 1. The difference images are eiséime scale as the sum
images allowing a direct magnitude comparison. The maimbdifference images are
dominated by a quadrupole pattern, most likely due to difféal ellipticity. While all

of the main images can be seen in Figure 3.11, some of the gbast images were
obscured because the scan strategy only required the meimtioebe visible during.



Chapter 4

Faraday Rotation Modulators and
Phaseshifters

Faraday rotation modulators (FRMs) and phaseshiftersi(€ig.1) are devices
that use the second-order magneto-optical Faraday effatiaterials, first character-
ized by Michael Faraday in 1845. This effect causes the rimigegnt properties of a
material to change proportional to magnetic field insidehat material. Rotation of an
incoming electromagnetic wave’s polarization orientati® due to the different index-
of-refractions for left and right circular polarizatiomsthe magnetically biased material.
The magnitude of the rotatiofi,=V BL, is proportional to the intrinsic properties of the
material, and characterized by the Verdet constefitthe strength of the applied mag-
netic field ‘B”, and length of material traversed by the radiati@i.“In devices similar
to the FRMs, the magnetic field is applied to a cylindricatifer the active element at
the center of the FRM technology, using a superconductitemsal. The changing field
thereby changes the net polarization angle of incomingrele@agnetic waves relative
to the outgoing waves. The caveat to this is that it is possthbsaturate the ferrites such
that increasing the magnetic field results in little to noiaddal polarization rotation. If
additional rotation is necessary then only increasingehgth of the ferrite or switching
to another material can accomplish this.

FRMs in BICEP (Yoon et al., 2006) produce modulation by rotating the radia
tion’s polarization direction relative to the polarizatisensitivity of the bolometer in
alternating directions. For the phaseshifters in the Kidter-wave Bolometric Inter-
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ferometer (MBI, Timbie et al. 2006), the incoming and outgppolarization angles are
automatically set to be 9@part. Instead of changing the rotation angle, this reguls
modulation efficiency that varies from zercd (@tation) to> 90% (80 rotation). This
defines an absolute polarization angle for the outgoing vedtbe cost of decreasing
the magnitude of the outgoing wave for imperfect angle ratatModulation effected
by changing the polarization sensitivity of one arm of thieiferometer relative to the
other arms. Observing the interference pattern for eactbomtion of polarization di-
rections from all the different arms allows the retrievalatifpolarization information
possible. The two systems are very different and are emgloyelifferent ways but
both use the Faraday rotation technology to achieve madualathe rest of this chapter
is focused exclusively on use of the FRMs ircBr.

4.1 FRM Calibration

4.1.1 Modulation Waveform and Hysteresis

For FRMs, the relative polarization angle can be variedioaously from-80°
to +80°. To determine the rotation angle, plots of applied currerdugh the solenoid
vs. detector voltage (IV curves) similar to Figure 4.2 aralgred. There are mul-
tiple bolometer voltages possible for a given current vddaeause of hysteresis so it
is important to fully scan the devices for all possible rielaships. Nominally the 1V
curves can be fit to a model to derive the necessary paranogtéra suitable source is
available, the input polarization can be rotated.

Every magnetic device experiences a memory effect callstehgsis where the
changing of the state of the device lags behind due to relsidteanal forces. This
creates a non-deterministic system where for a given cyrtie@ rotation depends on
the previous internal field state. Clearly this is undesgdbr simple FRM operation.
For example, if no field is applied to the ferrite, dependimgtioe last state the ferrite
was in, it is possible to get up to 2@f rotation in either direction. For continuous
polarization modulation, the exact hysteresis curves sieetle precisely characterized
for maximum demodulation efficiency. However, the hysiereffects in the devices
were avoided for both FRMs and phaseshifters by biasingavitthuare wave. A square
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Figure 4.1: Initial Solidworks drawing of the phaseshiffeap) and a picture of the
parts of an FRM (bottom). While the phaseshifter has a rectian waveguide (top),

the FRMs have a corrugated circular waveguide housing. r@tke, the two devices

have identical parts and layout.
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Figure 4.2: Current vs. normalized voltage magnitude (I\Mjves for all of the 100
and 150 GHz FRMs during “run 7” (May 2005). The front bolomédtdack) is always
orthogonal to the back bolometer (red) by design. Hysteresn be quantified by the
gap at zero current between the increasing and decreagirentdirections. The input
polarization as compared to the bolometer polarizatiorieasgts the overall phase of
the curves. Feed E5 is an open circuit so any effect seen tuedio Faraday Rotation.
A few feeds, such as F1, have highflnoise which cause the IV curve to separate at

maximum phase.
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wave only has two states, thereby removing any uncertabytethe previous state of
the ferrite.

The other reason for choosing a square wave is the informatamsmission
efficiency. Classically, a square wave has the maximum mmédion transmission effi-
ciency. For example, a signglt] embedded in with white noig¥|t]:

S(t) = st] +N[t], (4.1)

has a transmission efficiency:

_ Signal Power ([t])
"~ Total Signal Power (S[t]) +2(N[t]S[t]) + (NZ[1])’

4.2)

where the center term in the denominator will go to zero fosteignal shapes and
noise properties. The average noise can be treated as ambast pulled out of the
expression along with and amplitude for the signal (A) givam overall normalization
factor for the whole expression.

A (D)
= 4.3
For a perfect square wave with no filtering?[t]) = 1 because it is always in an “up” or
=2 =1
when the detector sensitivity is 4Eelative to the incoming radiation. In comparison, a

“down” state givingn For example, this theoretical configuration can happen

-1

1
_12 .
§+1 3

However, when modulating CMB polarization, the incomindgpization angle

sine wave (singt)) integrates to a value of one-half, giving:

is unknown. Therefore, if a square wave is used as the maalulslhape there will be
moments when the polarization will be modulated betweendtates of equal value.
For example, this configuration happens when the detectwitsaty is in the same
direction as incoming radiation. In this case, the transiarsefficiency of the square
wave is equal to zero because there is no modulation of thalsig’he square wave
efficiency and resulting transmission efficiency as a furcof relative polarization
angle (/) of the detector and incoming radiation is

(St o< Sinf(2¢e) (4.4)
Sinz(zwrel)
SINA(2tel +1)
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giving an average transmission efficiency 29% when integrated over all polarization
angles equally. If an experiment only chose to measure tWarigation angles directly
aligned or 45 relative to the radiation the average transmission effayiemould be
n = 25%. For a given experiment, the polarization angle caeraill be non-uniform,
therefore a simulation of an actual observing strategy doonbre accurately find the
transmission efficiency given a square wave bias and an wikpolarization field for
a given experiment. The sine-wave modulation essenti&llyssthis issue because it
already has the loss of efficiency from imperfect polar@atlignment taken into ac-
count. It does not matter what the detector orientation issfoe-wave modulation
because all polarization angles are scanned across. Thisstigat when an unknown,
random polarization field is observed, a sine-wave biagi®iRRM is more efficient on
average than a square wave.

An additional factor not included in the sine wave vs. squaage discussion
above is that to generate a perfect square wave bias, arterdimount of audio band-
width is needed because there is power in a square wave arhghmonics than the
main modulation frequency. For a sine wave, all power is atntlodulation frequency
so there is no additional loss of power. Another advantagesifie wave is that system-
atic errors due to beam affects or other telescope properdie be mitigated by having
full polarization angle coverage. While a sine wave may beenafficient when taken
as a whole, a square wave bias has the advantage of being imyalkrsto implement
in practice because it only involves two discrete statespassed to the infinite contin-
uous distribution of polarization angles needed for a siage bias.

4.1.2 FRM Demodulation

There are several ways to demodulate a square wave biasy gitthe time-
domain or frequency-domain. While several methods wermsmgited in BCEP using
various algorithms, the simplest time domain method gawbast method with decent
polarization recovery efficiency. Following is a short dission of the simple demodu-
lation technique and a few idiosyncrasies specific toE®.

The bias signal recorded in the data acquisition systemrexpes random
spikes and dead periods in the time stream. After carefubteshooting at the South
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Figure 4.3: An overview of the signal modulation transnasséfficiencyy) = S e
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for a polarization modulator using a square-wave or sineewnas. While the square
wave bias has an intrinsically higher transmission efficyets[t]) oc sirf(2ire1), when
scanned over an unknown random polarization angle distoibthis is not true. When

the relative detector orientation and incoming polar@atangle are in the same po-

larization direction, the net signal modulation efficiensyero. For a sine wave, the

efficiency is aIso% independent of the detector polarization angle becaugmkltiza-
tion angles are swept through during the sine-wave bias.
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Pole it was found that the problem originates in the readodiet the actual bias board.
No solution was found to eliminate the readout problem tloeesit has to be corrected
by software after data acquisition. The first step in the @tigon for cleaning and ana-
lyzing the bias signal is to bandpass filter the entire bia® tordered data stream and
then find all the points where the bias crossed zero. The meuimber of points be-
tween each transition is found and any region that did not tlae median value (within
10%) is rejected along with the surrounding transitiongng$he transition points, the
middle of the resulting regions are found and used as tha pasits for demodulation
of the data stream. The sign of the transition is also notelistcern between and up or
down transition.

Using these basis points from the bias signal, each up and gtateau are split
in half and the mean and standard error of the mean are foune.nean of the first
half is subtracted from and summed with the mean of the selsalidfom the previous
transition. For my analysis “half” is defined by cutting fiveipts from the half before
the transition and six points after the transition. Thesgofs were derived from a
process of trial and error using elevation nod data to maerttie amount of time used
while not creating a noticeable bias in value. The meansebther variables (az, el,
psi, etc.) are found from both sets of points used in the twedsa It is very important
to keep track of the up or down transition parity becausedhiss the relative sign of
the difference. For normalization purposes, the sum ardrdiice are divided by two
to match nominal convention. The time coordinate is derifrech the time at each
transition, specifically the point before the bias crossge.z

The result of this demodulation technique is two separapats. The “sum”
signal is the intensity signal and is just a low-pass filtemed downsampled version
of the original signal. Since the FRMs only modulate pokatin, theoretically noth-
ing needs to be done to extract the intensity data; howavgmactice just a low-pass
downsampled version of the original data does not look asl gaahe result of the de-
modulated data. The “difference” signal is related to thiappation field, but multiple
measurements at different polarization angles are needatht extract all information.
See Figure 4.4 for a view of the modulated waveform parts baghower spectra of the
pre-demodulated and post-demodulated signals. Also s#®d.1.3 for examples of
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the demodulation process used on el-nods.

4.1.3 Temperature to Polarization Leakage Characterizatn using
El-nods

The FRMs were extensively tested in the lab with man-madbregion sources,
but until deployment to the South Pole withdkp they had not been tested with a true
far-field optical source. Before using them to observe lovellé€alactic and CMB
polarization, it was necessary to test them on a larger magmisource to refine de-
modulation software and characterize the devices. An slmaice for this is the Earth’s
atmosphere. El-nods (see Section 1.3.2) were done withRiMsFefore every scan-
set, giving a large set of calibration data over differenathier conditions to analyze the
properties of the FRMs.

A normal el-nod moves the telescope up and down in a sine-pattern with
an amplitude of one degree causing a change in atmosphadmtp proportional to
the cosecant of the elevation. For non-FRM channels thieqpatan be fit for a slope,
yielding calibrated timestreams. For FRM channels, whenRRMs are modulating,
the resulting signal is more complex, as can be seen in Fifydre These modulated
el-nods produce unique calibration data, which is not fds$o gather for the channels
without FRMs. The atmospheric el-nod is an unpolarizedO0OmK signal, therefore
there should not be any modulation visible. Any modulatiearsin Figure 4.5 is an
indication of systematics in the system or FRM. The signastfiust be demodulated
and split into intensity (Figure 4.6) and polarization (g 4.5) data.

The analysis of the demodulated data consists of low-pdesirid) the signals
and elevation data in the frequency domain in software. Thgnitude of the el-nod
is then derived by treating the filtered elevation as the bigsal to lock-in to the el-
nod signal in the intensity and polarization data. The digean in the demodulated
polarization data is a direct measure of the intensity tapoation leakage (called “in-
strumental polarization” or IP). Again, itis not possildederive the IP for the non-FRM
pixels because they do not have modulation that unambidyispkts the intensity and
polarization data simultaneously. This brings to mind @m@dus quote, “ignorance is
bliss”.
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Figure 4.4: The square wave bias from the FRMs and power rspetthe pre and
post-demodulated signals. The top plot is an average lgakamsition split into parts
by up or down transition and before (red) and after (greea}téinsition. The average
of the red and green sections are found and differencedjpiyitig by the sign of the
transition (up or down). The bottom plot shows the power speaf a pre-demodulated
signal (black) with the intensity data (red) and polarizatilata (green). This plot shows
that the intensity demodulation is essentially a smootlaind downsampling process
while the polarization signal cannot be seen in the pre-akiabed signal.
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Figure 4.5: El-nod implemented with the FRMs turned on (tsipdwn with the tele-
scope elevation drive register (middle) and power spedttheopre-demodulated sig-
nal (bottom). The atmosphere is unpolarized and the FRMsrandulate polarization,
meaning that any modulated signal seen here is a systemmatictie telescope or FRM.
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Figure 4.6: The unpolarized intensity of an el-nod aftengelemodulated (top) with
the power spectra (middle) of the raw demodulated signalthedime stream of the
filtered intensity data (bottom). The magnitude of the allshare found by low-pass
filtering the signal and elevation data and then performirgpfware lock-in to the

elevation data. Since the elevation nod is nearly a sine whigfiltering and lock-in

maximize the ability to recover the el-nod magnitude.
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Demodulated Polarization from El Nods
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Figure 4.7: The polarized intensity of an el-nod after beleghodulated (top) with the
power spectra (middle) of the raw demodulated signal andithe stream of the fil-
tered data (bottom). The DC component of the demodulatedbigs been subtracted,
which accounts for nearly all the spurious signal seen imfeigt.5. There is residual
high frequency power due to aliasing that is easily remowetbWw-pass filtering. The
magnitude of the filtered demodulated polarized signal is/déd in the same manner
as the intensity data so that the two values can be directhpeoed. The amplitude in
the bottom plot therefore gives a direct measure of the gityo-polarization leakage
(also called “instrumental polarization”).
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The first step in the analysis process is to make sure thet éffeeal, and not
an artifact. The magnitude of each intensity and polazaél-nod for each scan-set
is carried out at a different elevations. These magnitudedaund and plotted as a
function of elevation center as seen in Figure 4.8. The dlmagnitude is proportional
to the elevation, which causes the atmospheric loadingdaagé. If this residual signal
is inherent to the FRM, it would not change systematicallthvalevation. While the
modulation can give positive or negative power dependinghenphase of the bias,
the general magnitude of the slope in Figure 4.8 shows thw/eeed intensity of the
el-nod is most-likely real. Figure 4.8 shows a nearly idealtirend of polarization
el-nod magnitude vs. elevation. The fact that the polanmamagnitudes generally
follow the intensity magnitude confirms that this is truekieg el-nod intensity signal
into polarization.

The ratio of the el-nod intensity and polarization signalseg the IP for each
channel. This value was derived for each FRM run separatelean in Figure 4.9.
Each run occurred under different observing conditionewsing the robustness of this
method to calculate IP. Some channels had relatively l&gehich could possibly pre-
vent them from being used to measure low-level polarizatidlowever, this method
characterizes the IP for each channel to a very high levielwadg the possibility of
removing this effect in future data analysis. Since thedgakcan be measured so easily
and with such high precision, this effect is potentially mw@asier to remove as com-
pared to the leakage from spectral response mismatch im8ecB.3. Additionally
there would be no spectral response mismatch because théatiod allows differenc-
ing of the signals from the same channel as opposed to twereliff channels within a
feed.

4.1.4 False Noise from Fourier Transform Spectral Leakage

During initial testing of the FRMs, elevated white noisedksvin all the devices
were detected. Some of this was misunderstanding due to eFdansform effect
most often called “spectral leakage”. An example of thisheven in Figure 4.10, a
discrete square wave will not necessarily produce a sefrast@a-function like spikes in
the periodogram. Applying a Hanning filter, which is approately a cosine function,
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Figure 4.8: The el-nod magnitudes from four working FRM feed BICEP from a
single FRM run over all scan-sets taken at different elevatenters. The top set of eight
plots are the power from the unpolarized intensity of the déatated el-nods at the
different scan-set elevation centers showing the genenadl$ of decreasing magnitude
with elevation (atmospheric loading) and that the sign & demodulated power is
opposite sign for the two arms within a feed. The bottom setight plots are the
power from the polarized intensity of the demodulated alshat the different scan-set
elevation centers. Taking the ratio of the values from theegets of plots give the value
of the intensity to polarization leakage, which can be ldayeseveral channels. The
sign of the leakage is a free parameter and changes from edeé&t to the other.
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Figure 4.9: Plot of IP derived from el-nod data for each offfRM runs with good data.

The red error bars are the standard deviation of valuesméthun, not the error in the
mean. The error in the mean values can be seen as the run tarration in the derived

IP value. IP is detected with high significance in all chaendlhe simplest model of
IP predicts the two arms in a feed will have opposite signgaasbe seen for RTC 28
and 29. RTC 140/141 does not show this simple relationshipgh@se channels were
flagged bad based on other calibration data as well, Regardfehe FRMs.
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decreases this effect by making the ends of the data stream zgyo. If one did not
know about this effect, the black curve in the lower right ¢h&orner of Figure 4.10
could easily be mistaken for construction defects in the BRM

Further investigation into the noise properties of the FRWs carried out using
observational data taken from installed feeds in thee® telescope during the first
observing season in 2006 (Section 4.2), showing no excass isdetected using the
100 GHz FRMs.

4.1.5 FRM Modulation Angle Calibration

FRM modulation efficiency is maximized far45° rotation and it is important
to calibrate the devices well for this to occur. To this endotating dielectric sheet
calibrator (Takahashi et al., 2010) was used to input a schalhging polarized signal.
The coupling of the dielectric sheet calibration to theBr telescope was an accom-
plishment utilizing a wide variety of techniques or perselnn

While the calibrator was rotating, the FRMs were squareenN@gsed as shown
in top plot of Figure 4.11. For each separate FRM bolometer#w time stream is
divided into “up” and “down” states. Once the time streanpilitseach half is analyzed
exactly like they were separate bolometers by taking théiposn the focal plane and
the calibrator angle and fitting to the expected functiooatf. From this fit the effective
detector polarization angle sensitivity is derived. Thegass was repeated for different
FRM current bias levels until the rotation angle was optedizThe final rotation levels
for some FRMs were off by as much as a degree because thetebiasing electronics
only had 256 discrete current levels leading to current giofup to several degrees in
some cases.

4.1.6 FRM Spectral Response

Before deployment a full integrated test run of the telescops performed at
the Caltech High Bay, as discussed in Section 3.1. Idedlkyould be best to do a
dedicated testing of the system without the FRMs, then itierFRMs and do another
round of testing. Since such resources were unavailablg, absingle run with six
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Signal [rnY]

Time [seconds]

Figure 4.10: Spectral leakage of simulated and real dataupber left hand plot shows
simulated discrete square waves. The upper right hand ptws the periodogram
of those two square waves. The arrows are pointing out battelivated noise level
and broadening of the peak. As the frequency increasesspleistral leakage effect
decreases for a given square wave magnitude. A infinitely tmmtinuous square wave
in time produces singular peaks in frequency space. Thigtigme in practice because
the time series is truncated and sampled at discrete itderMae lower left graph show
a plot of a portion of a front bolometer of an FRM feed’s vokiagignal vs. time. The

right is the periodogram of the data (black) and with a Hagfilter applied (blue). The

Hanning filter counteracts the spectral leakage effectsdoyping the ends of the time
ordered data stream.
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Figure 4.11: Dielectric sheet calibration time streamg)t@nd demodulated signals
(bottom two rows) used to calibrate the FRM rotation angkEeach demodulated time
stream is fit as a separate detector where the fitted modediptotted for each detector.
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FRM pixels was accomplished. Figure 4.12 shows the avergral response of the
feeds without FRMs compared to the feeds with FRMs. The nedentical spectral
responses in the two cases shows the FRM spectral resparesarig flat, to within the
precision of the measurement.

One caveat is the FRM spectral responses are taken withgwmotied mag-
netic field. This was an oversight in planning as spectralonses should be collected
at many different bias levels to compare the relative speotisponse of the FRMs in
different cases. The net spectral response of the devicesgdshe flat as a function of
bias frequency; however, Gault et al. (2011) showed thetsglgesponse of a phase-
shifter can change as a function of bias. Effects from bgtive FRMs can possibly
affect the spectral response such as differences in boéwioetding.

4.2 Observing Runs

There were eleven FRM runs during the 1006 austral wintee firet two at-
tempts were “test” runs. The first two successful runs usezha strategy focused on
the entire “Gal-bright” field (See Chapter 1). The next sirgdocused the FRMs on
a small patch in the Gal-bright region where there was a lpgjarization signal ex-
pected. The last run focused on Eta Carina in the Gal-weakrregowever, this run
had pointing problems so no useable Galactic data resuBgdhe fifth run, the focus
of the FRM runs was to detect Galactic polarization from glei®-RM feed at 100 and
150 GHz, while modulation was occurring. There was only anlly fworking FRM
channel at 100 GHz, and two at 150 GHz. While data is automititaken for all the
channels, the telescope scan strategy focuses a single E&Moh the Galaxy. This
is necessary because significant integration time is nedeetect polarization using
only a single feed therefore focusing the scan strategy sotwo FRMs cover a small
patch of sky maximized integration time per FRM channel.

4.2.1 An Example FRM Run

The first full FRM run resulted in almost 17 hours of usefuledfatr each of the
six feeds. A modulation frequency of 1 Hz was used, which was@eoff between
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Figure 4.12: Average BEP spectral responses for 100 and 150 GHz taken with and
without FRMs in the focal plane feedhorn stack. This data talen nearly simulta-
neously implying that the detectors are different for thé/F&hd non-FRM pixels. On
average, the spectral responses compare very well to ebehiatplying a very flat

spectral response for the FRMs.
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1/f noise in the intensity data and the bolometer time constafféct on the square
wave bias for the polarization data. El-nods (Section }.&&e used for calibration
during the runs. The demodulation scheme used summed dackdied the two dif-
ferent square wave states in the time domain. Approxima@¥s of the data was cut
during the square wave transition region. Additionally, both the square-wave sum
and difference data, a third order polynomial was removelge filvo bolometer arms
were not summed and differenced as was done for the nomiteahdalysis method.

Two separate methods are used to evaluate whether the FRMsdteer noise
levels after demodulation. Both methods are based on congptre FRM data when
they are being biased versus when they are not being biage#RM off-state occurs
before and after each scan set. There is approximately @sbnd window before the
bias function starts but after the telescope stops movimdjadout six seconds after the
biasing was stopped but before the telescope is moved, wiheiRMs are not biased
and the telescope stationary (the “off-state” data). Stheeon- and off-state data are
taken so close in time to each other, there is no change inspineoic or telescope
conditions making the comparison more robust. For eaclduwectional scan and off-
state, the periodogram is computed and the median valueebat®.08 and 0.13 Hz is
computed (called “spot-noise”). The average ratio of theliare spot noise with the
FRMs on and off is 1.47 at 100 GHz and 2.01 at 150 GHz. The rati®8 GHz is
expected because the demodulated data is the differencgrafla time stream, adding
the noise in quadrature between the “up” and “down” statesulting in a factor of
square root of two. This noise ratio is computed for eacheler arm separately, so
when data from both arms in a feed are summed, the combineé i®ihe same as
if the two arms were differenced and not modulated. Unfaately, the origin of the
excess ratio at 150 GHz is not known.

4.2.2 AllFRM Runs

The FRMs underwent a long series of lab tests, construdeoations, and char-
acterizations with both bright polarized and unpolarizedrses before deployment.
However, they had yet to detect polarization from an astmnal source. To achieve
this “cherry on top” in addition to the other testing, foumsecutive runs concentrated
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Figure 4.13: Maps from the first full 48 hour FRM run of&P using five of the six
FRM feeds (one feed had a bias that was not working). The upfieplot is from a
WwMAP W-band three year map simulation accounting foc 8- filtering effects but not
possible demodulation effects. The upper right hand plsbis Bicep 100 GHz FRM
feeds while the lower left is from 150 GHz FRM feeds. The lowght hand plot is an
example of the coverage of the feeds on the sky. As expectedibe of integration time
and noise levels, no polarization signal could be seen fitimeeBICEP band (maps not

shown).
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a single feed on a very small patch of the sky for only one 15@ @kl one 100 GHz
feed with FRMs. Using maps from three-yeaMAP observations and first-yean®&:p
observation made from feeds without FRMs, the center ofriredIobserving is chosen
to be at an RA and Dec of 243nd -5 respectively { ~ 332, b=0°). An interesting
point about this choice is that it wasn't clear at the time \ling observing center had
relatively low intensity compared to the surrounding ar&aretrospect, the study of
Galactic polarization from Chapter 1 explains why this isetr

For each full run, each 100 and 150 GHz feed observed therr@gimne of two
polarization angles. Since only two boresight angles céy facover the polarization
properties in a map pixel, only two boresight angles weral usethe scan strategy.
The penalty for this was the inability to remove systematiith more boresight angles
or possibly having a large difference in observing time at boresight angle versus
another for, certain weather patterns.

The final analysis of these runs focuses solely on the sirif)éGHz FRM feed
because it has the lowest 1/f noise and can be directly cedpganWMAP. At the time
of this analysis the pipeline was relatively immature coregdao Section 1.3. There
are no corrections for spectral leakage and the polarizaingle treatment assumes the
two measurements exactly at°4@ith ideal polarization modulation angles &f90°.
The boresight pointing of the telescope is from the raw eacedlues not corrected
with data from the optical camera. The feed locations use@gdgsarameters not the
more precise ones derived from CMB observations. No sinauatof possible point-
ing, beam, or modulation systematics is performed. A siWgheapr simulation from
their three-year observations is performed, assuming raulation and ideal feed and
polarization angle position. The filtering does not inclahy masking, subtracting a
first order polynomial from each half-scan. The scan length 80 short that a zeroth or-
der polynomial subtraction was considered; however, tlais mever fully implemented
with all the data.

Figure 4.14 shows the final result of this analysis. Comparte WMAP shows
good general agreement in intensity and some general sitiedain polarization, ex-
cept for the minor boresight pointing errors fordgp. The detection of polarization
was deemed significant compared to the noise by comparingdnedual maps from



130

the four runs separately. The main polarization featureseas in all four sets of maps.
The detection of astronomical polarization is in some wayal@lation of the technol-
ogy; however, the lack of a rigorous observing campaighlstives some unanswered
guestions about low level residual systematics that cdillpkgue these results. The
limited amount of time spent on the analysis pipeline alspds open the door for more
advanced analysis techniques that could enhance theityiasisimilar devices.



131

240 241 242 243 244 245 246 247
RA [Deg]

0.500 M I |0 mK

4 6 g 10

Figure 4.14: Bcep and WMAP intensity maps from four 48-hour FRM runs from the
first season of BEEP over-plotted with polarization vectors. There is good gahe
agreement between the two experiments, both in intensity,ma polarization, except
for a minor boresight pointing difference in thed&p maps. The BCEP maps are de-
rived from observations with the FRM modulating with a 1 Huace wave while the
WMAP simulation from their three-year observations doesn'uide any modulation.



Chapter 5
Conclusion and Future Work

This dissertation covers a large range of topics from desigmputer modeling,
construction of parts and devices, implementation of safévand hardware, testing and
characterization, and analysis of a large data set. My @gtadcareer did not focus
on one single ability or one pathway, allowing me to engagesgearch of this set of
diverse topics. | believe this experience gives me a uniguspgctive from which to
draw conclusions about my research.

FRM technology is interesting and novel. While the chaleshgf implement-
ing his technology were met, it did not end up being used infithed results for the
experiment. The general concept of a modulator is an extyeimg@ortant both from
a technology standpoint and from a data recovery standpW@iith an ever decreasing
signal-to-noise ratio future experiments will undoubyedeed to integrate more and
more complicated modulation schemes. Another area of re@seegould be optimal
ways to decode the information in the presence of diffengoes of noise and system-
atics. Technology development is moving fast in the field smd robust way of modu-
lating and demodulating will need more time to become matAlternative methods of
modulating and neutralizing beam systematic should beoegglas well such as with
half-wave plates, possible phase-shifting of signal oegrated TES dipole antenna
wafers, or mechanically moving devices.

The telescope characterization work was very useful forGlataxy paper as
well as the CMB polarization studies fromd&&p data. CMB telescopes will need to
be characterized even more precisely in the future, whiethig this is an area which
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will be expanding. It will hopefully also become an area timaitures in technology and
hopefully off-the-shelf calibration devices will becomera standard. However, more
precise methods of telescope characterization are neesdpégially for future satellite

missions that cannot be modified after launch very easily.

220 GHz technology will be used again at some point. The noethwsed for
implementing the technology, coupling a 220-feedhorn té@Hlolometer, was unique.
Ultimately the data were limited by noise and systematie®nially, to reach the high-
est possible sensitivity on the sky, future experimentsatisome point have to remove
foregrounds and separate them from the CMB signal. An exyaeri like Planck will
do a very good job of showing how taking measurements at mangsis necessary
to fully understand astronomical emission. While initigkection of cosmological B-
modes will most likely be made at one or two bands, it is alsssjfide that detection
won't ever be made until more complete observations are raaedess the electromag-
netic frequency spectrum.

Analysis methods in this paper range from simple to compM#ile | have
spent great effort on the complex techniques, it is the sngdhniques that will most
likely be used in the future. Analysis techniques used inmepng only need to be
as good as the data are bad. If all experiments were systesiege and only had
white noise, the simplest possible techniques would suffieeen if the data are not
optimal, the simple techniques will still provide a usefabkline for comparison. There
is definitely a great amount of work that can be done to opeiikB data analysis but
it is also important to develop broad straight-forward teghes.
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